




PREFACE TO VOLUME 11 

The Handbook series Magnetic Materials is a continuation of the Handbook series Ferro- 
magnetic Materials. When Peter Wohlfarth started the latter series, his original aim was to 
combine new developments in magnetism with the achievements of earlier compilations of 
monographs, producing a worthy successor to Bozorth's classical and monumental book 
Ferromagnetism. This is the main reason that Ferromagnetic Materials was initially chosen 
as title for the Handbook series, although the latter aimed at giving a more complete cross- 
section of magnetism than Bozorth's book. 

In the last few decades magnetism has seen an enormous expansion into a variety of 
different areas of research, comprising the magnetism of several classes of novel materials 
that share with truly ferromagnetic materials only the presence of magnetic moments. For 
this reason the Editor and Publisher of this Handbook series have carefully reconsidered 
the title of the Handbook series and changed it into Magnetic Materials. It is with much 
pleasure that I can introduce Volume 11 of this Handbook series to you now. 

Over the years there has been a growing interest in intermetallic compounds based on 
uranium. Initially the interest was focused on binary compounds with a well-defined crys- 
tal structure, comprising compounds with a rather broad 5f band as well as compounds 
belonging to the class of heavy-fermion systems. All these material were reviewed in Vol- 
ume 4 of this Handbook. Although there still has been some progress in binary uranium 
compounds most of the experimental effort has been spent on the vast mount of ternary and 
multinary uranium systems. The reason for this is the possibility to reach a much wider va- 
riety in components while preserving the structure type. Simultaneously there has been 
an increasing amount of work done on well defined single crystals, often with advanced 
experimental methods such as photoelectron spectroscopy, inelastic neutron scattering and 
muon spin rotation. All these research activities have finally led to the crystallisation of 
new concepts in acfinide magnetism which, together with the large amount of experimen- 
tal work, will be reviewed in Chapter 1 of this Volume. 

The last few decades have witnessed quite an extraordinary development in magnetic 
recording technology. This technology continues to evolve at a rapid pace resulting in me- 
dia in which more data can be stored in ever decreasing volumes. It includes audio, video 
and data storage applications in the form of tapes, floppy and hard disks in products such as 
digital video recorders, digital camera recorders, audio equipment, electronic games, video 
telephones, fax machines and personal organisers. In the near future magnetic recording 
technology will have an enormous growth potential, it's main aims including further re- 
duction in the peripheral device sizes while maintaining an increase in capacity. Hard disks 
are the most prominent type of mass storage today thanks to their low cost, high speed, and 
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relatively high storage capacity. The magnetism and materials aspects of hard disk media 
will be highlighted in Chapter 2 of this Volume. 

Permanent magnetic materials are used as components in a wide range of industrial 
applications, in measuring and regulating controls and in medical equipment. Permanent 
magnets are also essential in devices for storing energy in a static magnetic field. Major 
applications involve the conversion of mechanical to electrical energy and vice versa, or the 
exertion of a force on soft ferromagnetic objects. The applications of permanent magnet 
materials in information technology are continuously growing. Important examples are 
voice coil motors and hard-disc drives. Permanent magnet materials have already been 
the subject of several chapters in previous volumes of the Handbook. Materials related to 
SmCo5 and Nd2Fe14B were extensively discussed in two separate chapters in Volume 4, 
while interstitially modified materials were reviewed in Volume 9. A more general review 
including magnetism and processing also of conventional magnet materials was published 
in Volume 10. 

Magnets based on rare earth elements are unequalled with regard to coercivity and max- 
imum energy production. There has been considerable progress in the development of rare 
earth based permanent magnets and this progress has gone hand in hand with a better 
understanding of the physical properties and especially the magnetism of the underlying 
class of materials. Results obtained by modem nuclear magnetic resonance techniques have 
contributed much to this understanding. Chapter 3 gives a survey of the physical principles 
involved with this technique and how these can be advantageously applied to the study of 
strongly ferromagnetic materials. 

Inelastic neutron scattering is a powerful technique that is indispensable for in-depth 
studies of various types of magnetic materials. Prominent examples of how this technique 
has been helpful in the understanding of the magnetism of valence fluctuations and heavy 
fermions were already reviewed in a chapter in Volume 7. The last chapter of the present 
volume is devoted to inelastic neutron scattering when applied to study the crystal field 
interaction in lanthanide compounds. Included in this review is a description of how this 
technique is complimentary to various other modem and conventional techniques. 

Volume 11 of the Handbook on the Properties of Magnetic Materials, as the preceding 
volumes, has a dual purpose. As a textbook it is intended to be of assistance to those who 
wish to be introduced to a given topic in the field of magnetism without the need to read 
the vast amount of literature published. As a work of reference it is intended for scien- 
tists active in magnetism research. To this dual purpose, Volume 11 of the Handbook is 
composed of topical review articles written by leading authorities. In each of these articles 
an extensive description is given in graphical as well as in tabular form, much emphasis 
being placed on the discussion of the experimental material in the framework of physics, 
chemistry and material science. 

The task to provide the readership with novel trends and achievements in magnetism 
would have been extremely difficult without the professionalism of the North Holland 
Physics Division of Elsevier Science B.V., and I wish to thank Jonathan Clark and Wim 
Spaans for their great help and expertise. 

K.H.J. Buschow 
Van der Waals-Zeeman Institute 
University of Amsterdam 
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1. Introduction 

The electronic structure of lanthanides and actinides is characterized by partially occupied 
f-electron states (4f and 5f states, respectively). The magnetic and other electronic prop- 
erties of actinide intermetallic compounds have, however, only little in common with the 
behaviour of their lanthanide counterparts, and in some characteristic features they resem- 
ble more 3d, 4d, or 5d transition metals. This is particularly striking when comparing light 
lanthanides with light actinides. The 4f states in the former case are usually localized, in 
contrast to the delocalized 5f states in light-actinide elements. The nature of the 5f states 
can be strongly affected by external variables like pressure and magnetic field, and also by 
alloying with other elements. Thus a large diversity of behaviour of compounds based on 
light-actinides has roots in this variable degree of the 5f-localization and in the dominance 
of many-body phenomena in the cross-over regime, which give rise to exotic phenomena 
like heavy fermions. The second vital ingredient of actinide magnetism is the strong spin- 
orbit interaction, providing significant orbital polarization of 5f-band systems and leading 
to a strong coupling of the direction of 5f-moments and both crystal and electronic struc- 
ture. Its most apparent consequence is a huge magnetocrystalline anisotropy observed in 
U-intermetallics. 

Studies of magnetism in U-compounds are dated back to the late forties and fifties, and 
they were oriented on simple binary systems like UH3 or binary pnictides and chalco- 
genides, crystallizing in the simple cubic structure of the NaC1 type. Systematic in- 
terest in intermetallic compounds in late sixties and seventies was oriented on several 
few types of compounds like Laves phases, which belong clearly to 5f systems with 
a rather broad 5f band. The emphasis was shifted to systems with large U-U separa- 
tion (UPt3, UBe13, UCd~, U2Znl7) in eighties with the advent of heavy-fermion sys- 
tems, and the state of knowledge of that time is reflected in the review written by Se- 
chovsky and Havela (1988). Although still some progress in binaries can be seen since 
that time, the main experimental effort was concentrated on vast amount of ternary and 
multinary uranium systems, having much larger variability of components while pre- 
serving the same structure type. These broad research activities led finally to the crys- 
tallization of new concepts in actinide magnetism. Another tendency is the increasing 
amount of work done on well defined single crystals. The progress in technology and 
especially in crystal growth led to inclination to non-cubic materials, for which infor- 
mation about magnetocrystalline anisotropy, anisotropy of exchange coupling, and re- 
lated anisotropy of other electronic properties provide a clue to fundamentals of mag- 
netism. The development of experimental techniques which most affected the current 
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level of understanding is the progress in neutron diffraction, a strong contribution be- 
ing also obtained from p.+SR. On the other hand, the potentially very promising tech- 
nique of photoelectron spectroscopy, which obtained a strong impetus by new synchrotron 
radiation sources, was oriented on solving several controversial issues in interpretation 
of spectra of strongly-correlated systems, and did not cover larger spectrum of actinide 
materials. Other emerging techniques based on synchrotron radiation, like magnetic X- 
ray scattering or magnetic circular dichroism, are expected to contribute in coming 
years. 

Unlike thorium and uranium compounds, studies on transuranium materials are still rare 
and the knowledge remains quite fragmentary. Probably the strongest limitation is, besides 
general strengthening of safety and security precautions, the difficulty of low temperature 
specific heat measurements. It is then often difficult to distinguish without knowledge of 
the parameters of the electron system around the Fermi level whether a band description 
is pertinent for a particular neptunium or plutonium system, or whether a more traditional 
conceptual framework based on local moments and crystal electric field (CEF) should ex- 
plain the observed magnetic properties. On the other hand, it is interesting to compare the 
behaviour of U compounds with Np or Pu analogs, and this is respected in the present 
chapter, too. 

The goal of the chapter is to cover the fast growing field of magnetism in uranium ternary 
compounds in one framework, stressing especially the importance of crystal structure and 
hybridization of the 5f states with other conduction-electron states. 

Crystal structures of ternary compounds can be divided into three principal groups. One 
group are systems with the crystal structure of a binary compound, which has either three 
different atom position, or forming a possible superstructure, or having a statistical occu- 
pation of a lattice site. In the second group, one or more interstitial positions become occu- 
pied. In the third group we can identify the structure as constructed from building blocks 
of different binary materials. The complexity of crystal structures can become enormous 
especially in the last group, and one of the goals of solid state chemistry is nowadays the 
tailoring of materials having fragments of intermetallics intergrown with sub-systems of 
ionic-bond character containing elements like S and O. The boundary between intermetal- 
lic and other compounds is thus not very sharp, and therefore some of the compounds with 
non-metallic elements have been included in this work without breaking the consistency 
of the subject. On the other hand, the chapter does not include work done on pseudobinary 
systems like U(Cu,T)5, although the boundary between the pseudobinaries and teruaries is 
not sharp, and the number of partly ordered materials is large. 

Besides the description of properties of particular materials, the reader can find in this 
chapter an introductory part reviewing the most important notions of actinide electronic 
structure and magnetism. The next section dealing with particular experimental techniques 
and their interpretation is intended as a brief guide for newcomers into the field. For more 
specialized subjects the reader is referred to specialized monographs, like those written by 
Holland-Moritz and Lander (1994) on neutron scattering, by Dunlap and Kalvius (1985) 
on M6ssbauer spectroscopy, by Schenck and Gygax (1995) on ~t+SR. More specialized in- 
formation on heavy-fermion systems can be found in reviews of Grewe and Steglich (1991) 
and Nieuwenhnys (1995). Transport properties of lanthanides and acfinides are compared 
by Fournier and Gratz (1993). Theoretical aspects are discussed by Johansson and Brooks 
(1993) and by Norman and Koelling (1993). 
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2. Electronic  structure - magnet ic  propert ies  

2.1. Uranium 5f states in intermetallics 

The idiosyncratic nature of the 5f-electron states is best illustrated by stressing the contrasts 
between them and the 4f states in lanthanides. Since the majority of 4f electron density is 
deeply embedded within the core of lanthanide atoms, the interaction of the 4f states with 
environment is weak. This fact is documented by the results of neutron spectroscopy ex- 
periments (Fulde and Loewenhaupt 1986), which have revealed a negligible mixing of the 
4f states of regular lanthanides (Pr, Nd, Gd-Tm) with the conduction and other electron 
states. Consistently, the observed ground state magnetic moments of regular lanthanide 
ions usually well agree with the R 3+ free-ion values (g j J) calculated within the LS cou- 
pling scheme. Some discrepancies between experimental and calculated moments can be 
attributed to CEF effects which can lift the orbital degeneracy of the 4f states. These ef- 
fects originate from the interaction between the aspherical 4f charge cloud and the charge 
distribution surrounding the 4f electrons, which leads to the single-ion magnetocrystalline 
anisotropy of lanthanide magnetic moments. 

The important consequence is that the magnetocrystalline anisotropy arises due to a di- 
rectional dependence of the energy of a 4f charge cloud in the crystal field, thereby induc- 
ing a preferential orientation of the 4f magnetic moments with respect to crystallographic 
axes. Shape differences of the 4f cloud (which may be shaped like a cigar ,or a pancake) 
are reflected in the sign of the second-order Stevens factor, and lead to different easy mag- 
netization directions among analogous materials where the rare-earth ions experience the 
same CEF (Legvold 1980). 

The fundamental difference between the character of the 4f and 5f electron states in 
metals can be attributed to a much larger spatial extent of the 5f wave functions, and thus 
a much stronger interaction with the metallic environment, compared to the 4f case. As a 
consequence, the 5f electrons in actinides are, as a rule, delocalized due to their participa- 
tion in bonding, and hence a considerable hybridization of the 5f states with the valence 
states of neighboring atoms (5f-ligand hybridization) in the crystal lattice. T!he delocaliza- 
tion of the 5f electrons has serious consequences. The most important one is, that the 5f 
states form a more or less narrow 5f band intersected by the Fermi energy EF (the band- 
width Wsf is of the order of several eV) rather than discrete energy levels. Consequently, 
the magnetic moments due to the itinerant 5f electrons are much smaller than expected for 
a free U 3+ or U 4+ ion, and magnetic moments can disappear in a broad-band limit leading 
to weak (Pauli) paramagnetism. This situation resembles to a certain extent the 3d transi- 
tion metals. The strength of magnetic coupling in cases of existing 5f moments is typically 
much larger than for the 4f moments interacting via the RKKY interaction. The impact on 
magnetic excitations is even more dramatic, no crystal-field excitations could be observed 
by inelastic neutron scattering in the vast majority of uranium intermetallics studied so 
far, instead of it one observes typically a rather broad quasielastic response reflecting the 
5f-moments instability in analogy to, e.g., cerium mixed valence materials° On the other 
hand, the high density of states at EF is projected into high y-values of the love temperature 
specific heat (which are further renormalized by strong e-e correlations), and into highly 
anomalous transport properties, resulting from the hybridization of such "heavy" electron 
states with the non-f states carrying electrical current. 
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One of important consequences of delocalized nature of 5f states in light actinide inter- 
metallics is an essentially different mechanism of magnetic anisotropy based on a two ion 
(5f-5f) interaction. 

2.1.1. Hybridization of the 5f-states with ligands 
Generally two one-electron mechanisms can be considered as affecting the ionic charac- 

ter of the 5f states. The first one is the 5f electron hopping due to an overlap of the 5f wave 
functions centered on neighboring f-sites, which can lead to a formation of the 5f band. 
Clearly the most important parameter is the U-U (or actinide-actinide) spacing. It was rec- 
ognized long time ago (Hill 1970), that in U-compounds with a small U-U spacing du-u 
one often finds a superconducting, non-magnetic ground state, whereas for large dty-u the 
ground state is non-superconducting, often magnetic. The critical parameter called the Hill 
limit was considered to be between 340 and 360 pm. Naturally, the occurrence of magnetic 
ordering is determined by a Stoner-type criterion (the product of N(Ev) and an effective 
Coulomb interactions parameter must be larger than 1). Since the number of the 5f elec- 
trons is always between 2 and 3 in U-intermetallics (no sizeable charge transfer can take 
place in the absence of polar bonding) and the Coulomb interaction varies only a little in 
different types of materials, it is finally the width of the 5f band given by the 5f-5f overlap 
which affects the occurrence of magnetism. The strong sensitivity of the 5f-band width Wf 
on the interatomic distance R is seen from the expression (Johansson and Skriver 1982): 
Wf ~ W°(Ro/R) 6, in which W O is the band width for the spacing R0. Besides individual 
overlap integrals also the number of the nearest U neighbors is important, but the former 
factor clearly dominates. Naturally, this primitive rule, which does not take into account 
individual details of the density of states, has several exceptions, from which probably the 
most apparent case is UNi2, which despite having du-u  < 310 pm orders magnetically 
(Sechovsky and Hilscher 1985). 

Even more exceptions may be found on the large-dt:-u side of the Hill plot, where other 
delocalizing mechanism, namely the 5f-ligand hybridization, can dominate, making sev- 
eral compounds with negligible direct 5f-5f  overlap non-magnetic. Naturally, besides the 
importance of overlap integrals also the energy degeneracy of the two types of states is an 
important pre-requisite. Qualitative rules concerning the strength of the hybridization were 
discussed by (Koelling et al. 1985) using simple arguments concerning the overlap inte- 
grals. In the case of a direct contact of U and a p-metal, like in UX3 compounds, it is the 
size of the p-atom which is the most important parameter. The faster decay of the p-wave 
function on the U-site in case of smaller X ion makes the overlap integrals large, which 
leads to non-magnetic ground state in, e.g., USi3 and UGe3, whereas in compounds with 
large X ions (UIn3, UPb3) the hybridization is weaker and the ground state is magnetic. 
The prominent parameter in U-compounds with transition metals is the energy degeneracy 
of the 5f and d states. The 5f states of strongly electropositive uranium (or transuranium 
elements) remain pinned at EF, whereas the increasing electronegativity of the d-elements 
closer to the right end of the transition metal series leads to a narrowing of the d-band (com- 
pared to the situation in the pure d-element), and its shifting down towards higher binding 
energies. This causes a reduction of the 5f-d overlap and consequently a weakening of the 
5f-d hybridization. Therefore, the 5f magnetism typically arises in compounds with transi- 
tion metals from the right end of a particular series. The d-magnetic moments, if observed, 
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Fig. 2.1. Total densities of states (DOS) for various UTGe compounds, calculated using a Fully Relativistic 
Optimized LCAO Method (Divis et al. 1996). From this series, all compounds except for UCoGe and UFeGe 

(fig. 2.2) display a magnetic ground state. 

are due to delocalization of the d-electron states greatly suppressed, and not only Ni or Co, 
but also Fe can behave in many cases as a "non-magnetic" element. The development of 
the electronic structure in the system of UTGe compounds is seen in fig. 2.1 showing total 
densities of states (DOS). The features spread from EF to higher energies belong to the 
5f band with two spin-orbit split sub-bands. The maxima below EF are predominantly of 
d-origin. They are especially noticeable for the 3d series, whereas the gradually increasing 
spin-orbit splitting for 4d and 5d states makes this feature more smeared out. The exam- 
ple of a non-magnetic state due to strong 5f hybridization with Fe-3d states is depicted in 
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Fig. 2.2. Calculated total DOS (a), projected DOS (b), (d), and the sum of s-, p-, and U-6d-projected DOS (c) of 
UFeGe. The DOS values are given per unit cell (a), (c), or per atom (b), (d). After Havela et al. (1998a). 

more detail in fig. 2.2, where partial densities of states are displayed. One can distinguish 
a pronounced secondary maximum in the 3d partial DOS above EF, at energies where the 
5f DOS is peaking. This feature is a clear fingerprint of  the strong 5f-3d hybridization. 

This situation can be somewhat modified by stoichiometry variations, and Fe-rich (U- 
poor) systems (like UFel0X2) have naturally the tendency to behave like d-magnets. On the 
other,hand, minor magnetic moments on transition metal sites can be induced, mediated by 
the 5f-d  hybridization, by the magnetic ordering of  the 5f sublattice even on late transition 
metal atoms (e.g., Rh in URhA1 (Paixao et al. 1992)). 

2.2. Uranium magnetic moments 

As it has been mentioned already above, a vast majority of  U-intermetallics form a 5f band 
present at EF. Therefore the band picture is an appropriate starting point for describing the 
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spin-polarized energy band calculations (Eriksson et al. 1990b) re-scaled to match the experimental data. 

electronic structure, and also the magnetic moments and their ordering can be understood 
as due to a spontaneous splitting of  spin-up and spin-down sub-bands forming a net spin 

magnetic moment /zs .  An important difference between, e.g., the 3d transition metals and 
the light actinides is the relation between the energy of  the spin-orbi t  coupling A s - o  and 

the energy width of  the 3d (50  band W3d (W5f). Whereas As_o << W3d, the respective 
values in light actinides become comparable because A s - o  is of  the order of  eV. Due to 
the strong spin-orbi t  interaction, typical ly a large orbital magnetic moment/XL is induced, 
which is antiparallel  to the spin moment  for U, in analogy with Nd and the third Hund 's  rule 
stating that the total angular momentum is given by  J = L -  S. The existence of  such orbital 

moments  for the 5f-band systems has been first revealed from band structure calculations 
involving a spin-orbi t  interaction term coupling the spin and orbital moment  densities 
(Brooks and Kelly 1983). They also predicted an impact on the magnetic form factor f(Q), 
where Q = 47~sin0/)~, 0 is the Bragg angle, ~. - the wavelength, in neutron scattering. 
f(Q) can be expanded in terms of  Bessel function transforms of  the single electron wave- 
function density. In the dipole approximation,  the spin form factor f s ( Q )  =: (jo) and the 
orbital form factor fL(Q)  = (j0) + (j2). The magnetic amplitude, the quantity determined 

by experiment,  is given by: 

,af(Q) =-/~sfs(Q) +/XLfL(Q)  = /~[(j0) + C2(j2)],  (2.1) 
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w h e r e  C2 -~- /~L/ /~,  ]Z being the total magnetic moment (Lebech et al. 1991). If  the orbital 
moment is relatively small, C2 is negligible and the total form factor resembles that of 
transition metals. But in the case/ZL ~ --#S a highly anomalous form factor is obtained, 
which looks simply like (j2), tending to zero both for high Q and Q = 0. Such situation 
has been indeed identified in experimental form factors in compounds like UFe2 (Lebech 
et al. 1991), which has practically zero U moment consisting of/XL = 0.23 #B and/zs = 
0.22/z]~ (see fig. 2.3). 

A different sensitivity of spin or orbital moments to external variables like pressure, 
deduced in the original work already (Brooks and Kelly 1983), led to the assumption that 
the ratio of orbital and spin moment should reflect the degree of the 5f-delocalization. 
Indeed, as seen from fig. 2.4, the compounds showing the least delocalized nature of the 
5f states (UO2, USb, NpAs2, PuSb) are located on the line representing values of --#L//ZS 
of a free 5P ion. On the other hand, magnetically ordered materials with presumably the 
most itinerant 5f states (UFe2, UNi2, NpCo2, PuFe2) have this ratio close to 1 (Lebech et 
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al. 1991). However, the general validity of this scheme remains still questionable, because 
a reliable ratio of 1.81 for ferromagnetic URhA1 was reported by Paixao et al. (1992), 
whereas for the more localized antiferromagnet UNiGa one gets 1.98 (Olsovec et al. 1998). 
On the other hand, the study of the field-induced form factor on UNiA1 (antiferromagnet) 
in the paramagnetic state yields 1.79 (Olsovec et al. 1998), and in the case of UCoA1 with 
a non-magnetic ground state the value is close to the free-ion value 2.6 (Wulff et al. 1990). 

A large field-induced orbital moment was predicted even for U metal. Surprisingly, for 
in an external magnetic field spin and orbital magnetic moments orient parallel, as shown 
by a simple balance of the Zeeman and spin-orbit energy in the case of weak susceptibility 
(Hjelm et al. 1993, 1994). Such magnetic form factor in which the orbital and spin parts 
are not subtracted but added well explains the original experimental data on oe-U metal 
(Maglic et al. 1978). 

The electronic structure calculations giving realistic predictions of values of spin and 
orbital magnetic moments take into account, as a rule, also the orbital polarization besides 
the standard spin polarization, which is the background of the Hund's second rule (maxi- 
mization of the orbital momentum). It was first introduced by Eriksson et al. (1990a) and 
was used in references in the above paragraph. The importance of spin-orbit interaction 
and orbital polarization is evident from the work of Sandratskii and Ktibler (1997a). They 
showed that, if one takes into account both spin and orbital moments as independent 3- 
dimensional vectors, one can obtain from the calculations realistic non-collinear magnetic 
structures, as in U3X4 compounds (Sandratskii and Ktibler 1997a). Naturally, the strong 
spin-orbit coupling and the 5f-ligand hybridization make the whole electronic structure 
strongly dependent on the mutual coupling of magnetic moments and their orientation 
with respect to crystal axes. Performing calculations with magnetic moments forced into 
different directions can yield estimates of the type and strength of magnetic anisotropy 
(Sandratskii and Kiibler 1995a). The anisotropy energy is typically found to be of the or- 
der of mRy per unit cell, i.e., hundreds Kelvin, which is often found in experiment, too. 
The example of U2Pd2Sn is shown in section 5.3. On the other hand, if moments are not 
predetermined into special directions by symmetry, i.e., if they can rotate without reducing 
the symmetry of the problem, they will in reality reach a minimum-energy state in a gen- 
eral orientation not coinciding with any special crystallographic direction (Sandratskii and 
Kiibler 1997a, 1997b). Another important consequence is that in cases in which directions 
of spin and orbital moments are not imposed by symmetry, the interatomic interactions 
can disturb their mutual collinearity, existing for free ion due to the axial symmetry of the 
problem. On the other hand, if the symmetry of the crystal is high and the direction of 
the spin moment is parallel to a crystal symmetry axis passing through the atom, the two 
atomic moments will be collinear as a consequence of symmetry properties, as in the case 
of U2Pd2Sn (Sandratskii and Kiibler 1996). 

2.3. Exchange interactions 

The comparison of the respective temperatures of magnetic phase transitions between U- 
compounds and their rare earth analogs demonstrates clearly a different nature of magnetic 
coupling in these two classes of materials. If we select materials without any active par- 
ticipation of transition-metal components, we find that a number of U-compounds order 
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magnetically at temperatures that are an order of magnitude higher than those with Gd, de- 
spite the fact that the magnetic moments of the former are nearly 10 times smaller than the 
latter. A typical example in this sense is UGa2, which is ferromagnetic below Tc = 126 K 
(Ansorge and Menovsky 1968), whereas for the isostructural GdGa2 one has TN = 12 K 
(Tsai et al. 1978). For the 4f intermetallic compounds, the standard interaction is the in- 
direct interaction of the RKKY type, mediated by the polarization of weakly interacting 
conduction electrons. The fact, that the 4f and conduction-electron sub-systems are cou- 
pled together by the on-site polarization of the 5d states, does not make much difference. 
The interaction is oscillatory, leading thus potentially to complicated magnetic structures, 
with the envelope falling out as 1/R 3. 

The variable degree of delocalization in the 5f systems means that we can encounter 
several different regimes. For compounds with high U-content, i.e., those with du-u below 
or around the Hill limit, the direct 5f-5f overlap leads to a direct exchange coupling within 
the 5f band. Certain attributes of such systems resemble transition metals. For example, 
both magnetic moments and ordering temperatures of compounds like UNi2 or UFe2 are 
strongly depressed under external pressure (for an overview see the chapter of Sechovsky 
and Havela (1988) in Vol. 4). Moreover, ferromagnetism appears as the only type of order- 
ing in this region. U-moments are typically much smaller than 1/ZB, and although a partial 
cancellation of spin and orbital moments plays a role, they are distinctly smaller than U- 
moments outside this region. The ordering temperatures are relatively high. The reason 
can be found in the Stoner-Edwards-Wohlfarth theory for itinerant magnets, in which the 
ordering temperatures are proportional to the ordered moment, and not to its square as in 
other interactions including the RKKY one. 

With increasing du-u more antiferromagnets appear, and above du-u = 401 pm (UGa2) 
probably no ferromagnet occurs any more. This development can be seen also in individ- 
ual materials with two different values of the characteristic U-U spacing. For example, in 
the UTX compounds with the ZrNiA1 structure type (see section 5.1.1), the geometry of 
the structure leads to the formation of planar systems with du-u close to the Hill limit, 
whereas in the third dimension perpendicular to such planes the spacing is larger. Conse- 
quently, magnetic structures consist of strongly coupled ferromagnetic sheets with weaker 
inter-plane coupling, which is frequently of an antiferromagnetic type. For du-u  > 400 pm 
the direct 5f-5f  overlap is negligible, and therefore the hybridization starts to play an im- 
portant role. Thus the hybridization has actually a dual role. In the first approximation it is 
a primary mechanism of the destabilization of 5f moments, in the second approximation, 
because the spin information can be conserved in the course of the hybridization process, it 
leads to an indirect exchange coupling. The maximum ordering temperatures can be conse- 
quently expected for a moderate strength of hybridization, because a strong hybridization 
completely suppresses magnetic moments, whereas a weak one leaves moments intact, but 
their coupling is weak. 

A relatively simple model which leads to qualitatively realistic results has been worked 
out by Cooper and co-workers (Cooper et al. 1985), on the basis of Coqblin-Schrieffer 
approach to the mixing of ionic f-states and conduction-electron states (Coqblin and Schri- 
effer 1969), in which the mixing term of the I-Iamiltonian of Anderson type is treated as a 
perturbation, and the hybridization interaction is replaced by an effective f-electron-band- 
electron resonant exchange scattering. Considering an ion-ion interaction as mediated by 
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different covalent-bonding channels, each for particular magnetic quantum number mb 
the strongest interaction is for those orbitals, which point along the ion-ion bonding axis, 
which represents the quantization axis of the system. The two 5f ions maximize their in- 
teraction by compression of the 5f charge towards the direction to the nearest 5f ion. This 
has serious impacts on magnetic anisotropy, because it means a population of the 5f states 
with orbital moments perpendicular to the bonding axis. This interaction prefers a strong 
ferromagnetic coupling of actinide atoms along the bonding direction, whereas there is no 
special general tendency to ferro- or antiferromagnetism perpendicular to it, where the in- 
teraction is much weaker, and can be comparable to the "background" isotropic exchange 
interaction of the standard RKKY type. 

An alternative approach explaining the tendency to a ferromagnetic coupling in a certain 
regime can be seen in the description of variations of the RKKY interaction when consid- 
ering more realistic properties of the conduction-electron sub-system (Schwartz 1976). For 
example, a moderate exchange enhancement of that sub-system leads to a lifting up and 
distorting of the oscillatory function describing the spin polarization at a distance, caus- 
ing net ferromagnetic polarization. Naturally, a directionality of the 5f bonds and 5f-d 
hybridization can play a similar role in both mechanisms. 

The anisotropy of the two-ion interaction in uranium intermetallics is also responsible 
for specific magnetic structures in antiferromagnets. We also discuss relations between the 
symmetry of magnetic structures and the symmetry of the arrangement of U atoms in the 
crystal lattice. 

2.4. Magnetocrystalline anisotropy 

Since the spin-spin exchange interaction is essentially isotropic, it is the magnetocrys- 
talline anisotropy which orients magnetic moments relatively to crystallographic axes. The 
mechanism usually responsible for this phenomena in lanthanide intermetallics with well 
localized 4f states is the single-ion crystalline electric field (CEF) interaction. We will 
show that the involvement of delocalized 5f states in light actinide intermetallics (being 
involved in anisotropic covalent bonding) implies an essentially different, two-ion (5f-5f) 
interaction, which plays a major role in the anisotropy. The strong spin-orbit interaction is 
a necessary pre-requisite in both cases. 

The fact, that the 5f intermetallic compounds display much stronger magnetic anisotropy 
than their lanthanide counterparts has been known for a long time. The anisotropy field, 
estimated as the intercept field of the easy and hard magnetization curves extrapolated to 
high magnetic fields, frequently reaches values of the order of 102-103 T (Sechovsky and 
Havela 1988; Sechovsky et al. 1992a, 1994a). These values represent anisotropy energies 
of the same order (0.2 eV) as observed for US and obtained by Brooks et al. (1986) in the 
calculations done within the local density approximation, and the calculations on U2Pd2Sn 
mentioned in the section 2.2 yield values not much lower (Sandratskii and Ktibler 1996). 
We have seen already that depending on the environment of actinide atoms in different 
intermetallics, we can encounter variable strengths of the 5f-bonding and the 5f-ligand hy- 
bridization. Resulting variations of the 5f delocalization lead to a wide spectrum of mag- 
netic properties, ranging from Pauli paramagnetism to ferromagnetic or antiferromagnetic 
ordering of local 5f moments. The strong magnetocrystalline anisotropy is, however, ob- 
served in all uranium compounds exhibiting a 5f contribution to the magnetic moments, 
and is not thus restricted to magnetically ordered materials. 
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(a) (b) 

Fig. 2.5. Schematic illustration of the planar bonding geometry, which forces the magnetic moments represented 
by the bars perpendicular to the plane (a), which contrasts with the columnar bonding leading essentially to an 

easy-plane anisotropy type (b). 

Magnetic anisotropy studies are usually limited only to rarely available single crystals of 
uranium compounds. Therefore, more systematic information on actinide materials is still 
lacking. Materials with a uniaxial crystal structure (hexagonal and tetragonal) are of par- 
ticular interest for offering the possibility of unambiguous interpretation of experimental 
results from magnetization measurements in external magnetic fields. The easy magneti- 
zation direction in these structures is usually either parallel (11) or perpendicular (_L) to the 
c-axis. The systematic occurrence of particular types of anisotropy over diverse groups of 
U-intermetallics leads to the conclusion that on the vast majority of materials, in which 
the U - U  co-ordination is clearly defined in the crystal structure, the easy-magnetization 
direction is perpendicular to the nearest U - U  links. As follows from simple geometrical 
considerations, if the links are found in different directions in a plane, moments have to 
orient themselves perpendicular to the plane yielding the easy-axis anisotropy type (see 
fig. 2.5(a)). In an opposite case, if U-atoms form linear chains (the intra-chain U-U sep- 
aration is significantly smaller that the inter-chain one), an easy-plane anisotropy appears 
(fig. 2.5(b)). 

The latter case is represented, e.g., by UGa2, which is a ferromagnet with large local U 
magnetic moments (Sechovsky and Havela 1988). It crystallizes in the hexagonal structure 
of the A1B2 type, in which the U atoms form linear chains along the c-axis. The nearest 
neighbor U-U spacing du-u along the c-axis (401 pm) is smaller than the inter-chain 
spacing (421 pm). Magnetic moments of about 2.7/zB/U are oriented perpendicular to 
the c-axis. The hard magnetization direction [0 01] is observed both in the ordered and 
paramagnetic states. An estimated anisotropy field is about 100 T in both states. 

UPt3 is a heavy fermion spin fluctuator with antiferromagnetic correlations (Franse et al. 
1984). It forms in the hexagonal structure of the MgCd3 type. The nearest inter-U distance 
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du-u  = 413 pm is found between atoms in adjacent basal-plane layers. Magnetic data 
show that the c-axis is the hard-magnetization direction. A metamagnetic transition was 
found in fields around 20 T applied within the basal plane. 

UPd2AI3, a heavy-fermion antiferromagnet (see section 5.8). It adopts the hexagonal 
PrNi2A13 structure, and the U-atoms form a triangular network within the basal plane. 
The distance du-u is much shorter along the c-axis (418.6 pm) than in the basal plane 
(536.5 pm). The c-axis is the hard magnetization direction. 

Further examples of this behaviour are, e.g., UPdSn, an antiferromagnet with localized 
5f moments (see section 5.1.3), with non-collinear magnetic structure and non-zero com- 
ponent of the U-moments in the c-axis direction. But still this direction is a hard magnetiza- 
tion direction, and even the weak 5f-band ferromagnet UNi2 (Sechovsky and Havela 1988) 
also shows a strong anisotropy of the easy-plane type, although the U-U co-ordination 
cannot be so simply specified in its hexagonal Laves phase structure. 

Even more apparent is the uniaxial anisotropy, observed for example generally in UTX 
compounds with the hexagonal ZrNiAI structure type and in UT2X2 compounds crystal- 
lizing in the tetragonal structures CeCr2Si2 or CaBe2Ge2. The broad validity of the rule 
relating the structure, the U-U co-ordination in particular, with the type of anisotropy, can 
be well illustrated especially on the first group spanning a large variety of ground state 
types. UNiAI is itinerant antiferromagnet (Briick et al. 1994). The hexagonal structure of 
the ZrNiA1 type (see fig. 5.1) exhibits a relatively close packing of uranium and transition- 
metal atoms within the U-T layers leading to a highly correlated electron gas within the 
U-T basal-plane layers. Magnetic moments in UNiA1 are oriented along the c-axis, and a 
magnetic field applied along the c-axis can induce a moment reorientation manifest as a 
spin-flip transition in the magnetization curve. Magnetic response for fields applied within 
the basal plane is much weaker (see fig. 5.10), which is also true for the paramagnetic 
range. URuAI (Veenhuizen et al. 1988a; Secbovsky et al. 1992b) is a spin-fluctuator with 
paramagnetic ground state. Figures 5.19 and 5.21 demonstrate the same type of anisotropy 
as in UNiA1. An interesting is comparison with URhAI, a ferromagnetic isotype (Veen- 
huizen et al. 1988a, 1988b; Sechovsky et al. 1992b), having U spontaneous moments ori- 
ented along c, but magnetic susceptibility for field along the basal plane X a is practically 
identical as in paramagnet URuA1. The inspection of other UTX compounds with this 
structure type shows that typically a magnetization of 0.10-0.14/xB/U (except for UPdIn 
(fig. 5.27), where it reaches 0.5/zB/f.u. (Fujii et al. 1990a)) can be induced by field along 
the basal plane of 35 T, which is the standard highest field available at the Amsterdam 
High-Field Installation, where most of the studies were performed. From these findings 
we can conclude that the basal plane magnetization in all compounds of this group reflects 
paramagnetic behaviour essentially independent of the magnitude and type of ordering of 
uranium magnetic moments, which are strongly coupled to the c-axis. This means that no 
moment rotations are observable in available magnetic fields of tens of Tesla. The com- 
mon way of estimating anisotropy fields Ha by extrapolation magnetization curves taken 
at T = 4.2 K for field along the easy- and hard-magnetization direction thus fails, because 
the hard-magnetization curve reflects more the conduction-electron susceptibility than the 
response of the 5f moments. The values thus obtained can be therefore taken as a sort of 
lower estimate of the anisotropy field. This method cannot be used then in all in cases in 
which the 5f moments still develops and is assisted by an external field, ant thus the high 
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field susceptibility for the easy axis therefore being higher that for the hard axis. A typical 
example is the 5f-band metamagnet UCoA1 (see fig. 5.3). As the bonding anisotropy is not 
related to magnetic ordering, the same type of anisotropy persists for magnetically ordered 
materials into a paramagnetic range. The temperature dependencies xa(T) and xC(T) of 
most of compounds of the ZrNiAl-structure group can be reasonably approximated by the 
Curie-Weiss law (although the basal plane susceptibility is only weakly temperature de- 
pendent) 

a c  X a'c = ca'c/(T - Op' ) (2.2) 

with Curie constant values C a ~ C c. The anisotropy of the paramagnetic susceptibil- 
ity is expressed by the difference AOp =- [O~ -- O~[. The values of AOp obtained for 
available single crystals are all in the range 350-450 K, only the value for UPdIn (see 
fig. 5.26) is much lower (108 K). Nevertheless, this value is still an order of magnitude 
larger than found in the rare-earth analog, NdPdIn, for which AOp = 16 K (Fujii et al. 
1990a). A closer inspection of AOp values reveals that they correlate quite well with the 
/*0HA values (Sechovsky et al. 1992a, 1994a). 

Unfortunately, also this method of determining the anisotropy has limits. If the "in- 
trinsic" value of Xa(T) is very small, experimentally the contribution associated with the 
projection from the easy-axis direction due to crystal mosaicity or imperfect crystal adjust- 
ment starts to dominate. 

It is interesting to note that polarized neutron experiments on URhA1 (Paixao et al. 1992) 
and URuA1 (Paixao et al. 1993) have revealed an order of magnitude higher magnetization 
density induced on the transition metal atoms in the U-T layers, compared to those in the 
T-X layers. This result reflects a much stronger hybridization of the uranium 5f states with 
the d-electron states of the transition metal within the U-T layers. 

Although we deal with representatives of several very different classes of uranium mag- 
netism, we can deduce some common features connected with magnetic anisotropy: 

(a) Anisotropy fields are much higher than the maximum fields applied in relevant exper- 
iments (typically 35 T), and simple extrapolation of magnetization curves to higher 
fields yields an estimate of/z0HA being usually of the order of several hundreds of 
Tesla. 

(b) Strong anisotropy extends into the paramagnetic range; the anisotropy energy can be 
characterized by the difference between paramagnetic Curie temperatures measured 
in fields applied along the "easy" and "hard" magnetic axes, which amounts typically 
to several hundred Kelvin. 

(c) The same type (symmetry) of anisotropy is observed in the paramagnetic and mag- 
netically ordered states. 

A similar situation, in which the easy and hard magnetization directions are, as a rule, 
orthogonal, is also present in orthorhombic structures. A higher symmetry leading to a 
higher multiplicity of easy directions makes anisotropy studies more difficult. In particular, 
the anisotropy within the basal plane is difficult to determine in tetragonal, and especially 
in hexagonal, structures. Reliable magnetic anisotropy studies in high symmetry systems 
can be performed only by means of microscopic experiments, as has been demonstrated by 
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Lander et al. (1990), who were able to determine the anisotropy constant K1 of cubic US 
(K1 ,~ 101° erg/cm 3 at 0 K) from neutron diffraction experiments on a US single crystal 
in external magnetic fields. 

In the case of some non-cubic materials, especially those with the uniaxial magnetocrys- 
talline anisotropy, single crystal studies can be, to a certain extent, successfully simulated 
by means of high-field magnetization experiments on powder samples. Comparisons of 
data obtained on randomly oriented and field aligned powders can provide valuable infor- 
mation (Sechovsky et al. 1992b). 

2.5. Magnetic structures 

Both specific mechanisms of magnetocrystalline anisotropy and exchange interactions are 
factors naturally predetermining types of magnetic structures in U-intermetallics. A no- 
ticeable difference with respect to rare-earth systems is the inclination to ferromagnetism 
for moderate U-U spacing, as in the already mentioned case of UGa2 vs. REGa2, the latter 
ordering antiferromagnetically (Tsai et al. 1978). A convenient illustration of how particu- 
lar magnetic structures are constituted is again provided by the UTX compounds with the 
ZrNiA1 structure. The strong bonding within the U-T planes leads to a ferromagnetic cou- 
pling of U-moments (kept perpendicular to the plane by the anisotropy) within the plane, 
and the only exception is UNiA1 with a long wavelength periodicity AF structure described 
by q = (0.1, 0.1, 0.5) (Prokes et al. 1998a). The ferro- or antiferromagnetic coupling in the 
perpendicular direction is weaker, as expected, e.g., by the two-ion hybridization induced 
exchange interaction model (Cooper et al. 1985). In UNiGa, the weak AF coupling can 
be broken by a magnetic field of about 1 T along c. The magnitude of TN = 40 K means 
that the effective coupling parameters to 4 U neighbors within the basal plane have to be 
several orders of magnitude larger than for the 2 neighbors along c, the former leading 
also to the positive value of Op, found in a system with AF ground state. Under the con- 
dition of a somewhat stronger 5f-d hybridization (e.g., by replacing Ni in UNiGa by Rh) 
also the ferro-coupiing starts to dominate the coupling along the c-axis. The ferromagnetic 
coupling within the basal plane is contrasting with the AF coupling found in analogous 
RENiA1 and RECuA1 compounds (Tuan et al. 1993; Ehlers and Maletta 1996; Javorsky et 
al. 1997). 

It is interesting at this stage to inquire whether other available data documenting the 
anisotropy of magnetic coupling of various uranium based materials are also consistent 
with these common features. If we turn again to the compounds mentioned above, which 
span a very broad range of the 5f-localizations, we can conclude that in most of the cases 
in which we can easily determine the strong bonding directions, the easy-magnetization 
direction is perpendicular to them and ferromagnetic coupling is found along these bond- 
ing directions. This is the case, for instance in the strong ferromagnet UGa2 (Andreev et 
al. 1979), in heavy-fermion compounds as UPt3 (Franse et al. 1984) or UPdzA13 (Grauel et 
al. 1992; de Visser et al. 1992), or in the itinerant ferromagnet UNi2 (Frings et al. 1986)). 
However, the case of UPd2A13 shows that there can be exceptions to the rule of ferromag- 
netic coupling along the strong-bonding direction. In this compound, antiferromagnetic 
coupling occurs along the c-axis, and the reason may be related to the rather large spacing 
along the c-axis (albeit shorter than along the a-axis). The vast majority of compounds 
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in which the rules are obeyed brings us to a situation in which the exceptions are more 
interesting. 

Another noticeable tendency is the preference of collinear structures with moment mod- 
ulations (spin density waves) over equal-moment non-collinear structures. The reason is 
that the anisotropy energy is typically stronger than the exchange coupling energies. Non- 
collinear magnetic structures are stable if the easy-magnetization directions on different 
sites are not collinear, as in U2Pd2Sn, where they are orthogonal. Only in cases in which 
the lattice symmetry imposes no special requirements on the U-moments directions one 
can observe cycloidal structures which is observed in the case of UPtGe (Kawamata et al. 
1993). 

Equal moment structures are normally found in the ground state due to minimum mag- 
netic entropy, but UNiA1 is an example of a modulated structure surviving to lowest tem- 
peratures as a heavy-fermion antiferromagnet (Brtick et al. 1994). However, one or more 
different magnetic structures are stable at elevated temperatures, often with moment mod- 
ulations or as incommensurate structures. Whereas magnetic phase transitions between 
paramagnetic and ordered state are normally of the second order type (exceptions can oc- 
cur if accompanied by strong magnetoelastic phenomena, or, e.g., if magnetic ordering 
leads to a re-arrangement of CEF levels or of the whole electronic structure) magnetic 
phase transition of the order-order type are typically of first order, because no new order 
parameter appears at the transition. If a new order parameter appears, like ordering of mo- 
ments in the remaining third dimension as in UPdSn, the transition is again of the second 
order type. 

3. Electronic  propert ies  - exper imenta l  methods  

3.1. Bulk methods 

3.1.1. Magnetic susceptibility and magnetization 
In the paramagnetic state, the temperature dependence of the magnetic susceptibility 

provides important information both on the character and magnitude of the individual mag- 
netic moments and on the interactions between them. One can imagine two limit cases: 

(a) No local moments, the 5f states contribute to the temperature-independent suscepti- 
bility X0 by contributing to the density of states at EF, N(EF). In such cases (Pauli param- 
agnetism) one obtains x-values of the order of 1 x 10 -8 m 3/mol U, which is enhanced by 
at least one order of magnitude compared to the analogous Th-, Y-, or Lu-based metallic 
compounds. 

(b) On the other hand, the susceptibility of a set of interacting local moments follows a 
Curie-Weiss law: 

x ( r )  - n;~o;~ff  
3kB(T - O p ) '  

(3.1) 

where Op is the paramagnetic Curie temperature,/x0 is the Bohr magneton, Neff the effec- 
tive moment and n the molar concentration of magnetic moments. 
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In U-intermetallics, two ionic configurations, namely 5f 2 and 5f 3, could be considered 
as reasonable. The effective moments are similar, 3.58 and 3.62/zB, respectively. How- 
ever, the observed/Zeff values are frequently smaller. Although we could think of them as 
affected by CEF, the general band character of the 5f states makes plausible an explanation 
based on theories of band magnetism. In this respect, the proximity of the experimental 
/zeff value to the ionic ones is a certain indicator of the proximity to the local-moment 
regime. 

Some caution has to be paid when evaluating of X (T) data of polycrystalline samples 
due to the large anisotropy existing even in the paramagnetic state, as mentioned in sec- 
tion 2.4. First, some texture met in most of the cases prevents the attainment of represen- 
tative data from bulk polycrystalfine pieces of non-cubic materials, and one has to deal 
with powder samples with randomly oriented grains fixed by glue to prevent orientation 
by external magnetic fields. In such case, the measured susceptibility X is the average of 
the susceptibilities that one would have obtained for fields along the three principal direc- 
tions. In tetragonal or hexagonal materials we get Z = (1/3)Zc + (2/3)Za. Then, assuming 
(2.2), 1/;((T) is no more a linear function even for C a = C c. Instead, we obtain a positive 
curvature of 1/Z (T) reflecting the increasing dominance of the easy-direction susceptibil- 
ity when T approaches the higher ®p value. In fact, polycrystalline data distorted in this 
way by averaging of anisotropic susceptibilities can be reasonably well fitted by the so 
called modified Curie-Weiss law including a temperature-independent term X0 (which is 
typically of the order of 1 x 10 -8 m3/molU),  although this type of fit has no physical 
meaning. It yields the fight estimate of the upper @p value, but the values of the effective 
moments are far too low. This distortion is naturally stronger in the easy-axis case than in 
an easy plane case. A real X0 term was detected in some cases in single crystalline Z (T) 
data, but its values are normally smaller and of the order of 1 x 10-9 m 3/mol U (Brtick et 
al. 1994). 

The often observed negative ®p-values can reflect both the antiferromagnetic intersite 
coupling and the presence of an intrinsic instability of magnetic moments (spin fluctua- 
tions). The intrinsic fluctuations are clearly manifest below a characteristic temperature, 
where they become dominant over thermal fluctuations and a departure of the susceptibil- 
ity from the Curie-Weiss law appears consequently. At low temperatures various types of 
anomalies related to spin fluctuations appear. For their classification the reader is referred 
to the report of Ikeda et al. (1991). In particular, one can observe a broad maximum in 
X (T) with saturation at low T. These are of the YCo2 type, seen, e.g., in URuA1 - fig. 5.19 
(Veenhuizen 1988; Veenhuizen et al. 1988a). There may also be an upturn developing in 
addition in low T (CeSn3 type). When the upturn starts to dominate, an inflection with the 
final upturn at low T develops. An example of this UAI2 type behaviour if found in URuGa 
- fig. 5.20 (Havela et al. 1983). 

In order to study the magnetic anJsotropy and its consequences, single crystals are indis- 
pensable. However, in some cases, single crystals are not available. In order to account for 
anisotropy effects, magnetization measurements are usually done on two kinds of samples: 

(i) fine powder with single-crystalline grains free to be oriented by the applied exter- 
nal magnetic field, which may provide magnetization data for fields along the easy- 
magnetization direction, 
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(ii) powder with its orientation fixed by glue or frozen alcohol, which represents an ideal 
polycrystal. 

The type of magnetic anisotropy can be determined by comparing the values of the 
saturation magnetization for free (Mfree) and fixed (Mfix) powder obtained from magneti- 
zation experiments. In the case of spontaneous magnetization, the ratio Mfix/Mfree close 
to 0.8 suggests an easy-plane type anisotropy. If the ratio amounts to 0.5, a uniaxial type 
of anisotropy can be concluded to be present. Useful information about the anisotropy can, 
however, be deduced from the high-field susceptibility even in paramagnetic systems like 
URuA1 and URuGa (Sechovsky et al. 1992b). 

3.1.2. Specific heat 
The most prominent feature projected into the temperature dependence of the specific 

heat C of uranium intermetallics is the strong renormalization of the electron effective mass 
m* leading to an enhanced ),-coefficient of the low temperature specific heat. This feature 
is most pronounced in heavy fermion compounds, which are found typically among Ce and 
U compounds. In free electron systems the v-value is proportional to density of electron 
states at the Fermi level N(EF), which holds also for magnetic susceptibility X0. In HF 
systems the V and X0 values (the x-values in the low temperature limit) become enhanced 
by roughly the same amount, which justifies a description based on the Landau-Fermi 
liquid theory. The system behaves phenomenologically as consisting of quasiparticles (ex- 
citations), and both X0 and V are proportional to the quasiparticle density of states at EF. 

In normal metallic systems, the specific heat at low temperatures can be approximated 
by: 

C = v T  + fiT 3, (3.2) 

where the cubic term accounts for the phonon specific heat. This yields a typical linear 
C~ T vs. T 2 plot, where y-values are extracted by extrapolation to T ~ 0. However, 
in HF systems C~ T strongly increases at low temperatures, and the data can be often 
approximated by: 

C = v T  + fi*T 3 + 8T 31nT (3.3) 

with fi* = 3 In T*, where 3 is the pre-factor to the characteristic spin fluctuation contri- 
bution and T* a characteristic spin fluctuation temperature. Also here F is the T -~ 0 
limit of C~ T. One should note that the logarithmic term leads to a negative contribution of 
spin fluctuations to C below T*. This expression was first derived to describe the effect of 
nearly ferromagnetic (long wavelength) spin fluctuations in the context of 3He, but can be 
obtained more generally in the Fermi liquid formalism (Pethick and Canleiro 1977). 

The Fermi liquid description does not, of course, account for anisotropic magnetic prop- 
erties apparent in lower symmetry compounds. Particularly striking cases can be found 
among acfinide HF compounds, as UPt3 or URu2Si2. 

A qualitatively different specific heat behaviour is encountered in compounds under- 
going magnetic ordering. In this case, the F-value obtained from the analysis of C~ T in 
the paramagnetic range (denoted as Vp) is very often much higher than that found in the 
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0 K limit, i.e., in the magnetic state (V0). This is interpreted as due to superzone boundary 
formation due to an additional periodicity in the AF state, which can remove a substantial 
portion of electron states from EF. Although the specific heat anomaly connected with a 
magnetic phase transition is often very sharp, the integrated (over T) magnetic contribution 
to C/T yields, as a rule, only a small fraction of R In 2. This points to a strongly itinerant 
character of magnetism. For the itinerant limit case, in which local moments disappear at 
Tc, the magnetic entropy is equal to zero, because the entropy above Tc (no moments) and 
in the low-T limit (moments ordered, no fluctuations) is equal. 

In magnetically ordered compounds with higher ordering temperatures one cannot de- 
termine reliable values of gp because of the uncertainty in the determination of the phonon 
part. Nevertheless, the experimental v-value (i.e., V0) is an important indicator of the situa- 
tion in the vicinity of EF. A vast majority of compounds display V-value appearing roughly 
between two limit cases. The lower limit, 10 mJ/(mol K2), is approximately a characteris- 
tic value of regular rare earths (5d participation at EF). The upper limit, 400 mJ/(mol K2), 
is the generally acknowledged threshold behind which true heavy fermion materials occur. 
Within this broad range, lower values are mostly found for broad 5f-band materials or, on 
the other hand, materials with appreciable local moments, having equal-moment magnetic 
structures. The first group involves typically Pauli paramagnets. Examples are the elemen- 
tal light actinides, for which the highest V was found for ot-Pu (22 mJ/(mol K2)) by Gordon 
et al. (1997), although c~-U has only 10 mJ/(molK 2) (Ho et al. 1966). Materials from the 
second group belong to narrow 5f-band systems, but the potentially high N(EF) is strongly 
reduced due to splitting of the spin-up and spin-down sub-bands. The regimes existing in 
between, i.e., spin fluctuators or magnetically ordered materials with small magnetic mo- 
ments can have much higher v-values. In such case, however, they less and less reflect the 
bare single particle density of states, but a renormalization due to many body correlations 
plays a dominant role. The real V can then be expressed as: 

V = yO(1 -t- )~e--phonon -[- ~e--e), (3.4) 

where )~e--phonon and )~e-e are the mass-enhancement coefficients due to electron-phonon 
and electron-electron interactions, respectively, and Y0 is the non-renormalized v-value 
corresponding to the bare single-particle density of states. In U-compounds the last term 
)~e--e is very important. Few attempts to calculate the influence of )~e--e going beyond LDA 
and determining the quasiparticle self-energy have not yet led to fully satisfactory results 
(Steiner et al. 1994; Olsovec and Divis 1996). 

The effect of mass renormalization can be well illustrated by results of de Haas-van 
Alphen (dHvA) experiments, which can determine both the Fermi surface geometry and 
the effective masses belonging to different sheets of the Fermi surface. In cases like UPt3, 
the branches observed can be well identified with extreme cross-sectional areas of the 
Fermi surface obtained from LDA calculations, testifying the itinerant character of the 5f 
states (Taillefer et al. 1987; Kimura et al. 1996a, 1996b; Onuki et al. 1996; Taillefer and 
Lonzarich 1997). On the other hand, high effective masses of some branches account for 
experimental g = 452 mJ/(mol K 2) (Stewart 1984), although the bare non-renormalized 
V0 obtained from the same calculations as the Fermi surface mentioned above is only 
19.8 mJ/(mol K 2) (Oguchi et al. 1987). 
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Similar conclusions were obtained from Shubnikov-de Hass effect measurements (os- 
cillatory magnetoresistance), which indicated quasiparticle masses m* as large as 170me, 
where me is the flee-electron mass (Julian et al. 1992a, 1992b). Unfortunately, these tech- 
niques are restricted to materials for which high quality single-crystal specimens can be 
grown, and does not thus belong to common diagnostic tools. For ternary U-compounds, 
it was so far successfully applied to UPd2A13 (Inada et al. 1994). The results show five 
branches, effective cyclotron masses are found to range approximately from 10me to 32me. 

The deviations from the simple dependence (3.3.) can in some cases be ascribed to 
magnons with a moderate gap in their dispersion relations, which lead to an exponential 
term exp(-A/T) ,  where A is the width of the gap, in analogy to the resistivity, but the 
pre-factor is proportional to T 1/2 (Andersen and Smith 1979). As the A-value is equal to 
the anisotropy energy, such term cannot be observed in materials with a strong anisotropy 
of the uniaxial type, because no excitations over the gap can be seen at low temperatures. 
At higher temperatures a quantitative analysis is impossible due to the dominating phonon 
contribution which goes beyond the simple cubic power law, or beyond the Debye ap- 
proximation in general. On the other hand, the exponential terms occur in cases of one 
hard-magnetization axis and a moderate anisotropy within the plane perpendicular to this 
direction. In such a case one can detect magnons with a gap attributed to the in-plane 
anisotropy. The analysis of bulk properties of UNiGe (see section 5.1.2) leads to such ex- 
ponential terms (both in resistivity and specific heat) with A ~ 40 K, which corresponds to 
the difference of the Op values for measured susceptibilities with H lib and H ]]c. In ferro- 
magnets, magnons are expected to be suppressed by the magnetic field due to the increase 
in Zeeman energy, which is projected into the increase of A. In UNiGe this tendency was 
found in fields above the upper metamagnetic transition, which brings the compound to a 
state with field-aligned moments (Havela et al. 1996a, 1996b). 

3.1.3. Electrical resistivity 
Although the effective masses in U-systems can be strongly renormalized, in the relax- 

ation time approximation the ratio m*/r, which determines electrical resistivity p, is not 
renormalized. The relaxation time r = lvF 1, where the mean free path l cannot decrease 
below the interatomic spacing. Thus m* and r are renormalized in the same way. On the 
other hand, comparison of resistivity of uranium intermetallics with analogous rare-earth 
compounds, or with transition metals, shows that in actinide materials we often encounter 
values an order of magnitude higher at room temperature (resistivity values exceeding 
200 kt~2 cm are not exceptional). Because similar high values are found in spin-fluctuators 
and magnetically ordered materials in the paramagnetic state, one may find its origin, e.g., 
in the strong coupling of electrons to spin fluctuations as a consequence of the strong 
5f hybridization. Unlike standard metallic systems, in which the dominating resistance 
mechanism is the electron-phonon scattering, which leads to monotonously increasing 
p(T), U-systems often show a clear fingerprint of a strong scattering on magnetic fluctu- 
ations, which are incoherent at high temperatures. In periodic systems the condensation 
from the high-temperature local-moment state to a Fermi liquid state manifests itself in a 
pronounced decrease of p below a characteristic temperature marking the onset of such 
coherent regime, Tcoh. 

One of the specific features of most of U-compounds is a strong non-additivity of partial 
contributions to p (the Matthiessen's rule does not hold) showing a fast suppression of the 
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low-T decrease with practically any substitution destroying the coherence. At high tem- 
peratures, a more or less pronounced tendency to saturation of p (T) appears due to a sup- 
pressed contribution of electron-phonon scattering, which, when unchanged, yields an in- 
creasing slope of p (T) in conventional materials. In U-intermetallics this behaviour is dif- 
ferent due to the strong electron spin-fluctuation scattering. The mentioned non-additivity 
means that the standard procedure of subtraction of the phonon contribution in the form of 
p (T) of a non-magnetic analog can yield misleading results. 

It is interesting to compare the high-temperature resistivity behaviour of U-intermetallics 
with that of Ce-compounds, for which a classification scheme based on the characteristic 
energy of the moment instabilities related to the quasielastic linewidth of neutron spectra 
FQS has been developed (Freimuth 1987). It was noticed that, at least for Ce and Yb sys- 
tems, whenever the characteristic energy of the moment instabilities FQE increases with 
T (Kondo regime) there is tendency to form a maximum in p(T).  This was observed for 
instance in Celn3, CeB6, CePd3, CeCu6, CeA13. The temperature of the maximum scales 
approximately with the residual FQE-Value F0. On the other hand, in the case of strongly 
mixed-valence compounds (FQE large and T-independent) one often finds a dull p(T)  de- 
pendence with a knee at generally higher temperature and overall positive dp /dT  (CeSn3, 
YbA13, YbCu2Si2). In this approach a vast majority of U-compounds including HF mate- 
rials like UPt3 are analogous to 4f-mixed-valence materials, and are clearly distinguished 
from Ce HF materials, which are labeled as Kondo (or Kondo lattice) materials. 

On the other hand, the resistivity in cases of negative dp /dT  needs not always associated 
with a Kondo effect. The variations of p(T)  can be explained, for example, by assuming 
a temperature induced de-hybridization leading to a decoupling of the f- and conduction 
electron systems due to thermal fluctuations, which reduce the lifetime of heavy quasipar- 
ticles (Weger 1985; Weger and Mott 1985). 

In the spirit of the analogy between electron gas and Fermi liquid systems, a simple 
p o( aT  2 behaviour due to electron-electron scattering is observed in the low-T limit 
in most of U-systems, too. The values of a are many orders of magnitude higher than in 
simple metals, and an approximate scaling with y2 was observed experimentally (yielding 
the universal ratio a / y  2 ~ 10 -5 p.f2 cm mJ -2 K s tool 2 (Kadowaki and Woods 1986; Kado- 
waki 1993)). The validity of this universal behaviour, which supposes that a J[s determined 
by Fermionic excitations, can break down in magnetically ordered materials with different 
types of excitations, or generally in materials where the anisotropy of moment ordering 
and magnetic excitations leads to anisotropic a-parameters. The value of a involves in 
more complex cases not only the Fermi liquid interaction parameters, but also an electron 
scattering in magnetic excitations (e.g., spin waves). Finally, such a magnetic scattering can 
be affected by the existence of a gap in the electron energy or magnetic excitation spectra. 
The former affects qualitatively the p(T)  dependencies mainly in the vicinity of TN. The 
latter leads generally to exponential terms affecting p (T) already from the low temperature 
limit. The contribution of scattering of electrons on magnon-like excitations can be derived 
in a simple model mentioned in the context of the contribution to specific heat (Andersen 
and Smith 1979). It leads to the expression 

p(T)  = Po + a T2 + bT(1 -t- 2 T / A )  exp( -Z l /T ) ,  (3.5) 
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the last term accounting for electron scattering on magnetic excitations with a gap A. Such 
term was identified, e.g., in UNiGe, where it yields A ,~ 40 K (Prokes et al. 1994) similar 
to the value obtained from the specific heat data (see sections 3.1.2 and 5.1.2). 

In several cases a power law with an exponent lower than 2 has been observed. Expo- 
nents of 3/2 or 5/3 are expected in the spin fluctuation theories to replace the value of 2 for 
the situation very close to the onset of magnetic order (Mathon 1968; Ueda 1977; Moriya 
1991; Moriya and Takimoto 1995). Such behaviour was found for UNiA1 (see fig. 5.8(b)), 
in which inter-site antiferromagnetic spin fluctuations along the c-axis apparently survive 
into the low temperature limit (Briick et al. 1994). The lower p ( T )  curve for current along 
the c-axis is rapidly increasing with temperature, and can be described up to T = 3.5 K 
by a power law p ,'~ T 5/3. This behaviour is attributed to spin fluctuations close to the 
onset of magnetic ordering and is observed in weak itinerant magnets, and contrasts with 
the simple a T 2 type of behaviour for current along the basal plane. 

A strong anisotropy of the electrical resistivity in actinide intermetallics is not at all 
exceptional, and is mostly related to the strong anisotropy of the exchange coupling of 
5f-moments. It is easily observed in single crystal samples of tetragonal, hexagonal or 
orthorhombic materials. There can be, in particular, a very striking difference in type of 
the temperature dependence of p for different directions of the electrical current. In certain 
materials, antiferromagnetic correlations can be suppressed by an external magnetic field, 
and we observe a metamagnetic transition at a critical field which is generally accompanied 
by a giant magnetoresistance effect. Thus measurements of the p (T) dependencies with 
current along various crystal directions and in different magnetic fields are usually very 
helpful for understanding the magnetic contribution to the resistivity. What is much less 
clear, is how the anisotropy in the underlying electronic structure (mainly the anisotropy of 
hybridization, which must strongly affect conduction-electron states) is reflected in various 
types of p (T) behaviour. 

The residual resistivity P0 reaches typically smaller values in ferromagnets. The much 
larger P0 values observed in antiferromagnets can be explained by several models, which 
are based either on the notion of gapping due to additional periodicity in the antiferro- 
magnetic state, or, more generally, on spin dependent scattering and k-space restrictions 
(Havela et al. 1996a). The mechanism of the related "giant magnetoresistance effect" will 
be discussed later. 

A strong anisotropy of the resistivity has been observed for numerous single crystal of 
low symmetry structures (for example in UT2X2 and UTX compounds). 

The essential features can be illustrated on the case of UNiGa (see also section 5.1). As 
seen in fig. 3.1, for the electrical current in the basal plane ( i l c )  containing ferromagneti- 
cally coupled U magnetic moments, the temperature dependence of the resistivity mimics a 
ferromagnet with a dramatic drop below the ordering temperature and a gradual saturation 
in the low temperature limit. The flat part of the p (T) curve above TN demonstrates that the 
contribution of the electron-phonon scattering, which is normally linearly increasing in this 
temperature range, plays only a minor role compared to the spin-disorder scattering (which 
is of the order of 100 p.f2 cm). Qualitatively a different resistance behaviour is observed for 
the current along the c-axis (ill c), which senses the antiferromagnetic coupling of uranium 
moments. Below 80 K, the resistivity increases with decreasing temperature, becoming 
more pronounced approaching TN. In the range 35-40 K, several anomalies emerge due to 
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Fig. 3.1. Electrical resistivity p vs. temperature T for single-crystalline UNiGa with current i along the c-axis in 
various magnetic fields applied along the c-axis. The zero field state is antiferromagnetic with several magnetic 
phase transitions between T = 35 and 40 K. In fields higher than 1 T, a ferromagnetic state is induced. The 
comparison with the resistivity behavior for current within the basal plane (ilc, in H = 0) illustrates the effect 
of ferromagnetic coupling of the uranium moments within the basal plane UNiGa. Overtaken from Havela et al. 

(1996a). 

magnetic phase transitions, and finally the resistivity decreases at low temperatures. How- 
ever, the residual resistivity p0 is much higher (140 ~t~2 cm) for iHc than for i l c .  The high 
resistivity is removed in the ferromagnetic state. The negative derivative dp/dT, which de- 
velops gradually below 80 K for ill c, is unambiguously due to incipient antiferromagnetic 
correlations (Havela et al. 1994a; Prokes et al. 1996a) and can be suppressed in 14 T as 
shown in fig. 3.1. 

A ferromagnetic state is achieved via a spin-flip metamagnetic transition at a magnetic 
field strength of 1 T (at 4.2 K) applied along the c-axis (Sechovsky et al. 1991). The mag- 
nitude of  the U magnetic moment is not affected by this transition, but a large drop of  
the resistivity (for illc) is apparent amounting to 87% (see fig. 3.1), and the p(T)  curve 
measured in the metamagnetic state mimics the behaviour of  a ferromagnet. 

In most of  the materials mentioned, a simple a T 2 law characterizes the low temperature 
behaviour both in the antiferromagnetic and metamagnetic states. UNiGa can be taken as 
an example, in which the coefficient a decreases by a factor of 5 (from 0.24 ~tf2 c m K  -2  
to 0.051 p.f2 cm K -2) at the metamagnetic transition, but the basic form of p (IF) does not 
change with temperature up to 20 K, as seen in detail in fig. 3.1. Therefore, since the field 
dependence of  the specific-heat v-value is weak, the coefficient a does not scale with ?/2. 

3.1.4. Giant magnetoresistance 
Magnetic fields when applied along the basal plane, do not lead to any moment reorien- 

tation and have practically no influence on the resistivity. This demonstrates that standard 
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magnetoresistance effects connected with the evolution of electron trajectories in a mag- 
netic field have only little influence compared to "giant" effects due to spin reorientation. 
The magnitude of the resistivity changes due to magnetic structure variations in actinides 
is often larger than so called Giant MagnetoResistance (GMR) effects in magnetic multi- 
layers. For review of the perpendicular magnetoresistance in magnetic multilayers, see the 
report of Gij s and Bauer (1997). Therefore the notion of the GMR effect is commonly used 
in actinides, too. 

The case of UNiGe (see section 5.2) demonstrates that the giant magnetoresistance ef- 
fects in U-intermetallics may not always occur in simple layered magnetic structures (as in 
UNiGa). Two mechanisms can generally be considered as origins of the GMR effect. One 
is based upon variations of the Fermi surface realized in the metamagnetic transition (for 
example, due to the disappearance of the superzone gap resulting from antiferromagnetic 
ordering). Another possible mechanism could be a spin-dependent scattering leading to 
a reduction of the relaxation time in the AF state. The latter is commonly considered in 
magnetic multilayer systems, in which, however, the disorder at inter-layer boundaries is 
thought to be a dominant mechanism of the GMR. 

The case of UNiGa provides clues to the mechanism for the GMR effects in this class 
of compounds. The change of the ?/-coefficient, reflecting the total density of electronic 
states at the Fermi level, at the transition from the AF to F state (from 43 mJ/(mol K 2) to 
48 mJ/(molK2)) goes in the fight direction (Aoki et al. 1996a), but is too small to give 
an unambiguous proof of substantial Fermi surface reconstruction. However, a comple- 
mentary information pointing to the reconstruction can be obtained from additional exper- 
iments (Hall effect and thermoelectric power (Kobayashi et al. 1996)). The Hall resistivity 
in magnetic materials is described as a sum of two terms: 

pH(H) = RHH = R o l l  + 4ztRsM, (3.6) 

where R0 and Rs are the normal and the extraordinary Hall coefficient, respectively, and 
M is the volume magnetization. 

The normal Hall effect contains information on the Fermi surface, such as carrier con- 
centration and/or the k-dependence of the conduction-electron scattering. The extraordi- 
nary Hall effect provides information on the left-fight asymmetry of the scattering (Hurd 
1972). In UNiGa the magnetization at T = 4.2 K is practically field-independent both be- 
low and above the metamagnetic transition (see section 5.1.1). The same holds for normal 
resistivity (see fig. 3.1), which means that the anomalous Hall effect contribution can be 
taken as field independent in both AF and F phase. As can be seen from fig. 3.2, the field 
dependence of the Hall resistivity at T = 4.2 K is indeed linear in both phases, and there- 
fore the change of the normal Hall coefficient R0 at the transition can be evaluated from 
the slope of p ~ ( H ) .  We have thus obtained R0 = ( -2 .9  ± 0.1) x 10 -9 m3/C) for the AF 
state and ( -  1.7 -4- 0.1) x 10 -9 m3/C for the F state. The difference in R0 in the two phases 
reflects a considerable change of the Fermi surface resulting from the spin-reorientation, 
suggesting that an electronic structure variation is responsible for the GMR effect. 

Another complementary information is provided by the field dependence of thermo- 
electric power. The change of the sign of S at the metamagnetic transition (fig. 3.3) may 
reflect the sign change of the energy derivative of the density of state (DOS) at the Fermi 
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Fig. 3.2. Hall resistivity PH vs. magnetic field H IIc for single crystal UNiGa measured at T = 4.2 K. The current 
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level, which is again due to the Fermi surface reconstruction resulting from the moments 
reorientation. 

The phenomena described here illustrate the fact that in actinide intermetallics the type 
of magnetic structure, especially the type of magnetic coupling along a particular direction, 
plays a dominant role both in size and temperature dependence of the electrical resistivity. 
The impact is much stronger than in analogous lanthanide-based materials (see Fournier 
and Gratz 1993). The reason can be found in the presence of a narrow f-band at the Fermi 
surface, and in the stronger hybridization of the 5f-states with other electronic states, which 
leads to an extreme sensitivity of electronic structure to the orientation of the 5f magnetic 
moments. The question remains whether it is predominantly a gapping effect which leads 
to the high resistivity in the AF state due to the enlargement of magnetic unit cell with 
respect to the crystallographic one. The large bulk of experimental data on various com- 
pounds show that there is a reduction of resistivity accompanying ferromagnetic coupling 
in the majority of cases, consistent with the action of a general superzone boundary ef- 
fect. 

The fact that the GMR effect can be understood on the basis of variations of the 
electronic structure only (i.e., without any spin-dependent scattering) is corroborated by 
electronic structure calculations for UNiGa performed using the fully relativistic, spin- 
polarized LDA approximations in both ferromagnetic and simple antiferromagnetic (+ - )  
states (Antonov et al. 1996). It is especially interesting that the calculations reproduce the 
magnitude of the GMR effect without any spin dependent scattering, because notion of spin 
diffusion length (used widely in the context of magnetic multilayers) cannot be simply ap- 
plied to actinides with a strong spin-orbit coupling, where S cannot be taken as a good 
quantum number. Thus, the entire GMR effect in UNiGa can be explained by variations of 
topology of the Fermi surface. It would be interesting to test additional theoretical predic- 
tions of GMR effects for actinide materials with identical magnetic and crystallographic 
unit cells in the AF state. One example is the calculation of magnetoresistance effects in 
U2Pd2In and U2Pd2Sn (Richter et al. 1996). The latter material is expected to exhibit a 
large positive magnetoresistance at the metamagnetic transition. This would mean that the 
magnetic superzone effect is not a necessary ingredient for the occurrence of a GMR effect. 

3.2. Local-probe methods 

From large variety of microscopic (local-probe) methods we briefly comment two, which 
are currently bringing a qualitatively new view of U intermetallic compounds. For informa- 
tion on other methods reader is advised to see the reviews mentioned in the Introduction. 

3.2.1. Inelastic neutron scattering 
The dynamics related to magnetic moments is directly revealed by the neutron scattering. 

For assessing results obtained on U-compounds, the systematics built for Ce compounds 
can be an important reference. The on-site spin fluctuations are manifest in a relaxation 
behaviour of the dynamic susceptibility: 

x (q, o ) r  
)~ (q, co) -- - - ,  (3.7) 

F - ico 
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which yields a Lorentzian spectrum centred at ha) = 0. For stable rare earth moments the 
half width of the so-called quasielastic response FQE/2, 

FQE/2 = akB T, (3.8) 

but for unstable moments, there is a residual half width Fo/2 remaining in the low tempera- 
ture limit, which corresponds to the intrinsic instability energy. A large portion of the spec- 
tral intensity is contained in the q-independent feature of such a shape, but there can be also 
another contribution peaking at non-zero q indicative of inter-site correlations of an anti- 
ferromagnetic type, which become noticeable at low temperatures even for paramagnetic 
systems. The two types of magnetic fluctuations able to absorb the energy were observed 
for example in CeCu6 (Rossat Mignod et al. 1988).The first one, q-independent, yields a 
half width of 0.42 meV, which can be associated with the Kondo temperature TK = 5.0 K, 
if expressed in Kelvins. The contribution due to inter-site correlations, which is strongly 
anisotropic, can be described by a Lorentzian centered at a finite energy hco0 = 0.20 meV 
and F = 0.21 meV. The latter contribution begins to disappear above T = 3 K. 

Another example, with much a larger portion of inter-site fluctuations, is CeRu2Si2 
(Rossat Mignod et al. 1988) having y = 350 mJ/(mol K2). Although no long-range mag- 
netic order was indicated down to the lowest available temperatures by neutron diffrac- 
tion, intersite fluctuations with a limited coherence length contain a considerable portion 
of the inelastic response. These inelastic features peaking around kl = (0.3, 0.3, 0) and 
k2 = (0.3, 0, 0) are centered at ho)0 = 1.2 meV, F/2 = 0.9 meV. These correlations de- 
velop gradually below T = 70 K and become temperature independent below T = 6 K. 
The q-independent fraction is well accounted by a quasi-elastic Lorentzian contribution 
with Fo/2 = 2.0 eV, corresponding to TK = 23 K. The larger value of ho~,0 can be in- 
terpreted as being due to much stronger magnetic inter-site coupling than in CeCu6. The 
tendency to magnetic instability can be supported, e.g., by a substitution of La for Ce. The 
Cel_xLaxRu2Si2 compounds display a modulated antiferromagnetic order for x >~ 0.08. 
A high-magnetization state can be induced by a moderate magnetic field of 7.7 T for 
x = 0. Classical metamagnetic transitions are observed in the AF state, with the criti- 
cal field slightly and continuously decreasing with increasing x. Such a situation makes 
the impression that it is a coherent interplay of on-site and inter-site fluctuations, which 
suppresses the long range magnetic order in pure CeRu2Si2 at low fields, whereas the 
nature of the metamagnetic state is essentially x-independent. The extreme sensitivity to 
doping is symptomatic, and similar effects were observed practically in all periodic 4f or 
5f HF systems. The breakdown of the antiferromagnetic intersite correlations in magnetic 
field in CeRu2Si2 can be followed by neutron scattering, too. The intensity of the inelastic 
k-dependent features simply disappears at the critical field. 

The two examples show that the quasi-elastic response, which can be well approxi- 
mated by a Lorentzian, accounts for the on-site moment fluctuations. Ce materials of the 
Kondo type show Fo/2 < 1 meV (the case of CeCu6 and CeRu2Si2 mentioned above). A 
stronger coupling between the 4f moments and the conduction-electron states in mixed- 
valence materials, leading to faster relaxations, makes the values of 1"o/2 typically an 
order of magnitude larger (Loewenhaupt and Fischer 1993; Holland-Moritz and Lander 
1994). A vast majority of U-compounds irrespective of the type of the ground state dis- 
play, besides other features, a broad quasielastic response with Fo/2 exceeding 5 meV 
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(Holland-Moritz and Lander 1994). The clear conclusion about strong coupling of the 5f- 
and conduction-electron states puts doubts on attempts to employ the Kondo model for 
explaining the properties of a certain class of U-compounds. Even those materials labeled 
as heavy fermions (UPt3, UBel3) are more the counterparts of the Ce mixed valence sys- 
tems than of the Kondo compounds, although the higher specific heat y-values resemble 
more the latter group. On the other hand, there are few singular U-materials, in which the 
quasielastic response is absent, known as the 5f-localized systems. The best known exam- 
ple is UPd3, which shows sharp CEF excitations consistent with a 5f 2 ( J  = 4, 3H4) con- 
figuration (Buyers and Holden 1985). From ternaries it is, e.g., U3Ni3Sb4 (see section 5.4, 
fig. 5.106), in which the non-metallic character explains the lack of the 5f hybridization, 
which situation allows for localization of 5f-electron states. One should notice that only in 
such cases crystal-field excitations were undoubtedly identified. Their apparent suppres- 
sion in all other cases is clearly related to the essentially band character of the 5f states. 
Other cases as UPt2Si2 (Steeman et al. 1988) can probably not be solved without exper- 
iment on a single crystal, which would allow a more reliable subtraction of the phonon 
scattering. 

Unlike such CEF excitations within one multiplet, intermultiplet transitions at higher 
energies became observable with the advent of neutron spallation sources. (For review of 
intermultiplet-transition spectroscopy see the report of Osborn et al. (1991).) For UPd3 the 
lowest transition is observed at 395 meV, confirming the 5f 2 state. Surprisingly, a weaker 
transition supposedly of this type was found in heavy fermion UPt3, too (Bull et al. 1996), 
and recently it was found even in the itinerant ferromagnet URhA1 (Hiess et al. 1997a). 
Unfortunately, more systematic information on existence and position of this transition 
over different classes of U intermetallics is still lacking. 

3.2.2. Photoelectron spectroscopy 
Photoelectron spectroscopy techniques are traditionally a powerful tool for direct obser- 

vations of large-scale features of the electronic structure. The progress in instrumentation 
leading to a substantial improvement in electron-energy resolution has led to ambiguities in 
interpretation of photoelectron spectra especially for strongly correlated systems. The re- 
lated issues like observability of Kondo resonance became subject of serious controversies, 
which leads at present to a crystallization of deeper understanding of electronic structure 
of U-compounds. 

The standard resonance angle-integrated photoelectron spectroscopy using synchrotron 
radiation can effectively separate the 5f emission from the emission from the d-states of 
the transition metal in interrnetallics. Information on the mutual position and overlap of 
the 5f and the d-states can be obtained from such experiments. Examples can be found 
in the report of Ejima et al. (1994) for spectra on UPdzAI3, UPt2Si2, and UzPtSi3. In an 
earlier report Ejima et al. (1993) showed examples of spectra on U3T3X4 compounds. The 
poor resolution, not much exceeding 0.5 eV in most of cases, cannot distinguish possible 
details, which yields normally the 5f emission with a characteristic broad (1-2 eV) trian- 
gular shape pinned at EF. It is interesting that no variations in the valence band related to 
the 5f emission appeared in the course of dilution the UA12-YAI2 system down to low-U 
concentrations (Kang et al. 1987), which led to the false conjecture that single-site effects 
dominate the spectrum even in concentrated U systems. 
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Even high-resolution UPS (HRUPS) providing about one order of magnitude better reso- 
lution still show not much of details in the angle-integrated experiment, and the 5f emission 
is more difficult to distinguish, as found by Grassman (1990) for UTaSie compounds, or 
by Havela et al. (1992a) for UNiA1 and UPdSn. 

The contribution of both such types of studies can be regarded useful mainly for testing 
different band structure calculations, assuming different alternatives for the situation of 5f- 
states (5f a, 5f 3 localized, 5f band). One can naturally obtain qualitatively different valence- 
band spectra for 5f-localized systems like Am, in which the high-energy nature of the 
photoemission process leads to the observation of a final-state multiplet, seen as several 
more or less distinguished emission lines separated from EF (Naegele et al. 1985). From 
U-intermetallics, the only material found to display this type of spectrum is UPd3, which 
has also qualitatively different 4f-core level spectrum, pointing again to 5f-localization 
(Grassman 1990). 

A step forward are experiments with angle-resolved photoemission (ARPES) with im- 
proved resolution, in which the necessity to use single crystals leads to using high-quality 
samples. Dispersive 5f bands have been observed long time ago in UIr3, a strongly hy- 
bridized broad-band system (Arko et al. 1983). Nevertheless, the wide application of the 
Gunnarson and Schtinhammer single-ion approach (Gunarson and Schonhammer 1987) 
for interpreting photoelectron spectra of Ce-compounds led to the belief that such type 
of approach should be pertinent for the interpretation of spectra in the case of narrow 5f- 
band systems, too. Such analysis was applied, e.g., on the UPd3-YPd3 system (Liu et al. 
1992; Allen et al. 1993). This approach leads to distinct spectral features related to the 
Kondo (Abrikosov-Suhl) resonance in the vicinity of EF. One of characteristics of these 
features is an anomalously strong temperature dependence. However, it was shown for 
cerium heavy-fermion compounds, that such temperature dependence is most probably ab- 
sent and does not show the development expected from variation of the Kondo temperature 
(Joyce et al. 1992; Arko et al. 1997a). Moreover, ARPES data show a distinct dispersion 
of the states at EF, which proves that they must be band states and cannot be treated as 
isolated impurities (Arko et al. 1997a; 1997b). similar studies on U-compounds (the ef- 
fort was concentrated mainly on the heavy fermions UPt3, UBel3, USb2, UPd2A13, and 
URu2Si2) show that the 5f emission extends farther below EF compared to Ce-compounds 
and shows a greater dispersion due to higher f-occupancy. But in each case a very fiat 
band at EF showing no temperature dependence besides the Fermi-Dirac statistics was 
seen (Arko et al. 1997a,b,c). The narrowest feature has until now been found in USb2. The 
width 30 meV is limited by experimental resolution (Arko et al. 1997c). 

Thus qualitatively a similar picture for Ce and U heavy fermion intermetallics, different 
from the single ion model, emerged. The nature and proper description of the band states, 
clearly going beyond simple one electron (LDA) theory, remains to be solved. The neces- 
sity of further experiments oriented also on non-heavy fermion materials is obvious. The 
present effort gives clear hints as to experimental conditions. The observation of narrow 
dispersive features at EF is impossible if the surface is anyhow damaged or contaminated, 
and relevant data could be obtained only on cleaved surfaces of high-quality single crys- 
tals. 
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4. Non-Fermi-liquid behaviour 

The so-called non-Fermi liquid (NFL) behaviour represents nowadays one of highlights 
of the U (as well as Ce) research. The boom triggered by the discovery of certain uni- 
versal types of scaling of bulk quantities in the vicinity of the onset of magnetic ordering 
led to investigations of possible cases of deviations from the standard Fermi liquid scal- 
ing. This effort is in reality oriented on very diverse phenomena, related in most cases to 
atomic disorder obtained by tuning the system to the proper regime by different substitu- 
tions. Generally, one could speak about non-Fermi fiquid in all cases, in which the low-T 
Fermi liquid characteristics of specific heat ( C / T  constant), resistivity (p = Po + aT2),  

and susceptibility (X = const) are disobeyed. When inspecting the manifold of U com- 
pounds, we meet the strict Fermi liquid requirements only for few of them. Thus, to be 
more restrictive, one has defined the NFL behaviour in positive sense as that showing a 
distinguishable logarithmic scaling C~ T ~ - ln(T/To), a strong T-dependence of the 
magnetic susceptibility for T --> 0 (often approximated by X ~ - c ( T / T 0 ) 1 / 2 ) ,  as well 
as p ( T )  ~ A T  n, with n < 2. Even with such restrictive characteristics one probably 
will find that most candidates show fingerprints of different types of magnetic disorder, 
induced by statistical occupation of certain lattice sites. This includes spin glass phenom- 
ena, and Kondo disorder with a statistical distribution of TK effects (Bernal et al. 1996; 
MacLaughlin et al. 1996). The relevance of more exotic models based on new concepts 
like multi-channel Kondo effect (Cox 1987, 1993) remains unclear. Thus among the few 
well settled NFL cases are those compounds with crystallographic order, which are close to 
the onset of magnetism and are now traditionally described in the Moriya spin fluctuation 
theory (Moriya 1991; Moriya and Takimoto 1995), but an explanation of the resistivity 
exponent n = 3/2 or 5/3 at the boundary of antiferro- or ferromagnetism, respectively, 
is dated back to the sixties and seventies (Mathon 1968; Ueda 1977). Thus materials like, 
e.g., UCoA1 (see section 5.1.1) fall within the same class as weak itinerant ferromagnet 
ZrZn2 (Ogawa 1976) or Ni3A1 (Sato 1975). 

The importance of crystallographic disorder was recently demonstrated by comparison 
of CeRhzSi2, which can be tuned across the magnetic-nonmagnetic boundary by external 
pressure showing no evidence of the non-Fermi-liquid behaviour, with a system tuned by 
a substitution of Ru and studied at ambient pressure (Graf et al. 1997). In the latter case it 
is clearly the Kondo disorder leading to the NFL scaling. 

For further discussion of NFL behaviour and its possible sources see, e.g., L6hneysen et 
al. (1997). 

5. Overview of U ternary compounds 

5.1. UTX compounds 

UTX compounds (stoichiometry 1:1:1) form the most extended family comprising nearly 
50 isostoichiometric ternary uranium compounds. Besides that, several dozens of other 
AnTX compounds (An = Th, Np, Pu, Am) have been discovered and studied so far. The 
transition metal (T) component is selected from the second half of the 3d-, 4d- and 5d- 
series, respectively. The X component represents a p-element from the groups IIIA, IVA 
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TABLE 5.1 
Systematics of occurrence of crystal structures in UTX compounds with respect to the transition 

metal (T) component. 

33 

Mn Fe Co Ni Cu 
Tc Ru Rh Pd Ag 
Re Os Ir Pt Au 

hexagonal MgZn 2 hexagonal ZrNiA1 (Fe2P) [ hexagonal GaGeLi (Cain2) 
oVJaorhombic TiNiSi (CeCu2) I cubic MgAgAs 

and VA of the periodic table. When reviewing the occurrence of certain crystal structures 
in the compounds of the UTX family we observe a systematic behaviour with regard to 
the transition-metal component which is schematically shown in table 5.1. On the left side 
(compounds with Mn, Tc, Re and sometimes Fe, Ru, Os) we observe materials which 
crystallize in the hexagonal MgZn2-type structure (space group P63/mmc) in which the 
two Zn sites are occupied by the T and X atoms at random. This means that such UTX 
structure is not the ordered ternary crystal structure. The majority of UTX compounds 
crystallizes either in the hexagonal ZrNiAl-type (P6m2), which is the ordered ternary vari- 
ant of the Fe2P-type, or in the orthorhombic ordered ternary TiNiSi-type, which is de- 
rived from the CeCu2-type. Many compounds contain transition elements characterized 
by nearly (Ni, Pd, Pt) or fully (Cu, Ag, Au) occupied 3d-, 4d- or 5d-electron states, re- 
spectively. These adopt the hexagonal CaIn2-type or its ordered ternary modification, the 
GaGeLi-type. Compounds of the cubic structure type are also known. This systematics 
can be related to the gradually reduced delocalization of uranium 5f-electron states due to 
reducing the 5f-d hybridization with increasing population of transition metal d-electron 
states. Larger U-U spacings can be found especially in the last group. 

5.1.1. Compounds with the ZrNiAl (Fe2P) type structure 
The hexagonal ZrNiAl-type structure adopted by 24 UTX compounds with X = A1, Ga, 

In, Sn, Sb discussed (see table 5.2) in this section is schematically shown in fig. 5.1. This 
structure has a distinct layered character. It is built up of U-T  and T-X basal-plane layers 
alternating along the c-axis. Each uranium atom has four nearest U neighbors within the 
U-T  layer. The U-T  layers are separated by the lattice parameter c. The distance between 
the nearest U neighbors within the basal plane can be found using the relation: 

du-u  = a~/1 - 3x + 3x 2, (5.1) 

where x is a position parameter of the U atoms. However, without knowing detail value of 
x, an approximate U - U  spacing can be obtained using the expression du-tj = a~/2/(1 + 
~/-3) (Kergadallan 1993). 

UFeAl and UFeGa may exist in two crystallographic modifications depending on the 
heat treatment. At high temperatures above 700°C, both compounds crystallize in the 
hexagonal C14 Laves phase MgZn2 (Steeb et al. 1964) in which also UMnAl can be 
formed. After long-time annealing at 600°C, the former two compounds adopt the ZrNiA1- 
type structure (Steeb and Petzow 1966; Lam et al. 1967; Kimball et al. 1971). The MgZn2- 
type structure is much more close packed than the ZrNiAl-type as can be seen in fig. 5.1. 
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TABLE 5.2 

Some basic characteristics of UTX, ThTX and PuTX compounds with the hexagonal ZrNiA1 (Fe2P) type struc- 
ture: y - coefficient of the electronic specific heat, type of ground state (F - ferromagnetic, AF - antiferromag- 
netic, UAF - uncompensated antiferromagnetic, PP - Pardi pararnagnetic),/z U - the uranium ordered magnetic 
moment (determined by neutron diffraction at T = 4.2 K), TC, N - magnetic ordering temperature, Ttr - tempera- 
tures of other magnetic phase transitions (in the ordered state), Anis. - easy magnetization direction (determined 
by neutron diffraction and/or magnetization measurements of single crystals), a, c - lattice parameters at room 

temperature. 

Compound F Ground /A U TC, N Ttr Ref. a c Ref. 
(mJ/(mol K2)) state (#B) (K) (K) (pro) (pro) 

UFeA1HT 24 ppa [1] 525.5 818.5 [1] 
UFeA1LT 2l ppb [1,2] 666.87 398.27 [1] 

667.2 398.1 [3] 

UCoA1 65 P(SF) 17 c [4] 668.6 396.6 [3] 
666.7 396.5 [4,5] 

UCoAI* 596.1 984.6 [6] 

UNiA1 164 AF 19.3 [7] 673.3 403.5 [8] 
675.1 404.8 [4] 
669.2 d 401.0 d [9] 

URuA1 45 P(SF) [10,11] 689.5 402.9 [8] 
692.0 402.0 [4] 

URhA1 60 F 0.94 27 [11,12] 696.5 401.9 [8] 
697.0 402.1 [4] 

UIrAI F 0.93 64 [4,13] 696.8 403.0 [3] 
695.0 401.0 [4] 

UPtA1 F 1.2 46 [14,13] 701.2 412.7 [8] 
701.7 412.4 [4] 

UFeGa HT 32 ppe [1] 527.0 813.0 [1] 

UFeGa LT 67 F 0.05 45 [1] 671.0 390.9 [1] 
673.1 390.3 [8] 
672.5 390.1 [4] 

UCoGa F 0.56-0.6 f 51 [15] 669.3 393.3 [8] 
40 F 0.74 g 48 [4] 669.1 393.7 [4] 
48 F 47 [16] 666.46 h 392.65 h [16] 

UNiGa 41-44 AF 1.4 39 37,36,35 i [17-19] 673.3 402.2 [8] 
672.5 401.6 [4] 
669.53J 400.2J [9] 

URuGa 52 P(SF) [10] 707.6 381.8 [8,4] 

URhGa 40 F 1.2 f 40 [13,20-22] 700.6 394.5 [8] 
700.2 395.0 [4] 

UPdGa AF 1.37 61.5 41.5 [23] 702.9 411.3 [24] 

UIrGa 41 F 0.93 60 [13,20,25] 703.3 394.4 [8] 
703.0 393.5 [4] 
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Compound y Ground /x15 TC,N Ttr Ref. a c Ref. 
(mJ/(mol K2)) state (/ZB) (K) (K) (pro) (pm) 

UPtGa 72 F 1.33 68 [13,20,25] 706.3 406.5 [8] 
705.7 406.8 [4] 

250 k AF?I 1 6.5 m [26] 747.0 388.8 [27] URhIn 

UPdIn 

UPtIn 

UCoSn 

URuSn 

URhSn 

UIrSn 
UPtSn 
URuSb 
ThCoA1 
ThNiA1 
ThRhA1 
ThPdA1 
ThlrA1 
ThPtA1 
ThCoGa 
ThNiGa 
ThRhGa 
ThlrGa 
ThPtGa 
ThNiln 
ThPdlu 
ThPtln 
ThCoSn 
ThRhSn 
NpCoA1 
NpNiAI 
NpRhA1 
NplrA1 
NpPtA1 
NpNiGa 
NplrSn 

PuCoA1 

PuNiA1 

280 UAF 1.5 20.4 8.5 [28,29] 741.4 409.6 [8] 
742.1 409.3 [4] 

150 n AF ° 1.39 15P [27,30,31] 741.3 405.8 [8] 
740.5 405.5 [4] 

61 F 1.2-1.3 f 80-88 [4,32-34] 714.8 399 [8] 
715.3 400.1 [4] 

50 F 1.1 f 51-55 [10,13,35,36] 736.9 396.1 [4] 

F 1.3 f 17 [13,35-37] 737.5 399.6 [8] 
737.5 403.8 [4] 

F 1.24 f 21-23 [13,35,36] 734.6 401.2 [4] 
F 0.6 f 30 [4] 735.8 412.5 [4] 
F 0.6 f 35 [38] 738.5 391.5 [8] 

704.7 403.6 [8] 
708.0 405.5 [8] 
718.3 412.0 [8] 
726.5 418.1 [8] 
717.6 414.2 [8] 
727.1 415.4 [8] 
704.8 398.7 [8] 

PP [38] 705.7 401.9 [8] 
721.4 404.4 [8] 
721.8 407.4 [8] 
729.7 409.5 [8] 
736.7 411.7 [8] 
754.1 419.0 [8] 
753.5 416.6 [8] 

3.7 ppr [38,39] 737.6 405.9 [40] 
751.5 408.8 [40] 

AF 7 672.2 391.9 [41] 
AF 21 680.0 398.8 [41] 

697.55 402.27 [41] 
AF 17 697.40 403.40 [41] 
AF 12 705.2 409.4 [41] 
AF 16 673.4 392.0 [41] 

685.0 399.2 [41] 

684.4 392.2 [40] 
678.5 392.1 [41] 

686 398 [4O] 
686.7 397.5 [41] 
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TABLE 5.2 (Continued) 

Compound F Ground /~U TC, N Ttr Ref. a c Ref. 
(mJ/(mol K2)) state (ttB) (K) (K) (pm) (pm) 

PuCoGa 681 390 [40] 
PuNiGa 684.8 394.9 [40] 

685.0 394.5 [41] 

PuRhGa 707.2 392.9 [40] 

HT High temperature phase (MGZn2-type) 
LT Low temperature phase 
a X300K = 2.4 x 10 -8  m3/mol, X5K = 3.2 x 10 -8  m3/mol. 
b X300K = 3.4 x 10 -8  m3/mol, XSK = 5.3 x 10 -8  m3/mol. 
c Maximum on the X vs. T curve in low field (~< 0.5 T) applied along the c-axis. 
d Derived from neutron data at T = 40 K. 
e X300K = 3.3 X 10 -8 m3/mol, X5K = 4.2 x 10 -8  m3/mol. 
f Derived from magnetization data at T = 4.2 K. 
g Determined at T = 10 K. 
h Lattice parameters determined by neutron powder diffraction at 60 K (Purwanto et al. 1994a). 
i Successive magnetic phase transitions (see text). 
J Derived from neutron data at T = 60 K. 
k A Cp/T value at 1.4 K. Strongly reduced (to approximately 160 mJ/(molK 2) in #0 H = 5 T (Sechovsky 

et al. 1995a). 
1 No magnetic scattering has been detected down to 1.5 K by neutron powder-diffraction (Tran et al. 1995a). 

A complex magnetic structure of small U moments may be expected. 
m Additional magnetic phase transition below 1.5 K cannot be excluded (Sechovsky et al. 1995a). 
n A low temperature value; above 19 K, g = 375 mJ/(mol K 2) has been derived (Havela et al. 1993a). 
o A collinear structure (moments along the c-axis), q -= (0, 0, 0,25), ferromagnetic U basal planes + + - - 

coupled along the c-axis (Tran et al. 1995a). 
P Maximum on the x(T) curve reported at 22 K (Tran and Troc 1990a), 18 K (Havela et al. 1993a), maximum 

of the i3(xT)/OT and Cp observed at 15 K (Havela et al. 1993a). 
r The susceptibility of ThCoSn is slowly varying with temperature between 3 x 10 -9  m3/mol at T = 300 K 

and 4.5 x 10 . 9  m3/mol at T = 4.2 K (Sechovsky et al. 1988a). 
* Compound synthesized by melting under a pressure of 7.7 GPa (MgZn2-type). 
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(a) 

(b) 

Fig. 5.1. Schematic picture (a) of the hexagonal ZrNiAl-type structure in which crystallize numerous AnTX 
compounds and (b) of the MgZn 2-type characteristic for UMnA1 and the high-temperature phase of UFeA1 and 

UFeGa. 

ture parameter z. The inter-uranium distance in the Laves-phase structure is only 306.3 and 
304.2 pm in UFeA1 and UFeGa, respectively. The nearest uranium neighbors are consid- 
erably more separated in the ZrNiAl-type structure, namely du u = 345.7 and 347.8 pm, 
respectively. This change is clearly reflected in differences between the magnetism in the 
high- and low-temperature phases of both compounds. The high temperature phases of 
UFeA1 and UFeGa are paramagnetic down to the lowest temperatures with a nearly tem- 
perature independent susceptibility (Briick 1991; Troc et al. 1993a). UFeA1 remains para- 
magnetic also in the ZrNiAl-structure phase. However, its susceptibility is enhanced by 
approximately 40%. The magnetization increases linearly with magnetic field up to 35 T, 
where it amounts to only 0.11/zu. The isostructural UFeGa exhibits weak itinerant ferro- 
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Fig. 5.2. Magnetization (a) and magnetoresistance (b) curves measured at different temperatures T on 
UCo0.9AII.1 and UCo0,95All.05 single crystals, respectively, in fields H along the c-axis (Havela et al. 1997a; 

Kolomiets et al. 1998). 

magnetism with a spontaneous moment of 0.05/ZB/f.u., whereas 0.18/zB/f.u. is observed 
in 35 T. Negligible differences between the free- and fixed-powder magnetization point to 
absence of strong magnetocrystalline anisotropy in both compounds also in the ZrNiA1- 
structure (Brtick 1991), which indicates strongly delocalized uranium 5f-electrons. An- 
other source of weak ferromagnetism in the low-temperature phase of UFeGa may be 
ferromagnetism in the Fe sublattice. The lack of anisotropy may than be quite a natural 
feature of Fe magnetism. A 57Fe M6ssbaner effect study on this material is desirable. 

UCoAI became one of the most intensively studied UTX compounds. This material 
shows no spontaneous magnetization down to lowest temperatures, but when a magnetic 
field of 1 T is applied along the c-axis of a UCoA1 single-crystal at temperatures below 
16 K, a metamagnetic transition is observed (Andreev 1985b; Havela et al. 1986; Se- 
chovsky et al. 1986b). Results are shown in fig. 5.2. This transition is accompanied by a 
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Fig, 5.3. High-field magnetization curves of UCoAl-based single crystals in a magnetic field H up to 35 T applied 
along and perpendicular to the c-axis (Sechovsky et al. 1986b). Actually, results obtained for Ul.1Co0,95A10.95 
and U0.9COl.05All.05 are shown. Note the anisotropic spontaneous magnetization for the latter composition 

(Andreev et al. 1997a). 

magnetostriction effect of the order of 1 x 10 -~, negative along the c-axis and positive in 
the basal plane (Andreev 1985b), and a positive magnetoresistance of ~ 6% (Kolomiets 
et al. 1998; Andreev 1986). The susceptibility measured in fields (H Iic) sufficiently lower 
than 1 T exhibits a broad maximum around 17 K (Havela et al. 1997a). This is similar 
to broad maximum in the X vs. T curves measured for the 3d-band metarnagnets YCo2 or 
LuCo2 (Goto et al. 1994), although in the 3d systems the maximum is observed at tempera- 
rares more than an order of magnitude higher. The unusual magnetization behaviour below 
T = 16 K has motivated several controversial interpretations which can be found in liter- 
ature. First, antiferromagnetic ordering below 16 K was claimed (Andreev 1985b) in anal- 
ogy to the antiferromagnet UNiA1, although the critical field Hc in UCoA1 is an order of 
magnitude lower. Absence of any anomaly both in the temperature dependence of the spe- 
cific heat and the electrical resistivity around 16 K which would indicate a magnetic phase 
transition, led to the conclusion of a paramagnetic ground state. The metamagnetic transi- 
tion to the state with a magnetic moment/zu ~ 0.3/xB oriented along the c-axis was in this 
context attributed to band metamagnetism (Sechovsky et al. 1986b). This conclusion has 
been corroborated by results of ab initio electronic structure calculations (Eriksson et al. 
1989) and polarized-neutron diffraction experiment on a single-crystal (Wulff et al. 1990; 
Papoular and Delapalme 1994). Later on, the occurrence of a ferromagnetic ground state 
with relatively large canted uranium moments of 0.8/xB was claimed after fitting powder 
neutron diffraction data (Trail et al. 1995a), ignoring completely the previous single-crystal 
results (Sechovsky et al. 1986b; Wulff et al. 1990). Finally, the absence of magnetic order 
in the low-field state was corroborated by a p.+SR experiment (Havela et al. 1995a). In 
spite of the anomalous behaviour of UCoAI we observe a huge uniaxial anisotropy simi- 
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Fig. 5.4. Magnetization curves of the U1.1 Co0.95A10.95 and U0.9Co 1.05All.05 single crystals at T ---- 4.2 K in a 
magnetic field H applied along the c-axis and hydrostatic pressures p up to 1.01 GPa (Andreev et al. 1997a). 

lar to that in the magnetically ordered UTX counterparts of the ZrNiAl-structure family. 
From fig. 5.3 one may infer that the magnetism in UCoA1 is concentrated in the c-axis 
with a metamagnetic transition to ~ 0.3 #B around 1 T and a further pronounced increase 
of magnetization up to 0.6/zB in high magnetic field up to 39 T (Sechovsky et al. 1986b; 
Andreev et al. 1997a). In the basal plane we observe a simple linear paramagnetic response 
yielding only 0.1/x~ at the maximum field. The strong anisotropy is observed also in the 
high-temperature susceptibility up to at least 300 K (Sechovsky et al. 1986b) showing al- 
ways much stronger magnetic response in the c-axis direction. 

A closer study of single crystals with controlled stoichiometry deviations from 1:1:1 
revealed that the crystal structure of UCoA1 allows some off-stoichiometry and that Co 
excess apparently affects the magnetic properties at low temperatures (Andreev 1990). In 
particular, the value of Hc is enhanced (reduced) in U-rich (-poor) samples. Consequently, 
a small spontaneous ferromagnetic moment appears in the sample with a deficit of ura- 
nium. A small spontaneous magnetization is observed only along the c-axis and should 
therefore be of 5f-electron origin. Results received on slightly off-stoichiometric crystals 
showing zero spontaneous moment are shown in figs 5.2 and 5.3. The critical parameters 
of the metamagnetism in UCoA1 were discussed by Andreev et al. (1997a, 1997b, 1997c) 
and Havela et al. (1997a) and compared with the well-known band metamagnets YCo2 
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Fig. 5.5. Magnetization curves measured on polycrystalline fixed-powder samples of the UCo0.99T0.01 A1 solid 
solutions at T = 4.2 K (Andreev et al. 1997c). 

and LuCo2 (Goto et al. 1994) in which the 3d electrons of Co are responsible for the ex- 
traordinary magnetic behaviour. In UCoA1, however, the 5f electrons of U determine the 
magnetism while Co does not contribute substantially to the magnetic moment (Wulff et al. 
1990). Whereas no anisotropy of metamagnetic phenomena is observed in the 3d-electron 
metamagnets YCo2 and LuCo2 (Goto et al. 1994) metamagnetism of the 5f band electrons 
is observed only along the c-axis. In the both systems, however, the critical parameters 
are very sensitive to external pressure and also to small specific substitutions (Goto et al. 
1994). Pressure effects on the two UCoAl-based single crystals are well demonstrated in 
fig. 5.4. The critical field Hc of the metamagnetism in UCoA1 is linearly increasing with 
applied pressure: 

/4c(p) =/4(0) + @ (5.2) 

with k = 2.7 T/GPa. The magnetization step AM across the transition also decreases 
linearly with increasing pressure pointing to values of the critical pressure in the interval 
2.2-2.4 GPa (Andreev et al. 1997a). 

A pilot study of effects of substitutions of 10% Fe, Ni, Ru, Pd for Co in UCoA1 which 
was presented by Andreev et al. (1995a) indicated that substitutions on a much finer scale 
should be studied. In fig. 5.5 we can see that the substitution of already 1% of other d 
metals for Co leads to strong changes in magnetic properties. The presence of Ni shifts the 
metamagnetic transition to higher fields. The substitution of Ru and Fe leads to qualita- 
tive changes of the magnetization curves although the lattice parameters do practically not 
change (Andreev et al. 1997b, 1997c). The Ru doped compound becomes a ferromagnet. 
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Fig. 5.6. Magnetization curves measured on polycrystalline fixed-powder sample of the UCo0.98Fe0.02A1 at 
T = 4.2 K in various external pressures p (Andreev et al. 1997c). 

A large spontaneous moment exhibits also the Fe doped compound, but a visible metam- 
agnetic behaviour still remains. At T = 4.2 K, the magnetization jump at the transition is 
roughly equal to the spontaneous moment. The superposition of ferromagnetic and meta- 
magnetic behaviour exists in a wide temperature interval up to Tc (---- 20 K). The ratio be- 
tween the "spontaneous" and "metamagnetic" parts of the magnetic moment increases with 
decreasing temperature and an almost completely ferromagnetic state is obtained when ex- 
trapolating to 0 K. Further Fe doping stabilizes ferromagnetism. As can be seen in fig. 5.6 
the magnetization curve of UCo0.98Fe0.02A1 shows no traces of metamagnetism. Applica- 
tion of pressure on this sample, however, induces gradual suppression of ferromagnetism 
via a state with reduced spontaneous magnetization and an additional metamagnetic tran- 
sition towards the standard metamagnetism of UCoAl-type (Andreev et al. 1997b, 1997c). 
More extended substitutions of Fe for Co were studied by Tran et al. (1996a) and Troc et 
al. (1994a) who have shown that the ferromagnetism in UCo]_xFexA1 persists up to an Fe 
content of x = 0.5 with a maximum of Tc and a spontaneous magnetization for x = 0.2. 

Electrical resistivity and AC magnetic susceptibility studies (Kolomiets et al. 1998) have 
revealed for UCoA1 the presence of strong spin fluctuation effects for temperatures below 
30 K and magnetic fields below Hc, where a non-Fermi liquid term ~ T 3/2 is prominent 
in the p vs. T dependence. The standard T 2 Fermi liquid resistivity term and a step-wise 
drop of the residual resistivity was observed upon increasing a the applied field through 
the metamagnetic transition. 

Owing to the richness of phenomena described above, UCoA1 proved an important ob- 
ject to study origin of magnetism in 5f-electron intermetallics. Further results obtained on 
various U(Co]_xTx)A1 and UCo(A1]_xXx) solid solutions will be discussed in relevant 
parts elsewhere in this chapter. 

UCoA1 has been prepared also by melting under a pressure of 7.7 Pa (Tsvyashchenko 
and Fomicheva 1991). The resulting sample has been found to crystallize in the hexagonal 
Laves phase C14 (MgZnz-type). The authors claim that the mean volume per atom in this 
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Fig. 5.7. Field dependence of the magnetization M along and perpendicular to the c-axis and of the longitudinal 
magnetoresistance in UCoGa at T = 4.2 in field H applied along the c-axis (Prokes 1997). 

phase is by 48% larger that the corresponding volume in UCoA1 prepared under ambient 
pressure (ZrNiAl-type structure). Since the Laves phase structure is rather close packed, 
this resuk does not seem probable in the present stage of knowledge. Further experimental 
effort in this direction is highly desirable. 

In the light of previous compounds, UCoGa seems to be a much simpler case. The mag- 
netic phase transition from paramagnetism to ferromagnetic ordering at 47 K is clearly 
reflected in magnetization, specific-heat and resistivity anomalies at this temperature (Se- 
chovsky et al. 1987; Nakotte et al. 1993a; Purwanto et al. 1994a). A neutron powder 
diffraction study led to a uranium ordered magnetic moment of 0.74 tzB at 10 K which 
is close to the value of 0.78/zB/f.u. measured on a single crystal at 4.2 K in a field 
of 35 T along the c-axis (Nakotte et al. 1993a). In fig. 5.7 we can see that the slow, 
but non-negligible, increase of the c-axis magnetization in fields up to 35 T is accom- 
panied by an approximately 25% magnetoresistance (Purwanto et al. 1994a). The huge 
uniaxial anisotropy is manifest by the small linear magnetization response of UCoGa in 
the basal plane reaching 0.2/zB/f.u. at 35 K (see fig. 5.7). The strong uniaxial magne- 
tocrystalline anisotropy is observed also in paramagnetic range. Both the Z c vs. T and 
X a vs. T dependencies can be characterized by Curie-Weiss law. However, the paramag- 
netic Curie temperature 0p, which is positive and very close to Tc in the former case, is 
large and negative in the latter case (Nakotte et al. 1993a; Prokes 1997). The difference 
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0 ~  - 0f ~ 300-400 K serves as an estimate of the magnetic anisotropy energy in the 
paramagnetic state. Also the electrical resistivity is strongly anisotropic, being practically 
constant above Tc. It decreases by only 10% from T¢ down to the low-temperature limit for 
a current within the basal plane and shows little temperature dependence. For current along 
the c-axis the resistivity between 300 K and Tc decreases by approximately 45%. Ferro- 
magnetic ordering is clearly marked by a discontinuity of Op/OT at Tc and below Tc the 
p vs. T dependence is typical for a ferromagnet (Purwanto et al. 1994a). UCoGa exhibits 
an interesting evolution of magnetization curves below Tc, soft-magnet behaviour above 
30 K and a sudden onset of rectangular hysteresis loops at lower temperatures (Nakotte 
et al. 1993a). 

Evolution of magnetic properties from paramagnetic UCoA1 and ferromagnetic UCoGa 
can be traced across the series of solid solutions UCoAll-xGax (Andreev et al. 1998a). Al- 
ready 5% Ga in the X sublattice gives rise to a spontaneous moment at T = 4.2 K although 
there remains visible metamagnetic behaviour. Further increase of Ga content yields grad- 
ual stabilization of ferromagnetism on account of the metamagnetic contribution. For x 
increasing beyond 0.15, pure ferromagnetism is observed with nearly linear increase both 
of Tc and/~s. This all occurs without varying lattice parameter a and with a linear decrease 
of c amounting to only about 3% reduction across the whole series. Preliminary specific- 
heat data taken on these solid solutions, which show broad anomalies spread over large 
temperature intervals (of 10-20 K) around Tc, indicate that the coexistence of ferromag- 
netism and metamagnetism in these compounds may be connected with a sort of clustering 
effects connected with statistical distribution of A1 and Ga atoms over the X-sublattice 
sites. 

UCoSn is a stable U-moment ferromagnet below Tc = 80-88 K exhibiting strong 
uniaxial anisotropy with the magnetic moments oriented along the c-axis. The uniaxial 
anisotropy has been clearly determined from the ratio (~ 0.5) of the spontaneous moments 
from fixed-powder and free-powder magnetization measurements (Sechovsky et al. 1988a, 
1990). This conclusion is corroborated by results of 119Sn Mtssbauer-spectroscopy inves- 
tigations (Kruk et al. 1997). The free-powder magnetization measured in fields up to 35 T 
increases from #(0 T) = 1.2/zB/f.u. to/z(35 T) = 1.3/zB/f.u. (Sechovsky et al. 1988a, 
1990). The lowest value of Tc has been determined from experiments in zero magnetic 
fields, namely from the location of a specific heat anomaly at 80 K and a clear resistivity 
anomaly at 81 K (Havela et al. 1986; Sechovsky et al. 1986a; Tran et al. 1995b). 

When the U sublattice is diluted by non-magnetic Th atoms in the solid solution 
Ul-xThx CoSn, the ordering temperature decreases linearly with decreasing uranium con- 
centration and ferromagnetism disappears around x = 0.6. The magnetic moment related 
to one U atom is nearly constant for 0 ~< x ~< 0.4 and then rapidly collapses with decreas- 
ing U concentration. The compounds in the concentration region critical for ferromag- 
netism exhibit a strong enhancement of the electronic term of the specific heat amount- 
ing to F = 250 mJ / (molUK 2) for x = 0.6. The strong uniaxial magnetic anisotropy 
persists in all ferromagnetic compounds irrespective to dilution of the uranium sublattice 
(Sechovsky et al. 1988a). 

Changes of the magnetic properties of UCoSn due to substitutions of 10% Fe, Ni, Ru 
and Pd for Co have been studied by Andreev et al. (1995b). The magnetic moment of 
the solid solutions UCoo.gTo.ISn increases (decreases) with respect to UCoSu for T = 
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Fe, Ru (Ni, Pd). The Curie temperature changes in a similar way. Such a behaviour was 
not expected within the current understanding of magnetism in UTX intermetallics and 
will be discussed later in context with results of other studies of solid-solution series. A 
more detailed study was performed on compounds resulting by Fe doping on Co sites 
(Andreev et al. 1995c). It revealed that UCOl_xFexSn compounds can be formed with Fe 
concentration up to x = 0.15 where the Curie temperature, which increases linearly with 
increasing x, reaches 98 K and the spontaneous moment is enhanced to 1.29 #B. 

The 119Sn M6ssbauer effect and magnetic studies of UCoAlj_xSnx (Sechovsky et al. 
1989; Krylov et al. 1990) revealed that already initial substitution of 1% Sn for A1 leads 
to ferromagnetic ordering which, however, may be confined to clusters with higher Sn 
content. Further increase of Sn content yields monotonous increase both of #s and Tc. 

UNiAl represents an itinerant 5f-electron antiferromagnet characterized by a reduced U 
magnetic moment and a strongly enhanced )/-value. The degree of 5f-electron delocal- 
ization was the subject of a photoemission study of UNiA1 in comparison with UPdSn 
representing a system on the verge of 5f-electron localization (Havela et al. 1992a, 1992b). 
Numerous intriguing phenomena observed in this material motivated intensive experimen- 
tal effort, which was enabled by the relative easiness of single-crystal production (Brtick 
1991). The temperature dependence of the magnetic susceptibility of UNiAI measured 
with the magnetic field parallel and perpendicular to the c-axis shown in fig. 5.8 reveals 
the strong uniaxial magnetocrystalline anisotropy characteristic for the majority of UTX 
compounds of this isostructural family. The Curie-Weiss like signal above T = 40 K, 
reflecting the behaviour of 5f magnetic moments, is confined to the c-axis whereas the sus- 
ceptibility in the basal plane is nearly temperature independent. The X c (T) curve exhibits 
a pronounced maximum around T = 25 K, which indicates antiferromagnetic ordering at 
lower temperatures. This temperature, however, does not coincide with the transition tem- 
perature TN = 19 K determined from the specific heat (see fig. 5.9). Also here, the mag- 
netic phase transition is associated with the maximum in 0(X T)/OT in agreement with 
theory (Fisher 1962; Fedders and Martin 1966). Above 35 K, xC(T) can be well fitted 
with the Curie-Weiss law with the parameters/Zeff = 2.92/ZB and 0p = -16.5  K (Prokes 
1997). Similar results/Xeff = 2.85/ZB and 0p = - 1 3  K have been reported by BriJck et al. 
(1994). The X ab vs. T curve is very flat, slightly increasing with decreasing temperature. 
Attempts to fit this dependence with a Curie-Weiss law or a modified Curie-Weiss law 
yield large negative values of 0p ~ -400  - - 7 0 0  K and values of the effective moment 
comparable with the c-axis values (Brtick 1991; Brtick et al. 1994; Prokes 1997). 

The magnetization curves measured at T = 4.2 K in magnetic field up to 35 T applied 
parallel and perpendicular to the c-axis, which are displayed in fig. 5.10, demonstrate the 
huge uniaxial anisotropy of UNiA1. When the field is applied along the c-axis, a sharp 
metamagnetic transition is observed around 11.25 T. In fields above the transition, the 
magnetization slowly saturates, yielding a value of 1.22/xB/f.u. in 35 T. Full saturation 
has been observed around 50 T on an oriented powder sample. The transition becomes 
more abrupt at T = 1.5 K but the hysteresis of approximately 0.1 T remains unchanged. 
At elevated temperatures the transition is progressively smeared out, while its mid-point is 
somewhat shifted towards lower fields. A remnant of the S-shape of magnetization curve 
is still observable at 24 K, i.e., in the range of the susceptibility maximum. The basal-plane 
magnetization is very small and increases linearly with the field, yielding only 0.14/ZB/f.u. 
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Fig. 5.8. Temperature dependence of the following properties of UNiA1 measured on single crystals: (a) Magnetic 
susceptibility X in magnetic fields H applied along and perpendicular to the c-axis: data taken from Prokes 
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thermal expansion (Prokes et al. 1996b; Prokes 1997). 

in 35 T. An anisotropy field of several hundred Tesla can be estimated from magnetization 

curves. 
Neutron powder diffraction experiments on UNiA1 indicated a complex antiferromag- 

netic structure at low temperatures (Maletta et al. 1992). Preliminary single-crystal inves- 
tigations (Paixao 1992) revealed a rather unusual propagation vector q = (0.1, 0.1, 0.5). 
Prokes et al. (1998a) have shown that this propagation vector is temperature independent 
from the lowest temperatures up to TN. The propagation vector suggests antiferromagnetic 
coupling of the U moments along the c-axis and a modulation of these moments within 
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(e) in the vicinity of the (0.9, 0.9, 0.5) magnetic reflection (Prokes et al. 1998a). 

the basal  plane. Since no additional intensity is recorded at nuclear Bragg peaks the net 
magnetic moment  in each basal  plane is zero. No sign of  even partial squaring-up of  the in- 
plane modulat ion has been observed down to 1.7 K, i.e., the modulat ion of  the U magnetic 
moments  in the basal plane has a sine-wave profile. The Bragg reflections vanish at TN. 
However broad diffuse maxima around their original positions may be detected at least up 
to T = 25 K, indicating strong short range antiferromagnetic correlations at least up to 
temperatures where the susceptibili ty reaches a maximum (see fig. 5.9). This is consistent 
with the above mentioned S-shape of  M(T) curves vanishing only above this temperature 



48 V. SECHOVSKY and L. HAVELA 

A 

m 
=L 

v 

O 
E 
.-j 

1.2 

0 . 8  

0 . 4  

0.0 

1.0 

0.8 

0.6 

0 . 4  
0 . 3  

0.2 

0.1 

1 r 1 i 

U N i A I  
T = 4 . 2  K 

z 
. . T • H I I  c - a x i s  ~a) j .% "~ . . . .  . -  

o o ~ o ~ H I I  c-axis 

(b )  ° ° o  D o Do 

0 
0 

0 

o i I I  c-axis o 
D i I c - a x i s  o o 

(c) ?o,. 

_ ~ . e ~  c~. - ~ _  "O. 

0 

0.0 
0 5 10 15 20 25 

t~oH (T) 

Fig. 5.10. Magnetic-field dependence of the following properties of UNiA1 measured on single crystals: (a) Mag- 
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and with resistivity behaviour (Prokes 1997). In the experiment magnetic fields up to 5.7 T 
parallel to the c-axis no change of q has been found (Prokes et al. 1998a). The observed 
negative shift of TN is in agreement with bulk magnetic measurements. Antiferromagnetic 
correlations are visible up to 30 K and except that the maximum scattered intensity shifts 
to lower temperatures, these correlations are only marginally affected. A magnetic field of 
4.8 T perpendicular to the c-axis has no effect, neither on q, TN, nor on the temperature 
evolution of the diffuse integrated intensity (Prokes et al. 1998a). These results are in good 
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agreement with the bulk properties and can be explained by magnetic anisotropy, which is 
present also in the paramagnetic regime (Prokes 1997; Prokes et al. 1998a). 

The resistivity of UNiA1 (fig. 5.8) shows little anisotropy above 100 K and is nearly 
temperature independent up to 300 K. Below 30 K, a negative O p / O T  gradnally evolves 
and a maximum is found at 19 K for current along the c-axis (Sechovsky et al. 1992c). 
At low temperatures the resistivity decreases with decreasing temperature following a p 
a T  2 dependence for current in the basal plane and p ~ b T  5/3 for the c-axis resistivity 
(Bdack et al. 1994). The magnetoresistance data in fig. 5.10 confirm that the high residual 
resistivity observed in zero field is due to antiferromagnetic structure of UNiA1 (Sechovsky 
et al. 1992c; Sebek et al. 1994). 

Schoenes et al. (1992a) showed that the Hall resistivity follows qualitatively almost the 
same temperature dependence as the magnetic susceptibility, pointing to dominating mag- 
netic contribution to Hall effect in UNiA1. A normalization of the anomalous part of the 
Hall effect with the magnetic susceptibility shows that the Fermi surface is reconstructed 
below TN although the effect is much less pronounced than in URu2Si2 (Schoenes et al. 
1987). 

The specific heat of UNiA1 exhibits a pronounced peak at TN = 19.3 K (see fig. 5.8). 
With applying a magnetic field along the c-axis, the peak is progressively shifted to lower 
temperatures. In fields of 11-11.25 T, the peak becomes apparently narrower and sharper, 
indicating a first-order transition. For fields increasing above 11.5 T the peak disappears 
due to suppression of antiferromagnetism (Brtick et al. 1992, 1994). No effect on the spe- 
cific heat anomaly and therefore on TN is observed in fields applied perpendicular to c 
(Havela et al. 1990; Brtick et al. 1994). The magnetic phase diagram in fig. 5.11 (Briick 
et al. 1992, 1994) displays in one plot the temperature dependence of the metamagnetic 
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transition field BI, represented by the inflexion point of the magnetic isotherms (Havela et 
al. 1990) and the field dependence of TN taken as the temperature of the maximum of the 
Cp/T vs. T curve in various magnetic fields. TN exhibits the usual quadratic dependence 
on the applied field. The two curves in fig. 5.11 coincide at low temperatures, where the 
sharp peaks in the specific heat occur. At higher temperatures, the field of the metamag- 
netic transition, which is gradually smeared out but still visible at 24 K (i.e., above TN), 
decreases monotonously to a value of 6 T. This points to antiferromagnetic correlations 
dominating the system in a limited temperature range above TN. The V-coefficient of the 
specific heat increases from the zero-field value 164 mJ/(mol K 2) up to 260 mJ/(mol K 2) 
at 11.35 T and then decreases with further increasing field yielding 143 rIkl/(mol K 2) in 
20 T (Brtick et al. 1992, 1994). 

The temperature dependencies of the relative length changes, (AL/L)a and (AL/L)b 
with respect to the length of the sample along a particular direction at T = 1.5 K are 
displayed in fig. 5.8, together with the relative change in volume 

(AV/V) = 2(AL/L)a + (AL/L)c. (5.3) 

In fig. 5.9 one can see how the coefficients of linear thermal expansion 

1 dLa,c 
Ota, c -- La,c dT ' 

and of volume expansion 

(5.4) 

otv(T) = 2C~a(T) + Otc(T) (5.5) 

in UNiA1 depend on temperature. It is evident that the thermal expansion of UNiA1 is 
highly anisotropic, similar to most of other bulk properties (Prokes et al. 1996b). Along the 
a-axis the lattice monotonously expands with increasing temperature (C~a is always posi- 
tive) whereas the c-axis shrinks considerably with increasing temperature up to T ~ 35 K. 
Around 35 K, ~c (T) changes sign and the lattice expands at higher temperatures. The sharp 
anomaly observed near 19.3 K in both ~a(T) and C~c(T) clearly marks the magnetic phase 
transition at TN. Note that the relatively small value of ~v, especially at low temperatures, 
is a consequence of mutual cancellation of significantly large coefficients Ota and ~c, one 
positive and the other negative. This is the main reason why the electronic term of the ef- 
fective Grtineissen parameter in the case of UNiA1 is only Fe = 6.8, which is about one 
order of magnitude smaller than that of typical heavy-fermion compounds, e.g., UPt3 (de 
Visser et al. 1989), although it is considerably enhanced with respect to normal metals 
(re ~ 2). 

The thermal expansion data may be better understood in conjunction with results of elas- 
tic and inelastic neutron scattering experiments on single crystals (Prokes 1997; Prokes et 
al. 1998a), which reveal the presence of strong antiferromagnetic fluctuations in UNiA1. 
The temperature development of fluctuations can be followed from low temperatures up 
to at least 1.5 TN. However, no particular dispersion can be assigned to magnetic fluctua- 
tions. Instead of that, a wide spread in energy transfer of scattering intensity in the inelastic 
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spectrum is present in both spectra, below and above TN. The magnetic fluctuations have 
entirely different behaviour along and perpendicular to the c-axis. The onset of magnetic 
fluctuations is visible around 35-40 K, where a deviation from the high-temperature be- 
haviour of the thermal-expansion coefficient ac can be observed, accompanied by a con- 
traction along the hexagonal axis with lowering temperature. Magnetic fluctuations along 
the c-axis are clearly of anfiferromagnetic type. The behaviour along the a-axis is rather 
regular, except for the critical region around TN. 

Dilution of the U sublattice by Y leads to a very fast breakdown of the long-range mag- 
netic order in Ul_xYxNiAl (Havela et al. 1988; BriJck et al. 1990). For x ~> 0.05, the 
specific-heat anomaly connected with TN vanishes, although a broad maximum on the 
X (T) curve and a rather smeared out metamagnetic transition on the 4.2 K magnetization 
curve can still be recorded for x ~< 0.1. Simultaneously, a low-temperature upturn in the 
C~ T vs. T dependence gradually develops, indicating increasing involvement of magnetic 
fluctuations and yielding a maximum value of g = 240 mJ/(mol K 2) for the 20% Y con- 
tent. A crystal-structure analysis showed a noticeable lattice expansion (Brtick et al. 1990). 

The anfiferromagnefic state can be also dramatically destabilized by substitutions of Co 
or Fe for Ni, although here a gradual depression of TN can be traced on we.ak, but still 
detectable anomalies in the specific heat. TN becomes reduced by a factor of two due to 
10% Co doping and the antiferromagnetism disappears for x ~ 0.2, which is again asso- 
ciated with a dramatic enhancement of the v-value up to V = 250 mJ/(molK 2) (Brtick 
et al. 1990) and accompanied by a suppression of the metamagnetic transition. Despite 
the dramatic changes of the magnetic ground state, the strong uniaxial anisotropy persists 
in these materials, as was confirmed by comparative measurements of high-field magneti- 
zation on oriented and fixed powder samples (Briick et al. 1990). Fe substitutions for Ni 
yield qualitatively comparable effects to the Co doping. The suppression of antiferromag- 
netism is approximately twice faster, i.e., anfiferromagnetism disappears between 5 and 
10% of Fe (Brtick et al. 1990, 1994). The solid solutions UNil_xFexAl were studied over 
the whole concentration range by Troc et al. (1994a, 1995) and Reznik et al. (1995). They 
have confirmed the loss of antiferromagnetism for x > 0.1 and revealed the existence of 
a wide concentration range 0.2 > x > 0.65 (Troc et al. 1994a). The maximum value of 
Tc = 55 K has been observed in UNi0.sFe0.sA1. 

Numerous unusual phenomena observed in UNiGa make it the most thoroughly studied 
UTX compound. In early days a number of controversial interpretations could be found 
in literature. UNiGa has been first claimed to order ferromagnefically (Andreev et al. 
1984a, 1984b) or antiferromagnetically (Palstra et al. 1987). Because of magnetic after- 
effects, UNiGa was also classified as a spin-glass system (Zeleny et al. 1985; Zeleny and 
Zounova 1989). As soon as the first single crystals became available, the antiferromagnetic 
ground state of UNiGa has been confirmed (Havela et al. 1991). Systematic studies of off- 
stoichiometric samples (Andreev et al. 1995d) revealed that some of the above; mentioned 
controversial observations may be due to deviations from the exact h l : l  stoichiometry, 
which can induce a ferromagnetic ground state. 

The temperature dependence of the magnetic susceptibility in fields applied along the 
c-axis (Xc) and perpendicular to it (Xa) shown in fig. 5.12, clearly demonstrates the strong 
uniaxial anisotropy in paramagnefic state. Whereas for Xc a value of 0p = 40 K can be de- 
rived applying the Curie-Weiss law, the perpendicular susceptibility shows much weaker 
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2ALa/La + ALc/Lc - full line) thermal expansion (Prokes 1997). 

temperature dependence and above 120 K the CW fit yields a paramagnetic Curie tempera- 
ture 0p = -485  K. Detailed measurements of the susceptibility of UNiGa in very low mag- 
netic fields applied along the c-axis reveal a very complex behaviour with several anoma- 
lies (see fig. 5.13) below 40 K indicating the onset of magnetic ordering with three addi- 
tional consecutive magnetic phase transitions at lower temperatures. In fig. 5.13 we can see 
that these transitions are clearly reflected also in related specific-heat, electrical-resistivity 
and thermal-expansion anomalies. Neutron diffraction studies performed on UNiGa single 
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rotation frequencies f in transversal geometry (Prokes et al. 1995; Prokes 1997). 

crystals at various temperatures clearly dis t inguished 4 magnet ic  phases with transi t ions 

observed within  a narrow temperature  interval,  as can be seen in the magnet ic  phase dia- 

g ram in  fig. 5.14. Magnet ic  ordering in U N i G a  appears through a second-order  phase tran- 

sit ion around 39 K, where  the resistivity, specific-heat and low-field magnet iza t ion  display 



54 V. SECHOVSKY and L. HAVELA 

I U  I I I 
1.5 NiGa 

6 

1.0 

:!~ 5 2 7 0.5 

1_ 
0.0 

0 10 20 30 40 
T (K) 

Fig. 5.14. Magnetic phase diagram of UNiGa for magnetic fields H applied along the c-axis. 1 - Incommensurate 
AF structure, q = :E(0, 0, 3), 8 ~ 0.36; 2 -  AF phase with q = dz(0, 0, 1/3), frustrated "paramagnetic" moments 
in each third U-T plane, i.e., ( + 0 - ) ,  3 - AF phase with the (+ + - + - - + - )  stacking, q = -4-(0, 0, 1/8), 
-4-(0, 0, 3/8); 4 - AF phase with the (+ + - + - - )  stacking, q = -4-(0, 0, 1/2), -4-(0, 0, 1/3), -4-(0, 0, 1/6); 5 - 
Uncompensated AF phase with the stacking (+ + - ) ,  q = 4-(0, 0, 1/3); 6 - Ferromagnetic phase, q = -t-(0, 0, 0); 

7 - Paramagnetic phase. 

only  faint  anomal ies  (see fig. 5.13). More  p ronounced  features are seen in  the temperature  
derivative of  these quantities.  The appearance of  satellites for the reflection (h, k, 1±3)  with 

= 0 .36-0 .37  in the neut ron  data gives a clear evidence of  an incommensura te  antiferro- 
magnet ic  (IAF) structure with q = (0, 0, 3). The  transi t ion temperature can be best defined 
from the m a x i m u m  of  the critical scattering anomaly  measured  for Q = (1, 1, 0.378).  The 
I AF  phase is stable down to 37.3 K (the ~ value is varying be tween  0.37 at TN to 0.36 at 
37.5 K), where it t ransforms to the phase 2 through a first order transition. Phase 2 has a 
periodici ty 3c, but  zero spontaneous  magnet izat ion.  This may  be conceived as a stacking 
sequence + 0 - ,  where 0 means  basal -plane layer of  u ran ium atoms with the zero ordered 
magnet ic  moment .  Such a si tuation can appear in  the case of a ba lanced ant i ferromagnet ic  
interact ion be tween  nearest  ne ighbor  and next-nearest  ne ighbor  u ran ium planes. The  re- 
sistivity drops by  several per  cent  at this transition. With further decreasing temperature,  
a gradual  t ransformat ion of  the magnet ic  structure to the ground-state  ant i ferromagnet ic  
phase 4 with the stacking ( +  + - + - - )  via  the " intermediate"  phase 3 ( +  + - + - - + - )  
occurs. Whi le  the 2 -+  3 t ransformat ion is associated with a substantial  increase of  the re- 
sistivity, the t ransformat ion 3 --+ 4 yields a somewhat  smaller  decrease. As evidenced by  
the neut ron  diffraction results, both transi t ions are characterized by  a coexistence of  neigh-  
bor ing  phases over a certain critical region which can be more  than 1 K wide (the t ransi t ion 
3 +-> 4). 

The individual  ant i ferromagnet ic  phases U N i G a  have been  identified also by the m u o n  
spin rotat ion spectroscopy. In  fig. 5.13 we can see temperature evolut ion of m u o n  rota- 
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tion frequencies. Detailed analysis of several dozens of magnetic reflections in the UNiGa 
ground state revealed a U magnetic moment of 1.4/zn at T = 2 K. It does not decrease 
substantially with increasing temperature almost up to 35 K, where it retains more than 
90% of the low-temperature value. This feature is more general for the UTX compounds 
which exhibit high anisotropy yielding an Ising-like behaviour. 

The coefficient of the linear electronic contribution y to the specific heat amounts to 41-  
44 rnJ/(molK 2) (Sechovsky et al. 1993a; Aoki et al. 1996a; Prokes 1997). Specific-heat 
data in the low- and the high-temperature limit can be approximated by a Debye function 
with 0D = 290 K when considering y = 44 mJ/(molK2). Closer inspection of fig. 5.12 
also shows that the Cp/T vs. T dependence gradually deviates from a Debye function 
with decreasing temperature below 180 K which may be correlated with the anomalous 
behaviour of the thermal expansion along the c-axis (Honda et al. 1997a, 1997b, 1998a; 
Prokes 1997). The electrical resistivity with current along the c-axis shows the onset of an 
upturn below 150 K. These anomalies are attributed to the short range antiferromagnetic 
correlations propagating along the c-axis. A neutron diffuse-scattering experiment surpris- 
ingly revealed that the diffuse scattering can be followed only to a few K above TN, even 
with extremely long counting times (Prokes 1997). 

When a field of approximately 1 T is applied along the c-axis of UNiGa at T = 4.2 K 
(see fig. 5.15), it undergoes a single metamagnetic transition which shows hysteresis of 

0.2 T yielding a saturation magnetization of Ms = 1.4/~B/U. Note that lattice defects 
can play a substantial role both in the type of metamagnetic transition (two stage transi- 
tions can be observed on non-annealed crystals) and the strength of the hysteresis (Havela 
et al. 1991; Prokes 1997). The hysteresis is reduced with increasing temperature. Above 
15 K, the metamagnetic transition splits into two transitions (by (1/3)Ms and (2/3)Ms 
steps, respectively) irrespective of the thermal history of the crystal, as can be seen on the 
example in fig. 5.16. While the low-field branch shifts rather rapidly towards lower fields 
as the temperature increases, the upper branch shifts towards higher fields. At 34.5 K, the 
critical field of the lower transition reaches zero. Above 34.5 K, a metamagnetic transition 
to a magnetic phase with magnetization equal to Ms~3 takes place at very low fields. This 
situation remains unchanged up to 38 K. Above this temperature, the lower metamagnetic 
transition shifts again to higher fields, yielding above this transition a magnetization value 
slightly smaller than (1/3)Ms. Simultaneously, the magnetization curve looses its rect- 
angular character seen at lower temperatures. The huge magnetocrystalline anisotropy in 
UNiGa is clearly manifest by the magnetization measured at T = 4.2 K in fields parallel to 
the c-axis which reaches a saturation value already above 1 T. Only a small magnetization 
is found in the perpendicular direction, which varies linearly with applied field, and reaches 
0.1/zB/f.u. at 38 T (Briick 1991). Neutron-diffraction experiments on UNiGa crystals in 
magnetic fields parallel to the c-axis concerted with relevant data of the magnetization 
(Havela et al. 1991; Prokes 1997), resistivity (Sechovsky et al. 1991; Jirrnan et al. 1992) 
and the specific heat (Sechovsky et al. 1993a) obtained in relevant magnetic fields. This 
facilitated the determination of magnetic phases above the metamagnetic transitions and 
the construction of the complex magnetic phase diagram shown in fig. 5.14 (Sechovsky et 
al. 1995b; Prokes et al. 1996a). In fig. 5.15, we can see that relations exist between the field 
evolution of the intensity of the (1, 1, 4/3) magnetic reflection measured at 4.2 K, together 
with the magnetization and the reduced electrical resistivity (i IIc) in magnetic fields along 
the c-axis (Prokes et al. 1996a). 
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(different sample shapes) in particular experiments. 

The temperature dependence of  the electrical resistivity seen in fig. 5.12 (Jirman et al. 
1992; Prokes et al. 1996a) with current parallel  and perpendicular to the c-axis point to a 
pronounced anisotropy of  transport properties in UNiGa. At  high-temperatures both p[i (T) 
and p± (T) are large and decrease slowly with decreasing temperature (although it is nearly 
constant in the latter case). The p±(T) curve then resembles the behaviour of  a ferromag- 
netic material. It  exhibits a dramatic drop below 39 K, showing a quadratic temperature 
dependence at low temperatures. On the other hand, the pll (T) curve exhibits change of  
sign of  Op/OT from positive to negative below 150 K leading to a gradually increasing 
upturn with decreasing temperature below 80 K. We mentioned already that the magnetic 
phase transitions below 40 K are accompanied by pronounced anomalies (fig. 5.13). Below 
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32 K, pie (T) decreases monotonously and at low temperatures exhibit a quadratic temper- 
ature dependence with a very high residual resistivity. 

The large resistivity values at low temperatures are drastically reduced by the metamag- 
netic transition (Sechovsky et al. 1991; Jirman et al. 1992; Prokes et al. 1996a) as can be 
seen in fig. 5.16. In fields perpendicular to the c-axis, negligible changes are found. Also, 
as can be seen in fig. 5.12, the upturn in plL(T) above TN is suppressed upon application 
of a magnetic field of 14 T along the c-axis. The anomalies in the electrical resistivity 
correlate well with the magnetic phase transitions determined from the magnetization and 
the specific heat measurements. Evolution of the temperature dependencies of the resistiv- 
ity measured in several fields shown in fig. 5.17 document the effect of magnetic state in 
UNiGa on electrical resistivity. The giant-magnetoresistance phenomena in UNiGa were 
discussed together with some other UTX antiferromagnets and other intermetallics systems 
by Sechovsky et al. (1991, 1992c, 1993b, 1996), Havela et al. (1994b, 1996a, 1997b) and 
Nakotte et al. (1994a, 1994b). 

The step-like change of the electrical resistivity, which clearly correlates with the change 
in magnetic order of UNiGa was interpreted by Aoki et al. (1996a), in terms of Fermi sur- 
face gapping (Elliot and Wedgwood 1963) in the antiferromagnetic state. As evidence for 
a gap the 10% lower y-value in the ground state with respect to the field-induced fer- 
romagnetic state has been proposed. An idea of a Fermi surface reconstruction by the 
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metamagnetic transition has been confirmed by ab initio local-density approximation cal- 
culations, using the fully relativistic LMTO method (Antonov et al. 1996; Perlov et al. 
1998). A reduction of the electrical resistivity by 57% was found for the transition from the 
antiferromagnetic to ferromagnetic state in UNiGa. In the context of the low-temperature 
specific-heat studies also the magnetocaloric effect connected with the metamagnetic tran- 
sition was investigated by Aoki et al. (1996b). 

In order to provide further information for the discussion of mechanism of the giant 
magnetoresistance in UNiGa, the Hall effect in this material was studied by Kobayashi 
et al. (1996). From fig. 5.15 we can see that the normal Hall effect dominates at low 
temperatures. From the slope of the linear dependence of pH(H) in both regions we ob- 
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tain the normal Hall coefficient for the antiferromagnetic and ferromagnetic phases as 
- 2 . 9  × 10 -9 m3/C and -1 .7  x 10 -9 m3/C, respectively. The change of the normal Hall 
coefficients clearly indicates a substantial change of the Fermi surface topology. The de- 
scending branch exhibits an additional anomaly, which is due to the formation of a phase 
with magnetization Ms/3, mentioned above for some UNiGa samples. The extraordinary 
Hall coefficient (Kobayashi et al. 1996) scales in the paramagnetic regime/Linearly with 
the electrical resistivity and in the forced ferromagnetic state quadratically (with a large 
quadratic coefficient). This can be conceived when the 5f-states are strongly hybridized 
with the conduction states. The sign change of the Seebeck coefficient across the metam- 
agnetic transition observed by Kobayashi et al. (1996) reflects the change of sign of the 
energy derivatives of the density of states at the Fermi level due to the Fermi surface re- 
construction connected with the moment reorientation. 

The thermal expansion of UNiGa (see fig. 5.12) is large and highly anisotropic, similar 
to other electronic properties. Along the a-axis the lattice monotonously expands with in- 
creasing temperature (aa is always positive), whereas the c-parameter considerably shrinks 
yielding a very sharp and deep minimum in t~c(T) at 35 K. Around 60 K, ac(T) changes 
sign and at higher temperatures the lattice expands in the c direction. The sharp anomalies, 
observed between T = 34 and 39 K in both aa(T) and ac(T), reflect magnetic phase tran- 
sitions. Due to mutual compensation of the expansion in the a- and c-axis, the coefficient 
of the volume expansion av  is negligible at low temperatures (Honda et al. 1997a, 1997b, 
1998a; Prokes 1997). The very anomalous thermal expansion along the c-axis at tempera- 
tures far above TN is attributed to the antiferromagnetic correlations propagating along the 
c-axis. Note that the a- (c-) parameter expands (shrinks) considerably when the compound 
becomes antiferromagnetically ordered (Prokes 1997; Honda et al. 1997a, 1997b, 1998a), 
whereas opposite magnetostriction effects are induced across the metamagnetic transition 
(Andreev et al. 1995e; Honda et al. 1997b). 

The influence of hydrostatic pressure on magnetic phase transitions in UNiGa has been 
studied by measurements of resistivity anomalies (Sechovsky et al. 1993c; Uwatoko et 
al. 1994), thermal expansion (Honda et al. 1997a, 1997b, 1998a) and neutron magnetic 
diffraction (Prokes 1997; Prokes et al. 1998b). The main results seen also in fig. 5.18 may 
be summarized as: 

(i) No change of U magnetic moment could be indicated by neutron diffraction up to 0.9 
GPa (Prokes 1997); 

(ii) TN shifts towards lower temperatures, indicating that the ferromagnetic interaction 
within the basal plane is weakening with increasing pressure; 

(iii) The transition towards the field-induced ferromagnetic phase occurs at higher critical 
fields, suggesting that, unlike the ferromagnetic interaction, antiferromagnetic inter- 
actions are enhanced by hydrostatic pressure; 

(iv) Some magnetic phases (1, 2) are suppressed in relatively low pressures, the remain- 
ing phases have pressure-invariant magnetic structures up to 0.9 GPa, which was the 
maximum pressure in the neutron-diffraction experiment (Prokes 1997); 

(v) A new antiferromagnetic phase is induced in zero field in pressures above 1.8 GPa 
(Honda et al. 1997b, 1998a). 
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Polar Kerr rotation and ellipticity in the spectral region from 0.6 to 5.2 eV was studied 
on a UNiGa single crystal by Kucera et al. (1996). 

The solid solutions UNiAll_xGax were studied by Sechovsky et al. (1988b) and Maletta 
et al. (1988). Substitution of A1 by Ga in UNiA1 leads to rapid suppression of the heavy- 
fermion behaviour which is evidenced by a drop of the v-value by 60% in UNiA10.6Ga0.4. 
This chemically more complex compound has evidently a much simpler ground state mag- 
netic structure, a simple antiferromagnefic structure with q = (0, 0, 0.5), than the parent 
compounds as documented by a simple neutron powder-diffraction pattern (Maletta et al. 
1992). Compounds with x > 0.4 exhibit almost the same v-value as UNiGa and show 
also the tendency of this parent compound to the local U magnetic moment behaviour, in 
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contrast to more itinerant 5f moment properties of the A1 rich compounds (Maletta et al. 
1988; Sechovsky et al. 1988b). 

URuAl and URuGa are paramagnefic down to 20 mK (Sechovsky et al. 1986b), however, 
both show features resembling spin-fluctuation systems. The possibility to study the former 
compound in single-crystal form allowed to confirm the huge uniaxial magnetocrystalline 
anisotropy also in the paramagnefic case (Veenhuizen et al. 1988a; de Boer et al. 1989; 
Sechovsky et al. 1994a). The susceptibility of URuA1 in a field along the c-axis is much 
larger than in a perpendicular field (see fig. 5.19). Above 100 K, the Xc(T) curve can 
be fitted with a modified Curie-Weiss law with #elf ---- 2.24/~B/f.u. and ®p = --53 K, 
whereas/~eff = 2.3 #B/f.u. and •p = - 4 1 0  K has been derived for Xa. The same value of 
X0 = 8 x 10 -9 m3/mol has been observed for both directions. The low temperature sus- 
ceptibility is characterized by a broad maximum around 50 K on the Xc (T) curve, which is 
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seen in much weaker form also in the perpendicular direction. This maximum is reminis- 
cent of behaviour of Pd or UPt3. The temperature dependence of the resistivity (fig. 5.19) 
measured only on polycrystals is very weak at high temperatures and exhibits a pronounced 
knee around 50 K. Also in the case of URuGa (see fig. 5.20) the susceptibility follows a 
modified Curie-Weiss behaviour above 100 K. With decreasing temperature below 100 K, 
the susceptibility is leveling off and forms a plateau below 50 K, followed by an upturn 
with further lowering temperature (Havela et al. 1983, Andreev et al. 1997d; Tran and 
Troc 1997). Also in this case the p vs. T dependence shows a knee. As can be seen from 
the temperature dependence of lattice parameters in fig. 5.20, the thermal expansion is 
anisotropic with C~c considerably larger than ~a. Below approximately 150 K, a positive 
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(negative) anomaly in the c- (a-) axis evolves with lowering temperature (Tran and Troc 
1997), which may be tentatively attributed to magnetic correlations. In this context we 
recall the above discussed thermoexpansion anomalies accompanying antiferromagnetic 
correlations propagating along c. 

Beside the anomalous temperature dependence of  the susceptibility, we can also observe 
an anomaly in the 4.2 K magnetization behaviour of  URuA1 in high magnetic fields. In 
fig. 5.21 we can see that the magnetization curve in fields along the c-axis shows an upturn 
above 15 T which is followed by gradual saturation above 35 T (Sechovsky et al. 1992b; 
1994a). The susceptibility OM/OH has a maximum around 30 T. The characteristic energy 
of  this anomaly can be related to the characteristic energy of  the Zc (T) maximum at 50 K. 

Paixao et al. (1993) have studied magnetization density in a URuA1 single crystal by 
polarized-neutron experiments and observed a considerable magnetization density induced 
at the Ru site in the U - R u  basal plane by hybridization between the 5f and 4d electrons. 
These results clearly confirmed the existence of  the anisotropic 5f-ligand hybridization. 

A very surprising result has been obtained by (Andreev et al. 1996a, 1996b, 1997f) 
by observation of  ferromagnetism in a wide concentration range of  solid solutions of  the 
type UCOl-xRuxAl although both the parent compounds, UCoA1 and URuA1 have a non- 
magnetic ground state. As can be seen in fig. 5.22, ferromagnetism is observed already for 
very small substitutions of  Ru for Co. Both the spontaneous moment/Zs and the ordering 
temperature Tc grow rapidly with increasing x, reach their maximum values for x = 0.3 
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and then decrease with increasing Ru content up to x = 0.8, where ferromagnetism in this 
systems disappears. 

A complex evolution of magnetism has been observed in the pseudoternary system 
UNil_xRuxA1 (Andreev et al. 1997e) mainly due to the fact that one of the parent com- 
pounds, UNiA1, is an antiferromagnet. As can be seen in fig. 5.22, antiferromagnetism is 
rapidly suppressed and the compounds with x ---- 0.15 has a paramagnetic ground state. 
Ferromagnetic compounds are observed in a wide concentration region 0.15 < x < 0.95 
with concentration dependencies of Tc and/Zs as in UCol _xRuxA1, although the maximum 
values are approximately 30% larger in UNil_xRuxA1. 

URuSn orders ferromagnetically below 51-55 K (Sechovsky et al. 1986a, 1990; Tran 
et al. 1995b; Kruk et al. 1997) with a spontaneous magnetic moment of 1.1/xB/f.u. de- 
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rived from free-powder magnetization data at T = 4.2 K extrapolated to 0 T. As seen 
in fig. 5.24, in 35 T nearly 1.2/zB/f.u. is recorded. The ratio of the fixed-powder (/z fixed) 
and the free-powder (/z free) spontaneous magnetization is ~ 0.5 which confirms uniaxial 
anisotropy with the c-axis as the easy-magnetization direction (Sechovsky et al. 1990). 
Since /z fixed cannot reach /Z free even in 35 T, a huge anisotropy field /z0Ha >> 35 T 
can be concluded from the high-field magnetization data. Measurements of the pressure 
dependence of the AC susceptibility anomaly around T¢ revealed a negative effect of 

In Tc/Op = - 6 . 2  Mbar -~. 
Ferromagnetism is observed over all compositions in the UCOl-xRuxSn solid solutions 

with Tc nearly constant (~  80 K) for x < 0.6 and gradually falling with further increas- 
ing x. The spontaneous magnetic moment is increasing up to 1.5/zB/f.u. at x = 0.5 which 
is followed by a decrease with increasing Ru content. This variation seems to correlate with 
a pronounced non-linearity in concentration dependence of the lattice constants around 
x = 0.6 (Andreev et al. 1995f). 

When Sn is substituted for A1 in URuA1, ferromagnetism is rapidly achieved in 
URuAll_xSnx for x = 0.2 and both T¢ and/Zs increase almost linearly with x (Andreev et 
al. 1996b). A pronounced non-linearity in the a vs. x and c vs. x is observed also in these 
solid solutions, in this case around x ~ 0.4. 

URuSb is ferromagnetic below T = 35 K with a spontaneous magnetic moment of 
0.6/zB/f.u. derived from magnetization data taken at T = 4.2 K (Palstra et al. 1987). Also 
here we observe uniaxial anisotropy with magnetic moments pointing along the c-axis. 

URhAI becomes ferromagnetic at Tc = 27 K with a spontaneous magnetic moment 
of 0.94/zB/f.u. at 4.2 K, observed exclusively along the c-axis (Veenhuizen et al. 1988a), 
whereas in the a-axis only a linear paramagnetic response is observed which, as can be seen 
in fig. 5.21, is nearly identical with the a-axis magnetization in the paramagnetic URuA1 
(de Boer et al. 1989). Qualitatively the same anisotropy is observed in the paramagnetic 
range (see fig. 5.19). The a-axis susceptibilities of URuA1 and URhA1 do not differ sub- 
stantially at high temperatures (and are much lower than the Xc values), although the xc(T) 
curve for URhA1 in fields along the c-axis is declines dramatically from the appropriate 
curve for URuA1 (Veenhuizen et al. 1988a). This comparison provides strong arguments 
for understanding the mechanisms that may be responsible for the uniaxial anisotropy in 
the UTX compounds in the ZrNiAl-family. 

Paixao et al. (1992) performed experiments with polarized neutrons in order to mea- 
sure the magnetization density in URhA1. The magnetization density analysis shows that 
the total moment, as measured by magnetization, has four contributions,/zu = 0.94/ZB, 
/z~(~) = 0.28 #B,/ZRh0~) = 0.03 and -0.11/~B as a conduction electron contribution. The 
Rh(I) and Rh(II) sites are located within the U-Rh and Rh-A1 planes, respectively. The ob- 
servation of a large moment at the Rh(I) site provides a clear evidence of an anisotropic 
5f(U)--4d(Rh) hybridization, which is strong within the U-Rh basal plane. This effect, in 
conjunction with the observed large orbital-moment contribution, is supposed to be the 
source of the huge uniaxial anisotropy. The ratio between the observed spin and orbital 
moments/ZL//~S ---- 1.81 is substantially reduced with respect to the theoretical value for a 
free 5f 3 ion (=  2.6). The reduction is proposed as a quantitative measure of hybridization 
in URhA1. Inelastic neutron scattering experiment on URhA1 has been performed by Hiess 
et al. (1997a) in order to characterize the magnetic response function with respect to en- 
ergy. The three prominent features of the observed spectra were attributed to hybridization 
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of 5f electrons with conduction electrons (broad quasielastic response, FQE/2 ~ 6 meV, 
the presence of a spin-wave gap (around AE = 90 meV) and the occurrence of an inter- 
multiplet transition (AE ~ 380 meV). 

URhGa alike URhAl is a uniaxial ferromagnet but the former has a considerably higher 
Tc (40 K) and spontaneous magnetic moment/Xs (1.2 tZB) than the latter (Sechovsky et al. 
1986b, 1990, 1992b). 

When Rh is substituted for Ru in URuA1 and URuGa, the susceptibility anomalies be- 
low T = 100 K are gradually pushed to lower temperatures and suppressed, due to the 
growing upturn of the X (T) curves at low temperatures, and ferromagnetism is reached 
around x = 0.3 both for the URUl-xRhxAl and the URUl-xRhxGa compounds (Sechovsky 
et al. 1988c, 1992b; Veenhuizen et al. 1988b). The evolution of the high-field magne- 
tization anomalies in Rh doped URuA1 towards ferromagnetism has also been studied 
for concentrations up to 35% Rh (Sechovsky et al. 1993d, 1993e). As can be seen in 
fig. 5.23, the spontaneous moment is growing monotonously with increasing x beyond 
0.3 to reach the maximum values in the terminal URhX compounds. Whereas also Tc in- 
creases monotonously in the URUl xRhxGa system, the A1 containing counterparts exhibit 
a maximum of Tc = 45 K for x = 0.6 and then the ordering temperature gradually falls off 
to 27 K in URhA1. Rh substitutions for Co in UCo]-xRhxAl (Andreev 1998) yield first the 
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Fig. 5.24. Magnetization curves measured on free-powder and fixed-powder samples of URMn and UPtIn at 
T = 4.2 K. The insets show the low-field parts of M(H) curves obtained on oriented-powder samples (after 

Havela et al. 1993a; Sechovsky et al. (1995a)). 

appearance of a mixed ferromagnetic-metamagnetic behaviour. Whereas the spontaneous 
magnetization is increasing, a gradual lowering of the critical field of the metamagnetic 
transition is observed with increasing Rh concentration. At x = 0.1, a pure ferromagnetic 
behaviour is observed and when x is further increased also the spontaneous magnetization 
increases, first very slowly (for x ~< 0.4) and then rapidly (/Xs ~ 0.35, for x = 0.4). 

Pressure studies of  the AC susceptibility on URu0.7Rh0.3A1, URu0.4Rh0.6A1 and URhA1 
provided values of  0 In Tc/Op = +5.9,  +5 .6  and - 1 . 0  Mbar -1, respectively (Cuong et 
al. 1996). Closer analysis of  these results would require knowledge of the linear compress- 
ibility in these materials. 

URhIn was first studied by Tran and Troc (1990a) who assigned the susceptibility max- 
imum and a sudden change of slope of the p(T)  curve at T = 7 K to a transition to an- 
tiferromagnetic ordering at lower temperatures. Sechovsky et al. (1995a) observed a clear 
peak in the temperature dependence of the specific heat at 6.5 K and an upturn below 3 K, 
which might indicate another magnetic phase transition below 1.4 K (minimum temper- 
ature of the specific-heat experiment). The latter suggestion may be corroborated by the 
gradual shift of  the magnetic entropy towards higher temperatures when a magnetic field 
is applied. No magnetic contribution to neutron powder-diffraction down to T = 1.5 K has 
been detected (Tran et al. 1995a), however, which may be due to low U moments or to a 



68 V. SECHOVSKY and L. HAVELA 

complex magnetic structure. Magnetization curves measured at T = 4.2 K, displayed in 
fig. 5.24, show a metamagnetic transition already below 1 T. About 0.5/zB/f.u. is observed 
at 2 T on an oriented-powder sample. The magnetization grows to 0.9 at 35 T, still far from 
saturation. A saturated magnetization value of 1.2/xB/f.u. can be extrapolated (Sechovsky 
et al. 1995a). The ratio of magnetization values of the fixed-powder and free-powder in 
fields just above the metamagnetic transition is close to 0.5, which points to the c-axis 
as the easy-magnetization axis. The metamagnetic transition is by far not as sharp as in 
other UTX antiferromagnets of the ZrNiAl-type family, which might be attributed to the 
fact that the temperature of the experiment is close to the proposed TN. A giant magne- 
toresistance effect of about - 20% (at 4 T), associated with the metamagnetic transition, 
has been reported by Tran and Troc (1990a), which is strongly supporting the idea of an 
antiferromagnetic ground state in URhIn. 

Ferromagnetism in URhSn appears below T = 17 K as evidenced by 119Sn M6ssbaner 
spectroscopy (Kruk et al. 1997), specific heat (Mirambet et al. 1995a) and resistivity mea- 
surements (Mirambet et al. 1995a; Tran et al. 1995b). Mirambet et al. (1995a) have ob- 
served an additional phase transition, apparently without any connection to magnetism, at 
58 K in the p vs. T and Cp/T vs. T dependencies. Matar et al. (1995) studied the magnetic 
properties of URhSn by using of scalar relativistic calculations within LDA and including 
spin-orbit coupling effects. An orbital moment with a large magnitude (3.1/XB) and a spin 
component (1.84/zB) of opposite sign were obtained for uranium (yielding/XL//zS = 1.68) 
whereas very small moments have been calculated on the Rh atoms (0.08 and 0.05/xB on 
Rh(I) and Rh(II), respectively). The resulting calculated moment of 1.24/zB is in very good 
agreement with the experimental value of the spontaneous moment of 1.3/ZB determined 
from free-powder magnetization data obtained at T = 4.2 K (Sechovsky et al. 1990). 

Besides the orthorhombic TiNiSi-type structure (Kergadallan 1993) UPdGa has been re- 
ported to appear also in the hexagonal ZrNiAl-type version (Tran and Troc 1991 a). Possible 
antiferromagnetism below 62 K with an additional magnetic phase transition at 30 K has 
been derived from susceptibility anomalies at these temperatures. Neutron-powder diffrac- 
tion study (Tran et al. 1998a) allowed to determine at 7 K an antiferromagnetic struc- 
ture with incommensurate longitudinal modulation, characterized by a propagation vector 
q = (0, 0, 0.3) and an ordered uranium magnetic moment of 1.37 #B oriented along the 
c-axis. 

Ferromagnetism is observed in the URul-xPdxGa solid solutions (Trail et al. 1997, 
1998a) in a wide concentration range (x from 0.1 to 0.7) showing a maximum in Tc ~ 79 K 
for x around 0.4-0.5 (see fig. 5.25). For concentrations above x = 0.7 a gradual transition 
of the system towards the antiferromagnetic structure of UPdGa is observed with an ad- 
mixture of a ferromagnetic and antiferromagnetic phase for x around 0.8. In this context it 
might be worth to consider the depression of the magnetic transition temperature in higher 
Rh concentrations in URul_xRhxA1, in terms of possible involvement of antiferromag- 
netic interactions as a consequence of increasing population of 4d states. Further studies 
are needed, however, to confirm this ad hoc suggestion. 

UPdIn was originally quoted to be a ferromagnet below T = 6 K (Troc 1986). Andreev 
and Bartashevich (1986) reported a much higher value of Tc (22 K) and a spontaneous mo- 
ment of 0.15/ZB. Brtick et al. (1988) studied the specific-heat, AC and DC magnetic sus- 
ceptibility, magnetization on free- and fixed-powder samples in fields up to 35 T, and elec- 
trical resistivity on potycrystals. Besides, p (T) has been measured on a single-crystalline 
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Fig. 5.25. Magnetic phase diagram of the URUl_xPdxGa pseudotemary system (Tran et al. 1998a). 

whisker grown along the c-axis. The data pointed to a transition to an antiferromagnetic 
state below TN = 20.4 K and an additional transition at 8.5 K (which can be well seen 
in the specific-heat data shown in fig. 5.26), to a state with a small spontaneous magne- 
tization of about 0.15/z~3 observed on an oriented-powder sample. The latter transition 
is shifted to higher temperatures when a magnetic field is applied. The low temperature 
specific heat revealed a heavy-fermion-like behaviour with y --- 280 mJ/(mol  K2). The 
temperature dependence of the resistivity measured on the whisker sample shows a min- 
imum at 50 K which is followed by a steep decrease with further increasing temperature 
and tends to saturate in the low-temperature limit. Similar data (see fig. 5.26) has been 
reported by Fujii et al. (1990a) who succeeded to grow a single crystals of UPdln. Kurisu 
et al. (1991) performed measurements of p (T) curves of UPdln under external hydrostatic 
pressures. They associated the inflection point on these curves with TN (at 22 K in ambi- 
ent pressure) and determined the pressure dependence of the N6el temperature, revealing 
~lnTN/~p = 11 Mbar -1. 

The X vs. T dependencies for magnetic field along the a- and c-axis (shown in fig. 5.26) 
follow a Curie-Weiss law above 100 K with an effective magnetic moment of 2.87/ZB 
identical for both field directions, whereas 0p = - 7 4  and 34 K for the a- and c-axis, 
respectively. This points again to a strong magnetocrystalline anisotropy, however consid- 
erable weaker than observed in majority of other UTX compounds of the ZrNiAl-family. 
The electrical resistivity along the a-axis is reminiscent of a ferromagnet~ although the 
upturn above TN is quite unusual. 
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The magnetization below TN is strongly anisotropic showing again the c-axis as the 
easy-magnetization direction (see fig. 5.27). Paramagnetic linear response of  the magneti-  
zation to a field applied within the basal plane yields about 0.5/zB/f.u.  at 35 T. The c-axis 
magnetization at T ----- 4.2 K shows two metamagnefic transitions at 3 T and 16 T, yielding 
a step-like increase of  the magnetization from 0.3 to 0.5/ZB and from 0.5/ZB to 1.5/ZB, 
respectively. The evolution of  these transitions with respect to temperature has been stud- 
ied by Suginra et al. (1990). The results in conjunction with the neutron diffraction results 
(Fujii et al. 1990a) have been used to construct the magnetic phase diagram shown in 
fig. 5.28. UPdln orders anfiferromagnefically below T = 20.4 K. The magnetic structure 
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consists of ferromagnetic basal planes of U moments which are sinusoidally modulated 
along the c-axis with q = (0, 0, 0.4). Below 8.5 K this structure squares up and as a result 
the ground-state phase with an uncompensated antiferromagnetic structure (UAF) with the 
stacking (-t- - + + - )  along the c-axis appears. Above the first metamagnetic transition, 
UAF with the stacking (+ + - )  along the c-axis with q = (0, 0, 1/3) is formed and finally 
above 16 T, ferromagnetically aligned U moments are observed. A theoretical explanation 
of the metamagnetic transitions was given by Sugiura et al. (1990) using the model of 
Date (1968). Also Iwata et al. (1992) applied a molecular field model with a long-range 
oscillatory interaction involved. Similar to other UTX antiferromagnets, the metamagnetic 
transitions are connected with the changes in periodicity of the magnetic structure and are 
accompanied by giant magnetoresistance effects (Sechovsky et al. 1993b, 1995c; Nakotte 
et al. 1992) which can be seen in fig. 5.27. These effects will generally be discussed in 
section 2.6. 

UIrAl and UPtA1 were investigated by Andreev and Bartashevich (1986) and Sechovsky 
et al. (1990). These compounds order ferromagnetically below T = 64 and 46 K, respec- 
tively. There is a spontaneous magnetic moment along the c-axis of 0.93 and 1.2/zB/f.u., 
respectively. A fast onset of ferromagnetism with small substitutions of Ir for Co in 
UCoA1 and a linear evolution of the magnetic moment is observed in the solid solutions 
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Fig. 5.28. Magnetic phase diagram of UPdln in a magnetic applied along the c-axis. 1 - AF phase sinusoidally 
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q = (0, 0, 1/3); 4 - Ferromagnetic phase, q = (0, 0, 0); 5 - Paramagnetic phase. 

UCol-xlrxA1 (Andreev 1998), whereas Pt doping initially resembles the effects of  Ni sub- 
stitutions in UCoA1, and 10% Pt in the T sublattice is enough to whip off the last features 
of  metamagnet ism (Andreev et al. 1998b). UCo0.sPt0.2A1 is a simple paramagnet,  but fur- 
ther increase of  the Pt concentration induces ferromagnetism (Tc -~ 8 K for x = 0.3) and 
a rapidly increasing both Tc and/Zs for x up to 0.6, followed by gradual saturation of  both 
values for x /> 0.6. 

UIrGa and UPtGa are also uniaxial ferromagnets (Sechovsky et al. 1987, 1990; Prokes 
et al. 1997a) below Tc = 60 K and 68 K, respectively. The corresponding spontaneous 
moments  at 4.2 K are 0.93 and 1.33/zB/f.u. A very high value of  the coercivity of  2.4 T 
has been observed, when measuring a hysteresis loop on UPtGa polycrystals and similar 
value was found for powder, which indicates that the coercivity is of  intrinsic character for 
a large part. 

Also UIrSn has a ferromagnetic ground state with Tc = 21-23 K determined from 
t19Sn M6ssbauer spectroscopy (Kruk et al. 1997) and resistivity data (Tran et al. 1995b). 
The spontaneous magnetic moment  appearing again along the c-axis amounts to 1.24/-tB 
at T = 4.2 K (Sechovsky et al. 1990). 

UPtln can be classified as an antiferromagnet below TN = 15 K (Havela et al. 1993a), 
where a maximum in 0(X T)/OT and the specific heat is observed. A susceptibility max- 
imum has been reported at 18 K (Havela et al. 1993a) or 22 K (Tran and Troc 1990a). 
The value g = 150 m J / ( m o l K  2) has been determined from specific-heat data below 
TN, whereas 375 m J / ( m o l K  2) has been extrapolated from data above 19 K (Havela et 
al. 1993a). Analyzing the neutron powder  diffraction data, Tran et al. (1995a) determined 
the magnetic structure consisting of  U magnetic moments of  1.39/ZB (at T = 1.5 K), fer- 
romagnetically coupled within the basal plane and + + - - coupled along the c-axis, i.e., 



MAGNETISM OF COMPOUNDS OF URANIUM 73 

~ P  

P/SF 

F 

AF 
G a  

AI 

U T X  
FezP (ZrNiAI) - type 

Sn 

AI 

Sn l a u  --<.~ou ~ ~ (In) 

Ga~ 1~  

Ni 

/Z35T ~ ' ~ # o  

y(mJ/mol K / " ~.2) TC, TN (K) 

Fig. 5.29. Schematic plot illustrating evolution of some electronic properties (type of magnetic ground state, 
magnetic ordering temperature, y-value (linear coefficient of the specific heat), spontaneous magnetic moment 
(black part of the columns - extrapolated from high magnetic field data to zero field), induced magnetic moment 
in field of 35 T (white top parts of the columns) of UTX compounds with the hexagonal ZrNiAl-type structure. 

Data are compiled from the information given in table 5.2. 

q = (0, 0, 0.25). Magnetization curves measured on free-powder and fixed-powder sam- 
ples (fig. 5.24) display a broad metamagnetic transition (onset around 1 T), which is not 
typical for the UTX antiferromagnets of  the ZrNiAl-type family (sharp first order transi- 
tions are observed in UNiA1, UNiGa, UPdln). When considering also the rather high ratio 
Mfixed/Mfree "~ 0.7 in 4 T (above the transition) we may conclude that the clear "uniaxial 
anisotropy" situation may not be present in UPtln. Single-crystal data are strongly desired. 
A saturation magnetization of 1.3/ZB has been derived from extrapolating the high-field 
free-powder magnetization to infinite field (Havela et al. 1993a). This value is in a good 
agreement with 1.39/ZB determined from the neutron diffraction experiment (Tran et al. 
1995a). A giant magnetoresistance value of  about - 2 0 %  at 4 T has been observed by Tran 
and Troc (1990a). 

Two crystallographic modifications have been reported in literature, namely the hexag- 
onal ZrNiAl-type (Andreev and Bartashevich 1986) and the cubic MgAgAs-type, which 
shall be discussed in section 5.1.4. The hexagonal modification was found to order ferro- 
magnetically with a spontaneous moment of  0.6/ZB/f.u. 

Some basic parameters are summarized in a graphical form in fig. 5.29 in order to vi- 
sualize the systematic changes in electronic properties. For the UTA1 series, electronic 
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TABLE 5.3 
Parameters of 237Np M6ssbauer spectra collected for the known NpTX compounds at T = 
30 K - paramagnetic state and T = 4.2 K - antiferromagnetic state (Kergadallan 1993). 
Isomer shift 8, quadrupole splitting e2q Q, magnetic hyperfine splitting Bhf and the related 

magnetic moment of Np -/ZNp. 

Compound 630K le2qQI ~4.2K le2qQI Bhf /XNp 
(ram/s) ( r a m / s )  (mm/s) (mm/s) (T) (#B) 

NpCoA1 - 14.03 49.0 
NpIrA1 -12.78 34 -13.4 36 259 1.20 

-13.4 36 176 0.82 
NpRhA1 -10.26 39.2 -11.4 36 229 1.07 

- 11.2 36 170 0.79 
NpNiA1 -9.27 39.2 -9.6 42 223 1.04 

-9.8 40 156 0.73 
NpNiGa -7.39 38 -7.6 42 228 1.06 

-7.8 38 170 0.79 
NpPtA1 -5.37 39.2 -5.7 35 284 1.32 

-5.7 35 178 0.83 

structure calculations were performed systematically (Gasche et al. 1992, 1995a, 1995b). 
Results of  these calculations provided a good understanding of  the evolution of  the U mag- 
netic moments, depending on the changes of  electronic structure parameters including the 
aspect of  orbital and spin components. In addition to this extended list of  UTX compounds 
with the ZrNiAl-type structure, a number of  ThTX, NpTX and PuTX compounds, which 
are listed in table 5.3, have been synthesized. Little information, however, is available at 
present. Using 237Np M6ssbaner spectroscopy measurements, hyperfine interactions were 
studied on several NpTX compounds (Kergadallan 1993) which are reviewed in table 5.3. 
Two inequivalent magnetic Np sites have been detected with a population 2:1. Considering 
the Kagome-like network of  actinide atoms in the basal plane of  the ZrNiAl-type struc- 
ture (fig. 5.1), one can easily conclude that antiferromagnetic coupling within this plane 
necessarily yields one frustrated Np moment which should have zero moment or rather a 
reduced magnetic moment. This conclusion is indeed compatible with the observation of  a 
considerably reduced hyperfine magnetic field on one of  the three sites in the basal plane. 

One of  the big surprises in magnetism research was the observation of  ferromagnetism 
in the solid solutions UCOl-xRuxA1 (Andreev et al. 1997f), which seemingly is in conflict 
with the previous understanding of  the evolution of  magnetism in the UTX compounds of  
ZrNiAl-type structure family (see fig. 5.29). Figure 5.22 shows the x - T  magnetic phase 
diagram which we have constructed after analysis of  the above discussed results. The 
bell-shaped Tc(x) dependence is rather similar to the concentration dependence of  the 
magnetic moment. In a broad maximum around x = 0.3-0.4, Tc reaches 60 K. In the 
same figure we can see another puzzle, namely the appearance of  ferromagnetism within 
UNil-xRuxA1, whereas the terminal compounds are antiferromagnetic (UNiA1) and para- 
magnetic (URuA1) (Andreev et al. 1997e). An analogous situation was reported for the 
URu~-xPdxGa (Tran et al. 1998a). 
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Both parent compounds of this system, UCoA1 and URuA1, have a paramagnetic ground 
state. Therefore, it is surprising that their solid solutions become ferromagnetic for a wide 
concentration range. An analogy can be found on the Ru rich side in the URhl_xRuxA1 
compounds (Sechovsky et al. 1992b), where substitutions of Rh for Ru lead to the fer- 
romagnetic state for comparable x values. It is interesting to considering that Rh and Co 
have approximately the same population of 4d and 3d band states, respectively. Neverthe- 
less, the onset of ferromagnetism in the URhl_xRuxA1 system is natural because URhA1 
itself is a ferromagnet. But also here we observe a maximum in the concentration depen- 
dence of Tc, which indicates a somewhat closer relationship between the URhl_xRuxA1 
and UCo 1-x RuxA1 systems. In the UNia_xRuxA1 system ferromagnetism appears for even 
lower (Ni) doping level in URuA1 than in the case of the Co (or Ru) doping. Naturally, Tc 
vs. x exhibits also a maximum for intermediate concentration and ferromagnetism disap- 
pears for high Ni concentrations (in UNi0.ssRu0.15A1), UNiA1 itself and compounds with 
x < 0.15 are antiferromagnetic (Andreev et al. 1997e). 

At this moment we may consider a simple model able to account for all these "striking" 
results, which seem to be in conflict with the standard picture of the development of mag- 
netism in UTX ternaries of the ZrNiAl-structure, mentioned in section 1. As the prominent 
mechanisms affecting the size of U magnetic moments and their ordering, one should con- 
sider the overlap of neighboring U atom 5f wave functions and the hybridization of the 
U 5f states with the s, p, d valence states of ligands (T and X atoms). Both mechanisms 
induce two important effects in the actinide compounds: 

• delocalization of the U 5f states leading ultimately to the washout of magnetic mo- 
ments 

• exchange interactions correlating the U 5f magnetic moments via direct 5f-5f and 
indirect exchange involving non-f states. 

It is evident from the structure consideration already, that these effects are strongly 
anisotropic in the ZrNiAl-structure family. The close packing of U and T atoms in the 
basal plane probably results both in a non-negligible 5f-5f overlap and a strong 5f-d hy- 
bridization involving the transition metal d states, which compresses the 5f charge density 
towards the basal plane. Since the 5f states with strong spin-orbit interaction promote or- 
bital magnetic moments, which are indeed observed experimentally (Wulff et al. 1990), a 
strong uniaxial anisotropy with magnetic moments locked along the c-axis is an inevitable 
element of magnetism leading to Ising like systems. Another consequence of the 5f-5f 
overlap and the 5f-d hybridization within the basal plane is a strong ferromagnetic cou- 
pling of the involved U magnetic moments. This situation leads to magnetic structures 
build up of ferromagnetic basal-plane layers. 

Inspecting the crystal structure, we may deduce that along the c-axis both, the 5f-d 
(U-T) and 5f-3p (U-A1) hybridization should be considered. The first type should domi- 
nate for earlier d-elements (Ru), but it ceases with additional filling of the d-shell leaving 
the 5f-3p hybridization channel gradually more important. We may speculate that the for- 
mer type leads preferably to a ferromagnetic type of U-U coupling along c, whereas the 
latter tends to an antiferromagnetic type of coupling. 

Starting from URuA1, the 5f-d hybridization becomes reduced when partly substitut- 
ing Rh, Co, or Ni for Ru, which allows formation of the U 5f magnetic moments (cou- 
pled ferromagnetically within the basal plane) for certain concentration of the substituent, 
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but the moments are relatively small and the interaction along c is ferromagnetic. When 
proceeding further with the substitution, the U-moments increase in magnitude, but the 
coupling along c weakens. Finally, after the decay of the 5f-d exchange polarization the 
5f-3p channel overtakes the dominance leading to the relatively weak antiferromagnetic 
coupling along c. Thus the reduction of the exchange coupling along c leads to the final 
decay of the ordering temperature, despite of the fact that a strong coupling along the other 
two dimensions persists. 

Not only the strength of the hybridization, but also the U-U exchange interaction as 
the second order effect, can influence the magnitude of U-moments. This can be deduced 
from the non-magnetic ground state of UCoA1. In the framework of our simple model this 
compound represents a delicate balance of ferromagnetic and antiferromagnetic compo- 
nents of the exchange interaction along c. It would be interesting to see if existence of 
the two non-contiguous regions, one ferro- and the other antiferromagnetic, occur more 
generally in pseudoteruary UTX compounds, at least in those with the ZrNiA1 structure 
type. Generally, the frustration in itinerant system can suppress local moments, as, e.g., in 
REMn2 compounds (Ballou et al. 1991). Also intersite exchange interactions have been 
shown to be important for the moment stability in f-systems (Krishnamurthy et al. 1995). 
It is interesting to compare the case of UCoA1 with a less delocalized counterpart, in which 
weak competing interactions along c lead to a complex stacking of U moments (Prokes 
et al. 1996a). A possible preferential occupation of T1 or T2 sites may substantially influ- 
ence this picture. Therefore, relevant X-ray and neutron-diffraction studies are desirable to 
further explore this issue. 

A proper theoretical background for the hybridization induced two-ion exchange inter- 
action is being constantly developed (Hu and Cooper 1993). Ab initio calculations using 
this approach are strongly desirable to explain the intriguing magnetic properties of UTX 
compounds. 

5.1.2. Compounds with the TiNiSi (CeCu2) type structure 
The first paper devoted to UTSi and UTGe compounds (Troc and Tran 1988) reported 

14 materials (with T --- Co, Ni, Ru, Rh, Pd, It, Pt) all forming in the orthorhombic CeCu2- 
type crystal structure (space group Imma) in which the uranium atoms occupy the 4e Ce 
positions and the transition metal and Si or Ge atoms are randomly distributed over the 
8h Cu sites (see fig. 5.30). This conclusion was partly supported also by Buschow et al. 
(1990), Brtick (1991), de Boer et al. (1991) and Murasik et al. (1991). Careful analysis 
of neutron and X-ray diffraction data (Canepa et al. 1996; Prokes et al. 1997b) revealed 
that, except for UPtSi and the low-temperature phase of URhSi (Lloret 1988) and possi- 
bly URuSi, all the UTSi systems crystallize in the orthorhombic TiNiSi type of structure 
(space group Pnma) which is also shown in fig. 5.30. It is an ordered variant of the CeCu2 
type of structure where the transition metal atoms and Si atoms occupy 4c positions with 
specific x, y and z parameters. The random occupation of the 8h positions by transition 
metal and Si atoms in the CeCu2 type of structure introduces a new symmetry element and 
the lattice is body centred, in contrast to the primitive lattice of the TiNiSi type of structure. 
Consequently, new extinction rules apply, namely reflections h, k, l with h + k + l = odd 
number are extinct for diffraction on the CeCuz-type lattice. Observation of this type of 
reflections, although very weak, can then be taken as clear evidence for the ordered ternary 
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Fig. 5.30. Schematic picture of the (a) orthorhombic CeCu2-type structure and (b) TiNiSi-type structure in which 
crystallize UTX silicides, germanides and some other AnTX compounds. 

TiNiSi-type (Prokes et al. 1997b). To enable a straightforward comparison of lattice con- 
stants measured by different authors the TiNiSi-type structure notation will always be used, 
i.e., a and b are interchanged with respect to the notation for the CeCu2-type structure. The 
TiNiSi-type structure has been finally confirmed also in a majority of germanides (Cheva- 
lier et al. 1988; Lloret 1988; Kawamata et al. 1992a; Canepa et al. 1996). In addition, 
Canepa et al. (1996) succeeded in synthesizing the Fe containing UFeSi and UFeGe, both 
crystallizing in the ordered temary structure as well. The majority of silicides and ger- 
manides were prepared only in polycrystalline form. The available single crystals of the 
three germanides UPdGe, UPtGe and especially of UNiGe have naturally attracted much 
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interest. The important activity of theorists who performed ab initio electronic-structure 
calculations focused on magnetism (Prokes et al. 1997a; Havela et al. 1998a) has been 
particularly welcome and has helped to explain the exotic properties of this family of ma- 
terials. (See figs 2.1 and 2.2.) Relevant basic structural and magnetic characteristics and 
electronic specific heat coefficient y of the orthorhombic UTX compounds can be found 
in tables 5.4 (silicides) and 5.5 (germanides). 

In order to keep the advantage of comparing properties of isostructural compounds 
we include in this chapter also some aluminides and gallides adopting the orthorhombic 
CeCu2- or TiNiSi-type structure. 

UFeSi has been prepared only in polycrystalline form (Canepa et al. 1996). The resistiv- 
ity reported in this work has anomalous large values (11.6 mr2 cm at room temperature) but 
the temperature dependence of p is rather of the metallic type, decreasing with decreasing 
temperature and saturating at 2 mr2 cm at the low temperature limit. These extraordinary 
large values are most probably not intrinsic but caused by the bad quality (internal cracks) 
of the measured sample. From arguments that follows from the electron structure calcula- 
tions performed for UFeGe (Havela et al. 1998a), no magnetic ordering can be expected in 
this material. 

UCoSi is also paramagnetic, at least down to T = 1.4 K, as evidenced by the anomaly in 
the temperature dependencies of the susceptibility (Troc and Tran 1988) and specific heat 
(Brtick 1991; de Boer et al. 1991). The high-field magnetization at T = 4.2 K (fig. 5.31) 
is practically linear up to 35 T yielding only 0.12/ZB/f.u. at this field with no anisotropy 
between the fixed-powder and free-powder data (de Boer et al. 1990), which indicates lack 
of magnetism connected with the uranium 5f-electrons. The electrical resistivity shows no 
anomaly between T = 4.2 K and 300 K (Canepa et al. 1996) and the p vs. T curve, which 
is qualitatively resembling that of materials like YCo2, strongly saturates with increasing 
temperature, reflecting a broad 5f band intersected by EF. The moderate value of ~' = 
18 mJ/(mol K 2) corroborates this picture. 

Several contradictory structure reports appeared on UNiSi. Troc and Tran (1988) claim 
the occurrence of the CeCu2 type. The hexagonal structure of the A1B2 type, which has 
the same co-ordination as the CeCu2 type, was suggested by Briick (1991) and de Boer 
et al. (1991). Finally, the TiNiSi-type has been unambiguously determined by X-ray and 
neutron diffraction experiments made by several groups (Lloret 1988; Canepa et al. 1996; 
Prokes 1997; Prokes et al. 1997b). Material properties could be so far measured only on 
polycrystalline samples. The first information on the magnetism in UNiSi was provided 
by Troc and Tran (1988) who suggested two magnetic phase transitions at T = 80 K and 
7.5 K, respectively, as inferred from two anomalies at these temperatures in the X vs. T 
curve. Specific-heat and magnetization measurements made by Briick (1991) and de Boer 
et al. (1991) pointed out another magnetic phase transition around T = 18 K. Below this 
transition a spontaneous magnetization is observed, which means a ferromagnetic phase 
or a phase with some ferromagnetic component. The other two magnetic phase transitions 
appear clearly as specific-heat anomalies at 87 K and 10 K in C vs. T measurements made 
over an extended temperature range (Prokes 1997). The temperature evolution of magne- 
tization curves shown in fig. 5.32 (Prokes 1997) allows certain conclusions to be drawn 
as to the magnetic phases in this material. The lack of spontaneous magnetization and the 
occurrence of S-shaped M vs. T curves measured above 18 K point to antiferromagnetic 
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Fig. 5.31. Magnetization curves of UTSi and UTGe compounds at T = 4.2 K measured on free (D) and fixed 
(o) powder (de Boer et al. 1990; Brtick 1991). The solid lines correspond to data taken with pulses in which the 
magnetic field increases (lower curves) and subsequently decreases (upper curves), both linearly with time at rate 
of 40 T/s. On the solid curves with maximum field of 38 T, the data with decreasing field have been collected 
with magnetic field decreasing at a rate of 55 T/s. The data with increasing field were measured during much 
faster uncontrolled field sweep. Note that magnetization of UPtSi and UPtGe should be considerably higher than 
observed in 38 T because the cascades of metamagnetic transitions are not yet completed. This supposition has 
been proven as right by measurements in pulsed fields up to 60 T performed at the High Magnetic Field Facility 
at Osaka University. Magnetic moment over 1.2/zB/f.u. has been observed on a free powder sample at 60 T in 
UPtSi and the magnetization was already almost saturated (de Boer et al. 1991). In UPtGe, however, the lack of 
saturation even at 60 T, where about 1/zB/f.u. was recorded on a free powder sample (Buschow et al. 1990), 
points to necessity to use still higher fields to discover the intrinsic saturated magnetic moment in this material. 

order ing at temperatures  be tween  18 K and 87 K. In the temperature  interval  f rom 10 

to 18 K a narrow fer romagnet ic - l ike  hysteresis  loop can be  observed.  In the lowes t  tem-  

perature  range  (below 10 K) wide  hysteresis  loops  o f  a complex  S-shape were  observed.  

This  indicates that the ground state phase  should be  a sort o f  uncompensa ted  antiferro- 

magnet ic  structure or  a canted fe r romagnet ic  structure which  yields approx imate ly  ha l f  

o f  spontaneous  magnet iza t ion  compared  to the phase  exis t ing be tween  10 and 18 K. The  

di f ference be tween  the " f r ee -powder"  and " f ixed-powder"  high-f ie ld  magnet iza t ion  curves  

measured  at T = 4.2 K (see fig. 5.31) p rov ide  a clear  ev idence  o f  strong magnetocrys ta l l ine  

anisotropy, a l though the anisotropy field o f  the order  o f  50 T, which  can be  es t imated f rom 

these  data, can be  cons idered  as except ional ly  low within  the fami ly  o f  5f  e lectron mag-  
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Fig. 5.32. Magnetization curves of UNiSi in magnetic fields sweeping between - 5  and 5 T measured on fixed- 
powder samples at T = 6 K ([~), 14 K (o), 25 K (A), 50 K (V) and 100 K (e) (Prokes 1997). 

nets. The ra t io  MsfiX/Mfsree ~ 0.5 points to uniaxial magnetocrystalline anisotropy in this 
compound. Single-crystal data, however, are desirable to be more conclusive regarding this 
point. In view of the results on other UNiX compounds, the estimated value of spontaneous 
moment (about 0.14 ~B/f.u.) can be attributed predominantly to the moment residing on 
uranium sites. This very low moment manifests strongly delocalized 5f-electron states. 
This judgement is corroborated also by the poor saturation of the "free-powder" magne- 
tization curve even in 35 T, where M = 0.52/zB/f.u. is recorded. It is also corroborated 
by undetectable magnetic scattering intensity within the sensitivity of the neutron powder 
diffraction experiment (Prokes 1997). 

The electrical resistivity of polycrystalline UNiSi is nearly temperature independent at 
high temperatures. Below T = 80 K, the p vs. T curve is falling down with gradually 
increasing slope with decreasing temperature. Closer inspection reveals a sharp maximum 
of Op/O T at 17 K, which is apparently connected with the 18 K magnetic phase transition, 
and a much less pronounced anomaly around 10 K (Prokes 1997). 

URuSi is a weakly temperature dependent paramagnet with X300 K '~ 1.9 X 10 .8 m3/mol 
and X4.2K ~ 2.7 x 10 -8 m3/mol. The very broad bump in the X vs. T curve above 50 K 
(Troc and Tran 1988) may be an attribute of spin-fluctuations, which can be also associated 
with the quadratic behaviour of the low-temperature resistivity (Tran et al. 1990). High- 
field magnetization measurements did not reveal any anisotropy between "free-powder" 
and "fixed powder" data (de Boer et al. 1990). A moderately enhanced coefficient y --- 
58 mJ/(mol K 2) has been derived from low-temperature specific-heat data (de Boer et al. 
1991; Prokes 1997). 

Ferromagnetism in URhSi below 9.5 K has been reported in several papers (Troc and 
Tran 1988; Brtick 1991; de Boer et al. 1991; Prokes 1997; Prokes et al. 1997a). All 
results, unfortunately, were achieved only on polycrystals. The high-field magnetization 
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MfiX / Mfree data (de Boer et al. 1990) provide an estimated ratio -.-s ,-.-s ,~ 0.76 indicating an 
easy-plane magnetocrystalline anisotropy. The most profound study was focused on mag- 
netization, specific-heat and resistivity measurements together with crystal and magnetic 
structure investigations made by X-ray and neutron powder diffraction (Prokes et al. 1996c; 
Prokes 1997). Also combination with ab initio electronic structure calculations is available 
(Prokes et al. 1997a). The magnetic ordering transition at T = 9.5 K is reflected in the 
diverging susceptibility and the appearance of a spontaneous magnetization at lower tem- 
peratures, a relatively broad but well pronounced peak in the temperature dependence of 
the specific heat and a maximum of Op/OT at this temperature. The observation of mag- 
netic contribution to the neutron diffraction on top of the nuclear reflections below 9.5 K 
confirms the conclusion about ferromagnetism in URhSi. A very reduced uranium ordered 
moment of only 0.11/xB has been derived from the magnetic structure refinement of the 
powder diffraction data. The electronic-structure calculations were performed using the op- 
timized LCAO method. They offer an even lower uranium moment/xu = 0.09 ~ctB (Prokes 
et al. 1997a), which corroborates the conclusion that URhSi is an itinerant 5f-electron fer- 
romagnet. Note, that URhSi serves as one of the few outstanding examples of itinerant 
5f magnets with tiny magnetic moments exhibiting extremely strong magnetic anisotropy. 
High-field magnetization data up to 35 T (de Boer et al. 1990) indicate the anisotropy field 
which may exceed the maximum field of experiment by more than order of magnitude. 
Fully relativistic spin-polarized calculations including orbital polarization enhancement 
provide a magnetocrystalline anisotropy energy of 59 meV (Prokes et al. 1997a). These re- 
suits manifest the existence of a considerable orbital 5f-moment which is compensated by 
the opposite oriented spin component leaving the resultant uranium moment as low as one 
tenth of/zB. Indeed, a spin moment/Zs = 0.15/xB and an orbital moment of 0.24/zB ori- 
ented antiparallel has been obtained from calculations (Prokes et al. 1997a). Later neutron 
powder-diffraction study made by Tran et al. (1998a, 1998b) was concluded in terms of fer- 
romagnetism below 9.5 K with collinear U magnetic moments (11 c) of 0.5 tZB at T = 1.4 K. 
The latter value is considerably higher that that reported by Prokes et al. (1997a). Polarized 
neutron diffraction and/or X-ray magnetic scattering experiments on single crystals of this 
material are strongly desirable to confirm this prediction of the orbital magnetism, which 
came out as a result of electronic structure calculations (Prokes et al. 1997a)..Another in- 
teresting aspect of URhSi is that it can appear also in a low-temperature phase, which is 
characterized by a disordered ternary crystal structure of the CeCu2-type, smaller unit cell 
volume (see table 5.4) and paramagnetic ground-state (Lloret 1988), probably due to more 
delocalized 5f states of uranium assisted by the Rh-Si sublattice disorder. 

Inspection of the specific heat data plotted for a URhSi polycrystals in fig. 5.33 shows 
that when a field of 5 T is appfied, a substantial portion of magnetic entropy is shifted to far 
above Tc and the anomaly connected with the magnetic ordering is removed. In the same 
figure we can see that application of a magnetic field leads also to a dramatic reduction 
of the electrical resistivity far above Tc which yields a giant negative magnetoresistance 
around Tc in this material (Tran and Troc 1998). The negative magnetoresistance in the 
vicinity of Tc is usually explained by the variations of the spin-disorder scattering (Ya- 
mada and Takada 1973a, 1973b; Ueda 1976), but the magnetoresistance effect in URhSi 
is exceptionally large. Field-induced variations of short range ordering in a wide interval 
above Tc were discussed by Tran and Troc (1998) as a possible source. Single--crystals are 
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(Buschow et al. 1990; de Boer et al. 1991), as measured on polycrystalline samples of URhSi and URhGe. 

highly desirable to study intrinsic effects with magnetic field and electrical current applied 

along various crystallographic directions. 
In the original work of Troc and Tran (1988), UPdSi has been reported as an antifer- 

romagnet below TN = 29 K, undergoing an order-tu-order magnetic phase transition at 
T = 10 K, as inferred from two anomalies observed in the temperature dependence of 
the susceptibility at these temperatures. Following magnetic and specific-heat studies by 
other authors failed to confirm the latter transition although a shoulder can be observed 
around this temperature on the p vs. T curve (Tran et al. 1990; Prokes 1997; Prokes et al. 
1997d). A complete study of polycrystalline samples, involving magnetic, specific-heat, 
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Fig. 5.34. Schematic picture of the ground-state antiferromagnetic structure of UPdSi. For clarity only uranium 
atoms are shown. U magnetic moments are parallel to the b-axis oriented up (o) and down (e). 

electrical resistivity measurements and X-ray and neutron powder diffraction experiments 
was performed by Tran et al. (1990), Prokes (1997) and Prokes et al. (1997b, 1997c). 
Results of this complex of experiments allow the formulation of a quite realistic picture 
of magnetism in UPdSi. The intrinsic N6el temperature is 33 K, below which an incom- 
mensurate antiferromagnetic phase with the uranium magnetic moment propagating sinu- 
soidally with q = (& 0, 3) is formed. At 31 K, the values q = 0.217 and/zu = 0.65/XB 
have been determined. At 27 K, a first-order magnetic phase transition is observed where 
the high-temperature incommensurate phase locks-in into a commensurate sinusoidally 
modulated phase with q = (0.25, 0, 0.25). This structure becomes completely squared up 
at low temperatures as confirmed by detailed measurement at 3.5 K. The originally re- 
ported susceptibility and resistivity anomalies around 10 K may then be connected with 
the squaring up of the magnetic-moment wave. The magnetic structures in UPdSi are 
collinear with magnetic moments oriented along the b-axis. The ground-state structure 
(see fig. 5.34) consists of ferromagnetic (1 0 1) planes of uranium moments stacked in the 
sequence (+  + + q . . . . .  ) along the [1 0 1] direction. The incommensurate phase prop- 
agates in the same direction. The uranium magnetic moment at 3.5 K amounts to 1.4/XB. 
Evolution of magnetic ordering with temperature, including the temperature dependence 
of the incommensurate moment propagation in UPdSi can be understood from fig. 5.35. 
The magnetization curve measured on a free powder at T = 4.2 K (fig. 5.31) reveals two 
metamagnetic transitions (at 4 T and 7 T, respectively) in which the antiferromagnetic cou- 
pling in UPdSi is gradually destroyed, transforming towards the high-field ferromagnetic 
alignment of U moments. The magnetization of 1.31/zB/f.u. observed at 35 T is close to 
the value of U moment determined at T = 3.5 K by neutron diffraction. 

UIrSi has been classified as a weakly temperature dependent paramagnet (Troc and 
Tran 1988) with X300K "~ 2.2 x 10 -8 m3/mol and X4.2K ~ 3.7 x 10 -8 m3/mol. Nev- 
ertheless, the susceptibility above 100 K can be approximated by a Curie-Weiss law with 
Op = - 1 2 6  K and/Xeff = 2.74/ZB (Chevalier et al. 1988). This result, together with the 
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1997d). 

susceptibility minimum around T = 11.5 K, led Chevalier et al. (1988) to the conclusion 
of Kondo-fluctuation behaviour at low temperatures. The rather broad shoulder in the X 
vs. T curve around 40 K may be taken as an indication of spin-fluctuation involvement 
(Troc and Tran 1988). Further studies, especially on single-crystals, are strongly desirable 
to learn more about this materials. The need of single crystals is stressed by the strong 
magnetic anisotropy, which can be seen in fig. 5.31 when comparing the "free-powder" 
and "fixed-powder" linear magnetization data measured up to 35 T (de Boer et al. 1990). 

UPtSi is the only silicide crystallizing in the disordered CeCu2-type structure, on which 
agreed all involved authors (Troc and Tran 1988; Brtick 1991; Prokes et al. 1997b). Troc 



MAGNETISM OF COMPOUNDS OF URANIUM 93 

and Tran (1988) reported two diffuse maxima at 24 K and 50 K in the X vs. T curve in- 
dicating two magnetic phase transitions in an antiferromagnet. Prokes (1997) has clearly 
shown that the lower-temperature transition cannot be intrinsic. A neutron powder diffrac- 
tion study (Tran et al. 1995a) revealed a collinear structure of uranium moments confined 
in the b-c plane and sinusoidally modulated along the b-axis with a propagation vector 
q = (0, 0.535, 0). Prokes et al. (1996d, 1997b) and Prokes (1997) have confirmed the si- 
nusoidal modulation of uranium moments, which is not squaring up down to T = 1.3 K, 
where the amplitude of the sine wave amounts to 1.3/ZB. The complex magnetic structure 
and the relatively high Nrel temperature may explain the complex staircase of metamag- 
netic transitions, observed on a "free powder" sample in magnetic fields up to 50 T (see 
fig. 5.31), where the magnetization amounts to 0.94/zB (de Boer et al. 1991). Two rather 
different the y-values have been reported in literature, in particular 92 m J/(mol K 2 ) (BrOck 
1991; de Boer et al. 1991) and 44 mJ/(mol K 2) (Prokes et al. 1996d, 1997b; Prokes 1997) 
the lower one being more likely intrinsic. The temperature dependence of the resistivity 
is rather fiat down to 70 K with a slight negative derivative above 150 K. With lowering 
temperature below 70 K, the p vs. T curve turns gradually up and reaches a maximum at 
38 K, which is followed by a sharp, nearly linear drop down to lowest temperatures. The 
inflection point of the p vs. T curve, found at 51 K fits perfectly with the Nrel temperature 
(Prokes 1997). 

ThlrSi crystallizes in the hexagonal A1B2 type structure and becomes superconduct- 
ing below 6.5 K (Chevalier et al. 1986). Using point-contact spectroscopy measurements 
Solanki-Moser et al. (1987) suggested that the width of the superconducting gap extrapo- 
lated to 0 K in this material is 1.6 eV. 

UFeGe has been prepared only in polycrystalline form only by Canepa et al. (1996). 
However, tiny single-crystalline grains were used for part of a crystal structure study on 
a four-circle diffractometer. At room temperature, a monoclinically distorted TiNiSi-type 
structure has been observed. The monoclinic distortion is removed above 500 K, which is 
accompanied by an about 10% reduction of the electrical resistivity. This crystallographic 
transition exhibits hysteresis of more than 50 K (Canepa et al. 1996). 

Also UCoGe does not show any sign of magnetic order down to T = 1.3 K, although 
some attributes of a nearness of ferromagnetic ordering may be traced in the high-field 
magnetization data (Buschow et al. 1990). The high-field magnetization curve measured 
on a free-powder sample exhibits a positive curvature and certain tendency to saturation 
in the whole field range up to 35 T, where it reaches nearly 0.6/zB/f.u. Also the y-value 
of 65 mJ/(mol K 2) may be taken as an additional argument corroborating this conclusion. 
The electrical resistivity is almost linearly growing with decreasing temperature between 
300 K and 50 K (Canepa et al. 1996), showing a final increase of about 10%. This be- 
haviour is terminated at 46 K where the resistivity starts to decrease with decreasing tem- 
perature. The associated maximum on the p vs. T curve has been speculated by Canepa 
et al. (1996) as being a sign of a magnetic phase transition. Although UCoGe is param- 
agnetic, a strong magnetocrystalline anisotropy is clearly documented by the pronounced 
difference between the free-powder and fixed-powder magnetization curves (de Boer et al. 
1990) which is increasing in the whole field range up to 35 T. 

UNiGe is certainly the by far most thoroughly studied germanide at present and the 
results, which have been observed on very good quality single crystals, allow the demon- 
stration of several prominent features of uranium intermetallics. The first papers on this 
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Fig. 5.36. Temperature dependence of the following properties of UNiGe measured on single crystals: (a) Elec- 
trical resistivity p with current i along the a-, b- and c-axis; data taken from Prokes et al. (1994); (b) The inverse 

susceptibility in magnetic fields applied along the a-, b- and c-axis; data taken from Prokes (1997). 

material reported the orthorhombic CeCu2-type structure (Troc and Tran 1988). By ob- 
serving some prominent h + k + l = 2n + 1 reflections several authors proved, however, 
that the TiNiSi-type is the proper structure of this material (Kawamata et al. 1992a; Prokes 
et al. 1994; Canepa et al. 1996). The temperature dependence of the inverse susceptibility 
(see fig. 5.36) above 60 K follows very well the Curie-Weiss law with #eft = 3.01, 2.97 
and 2.93/zB/f.u. for the susceptibility along the a-, b- and c-axis, respectively. This means 
that the effective magnetic moment is isotropic within the experimental error. The values 
of the paramagnetic Curie temperature Op = -126,  - 4 ,  and 34 K (Havela et al. 1992c, 
Prokes 1997) are strikingly different, pointing to the fact that UNiGe exhibits a strong 
magnetic anisotropy in the paramagnetic state. The anisotropy energy can be estimated 
considering the difference of the respective Op values, e.g., the anisotropy within the b-c 
plane is about 40 K, whereas the anisotropy energy in the a-c and a-b planes is larger than 
100 K (Havela et al. 1992c). In fig. 5.36 one can see that also the electrical resistivity is 
rather anisotropic, which is, especially in the lower temperature range, closely connected 
with the evolution of magnetism. The magnetocrystalline anisotropy may affect also the 
temperature dependence of specific heat, namely due to the anisotropy induced gap A in 
the magnon spectrum, which yields a term which in its simplest form can be expressed as: 

Cm = fT1 /2e-A/T ,  (5.6) 



MAGNETISM OF COMPOUNDS OF URANIUM 95 

o 
E g -  
E 

,T ~ 
V 

E 
0 

:=L 
v 

Q. 

4 

3 

2 

1 

0 
600 

400 

200 

1.0 ° 
~ 0.8 
~ 0.6 

0.4 
tO" 0.2 

0.0 

¢~4000 

~ 2000 

o 

I I I I I I 

UNiGe 

I I I L ill~ a-~xis 

I I I I I I 

0 10 20 30 40 50 60 

0.16 

0.15 

0.14 

0.13 

0.12 
7O 

T(K) 

Fig. 5.37. Temperature dependence of the following properties of UNiGe measured on single crystals below 
70 K: (a) Susceptibility ;( in magnetic fields H applied along the a- and b-axis; data taken from Prokes (1997); 
(b) Electrical resistivity p with current i along a- and b-axis; data taken from Prokes et al. (1994); (c) Specific heat 
(C/T vs. T plot) - data taken from Prokes et al. (1994); (d) Magnetic neutron diffraction reflections (0, 1/2, 3/2), 
(0, 3/2, 1/2) and (0, 1/2, - 3 / 2 )  + (0, 3, 3) - the intensity scale of the latter reflection is expanded by a factor of 
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where the factor f depends on details of the magnon spectrum such as the slope of 
magnon dispersion relation (Andersen and Smith 1979). The low-temperature part of 
the specific heat of UNiGe shown in fig. 5.37 allows to determine A = 48 K and 
f = 5.5 mJ/(mol  K 3/2) (Prokes 1997). The value of A compares well with the anisotropy 
within the b-c plane estimated from susceptibility data. Several authors have agreed on 
the value of y = 27 mJ / (mo lK  2) (Buschow et al. 1990; Brtick 1991; Dmitriev et al. 
1991; Prokes 1997). A somewhat lower value, y = 23 mJ/(mol  K 2) has been reported by 
Kawamata et al. (1992b). 
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UNiGe has been reported to become antiferromagnetic below 42--44 K as inferred from 
the susceptibility (Troc and Tran 1988) and specific-heat (Kawamata et al. 1992b) anoma- 
lies and from emerging new reflections in the neutron powder diffraction pattern at lower 
temperatures (Murasik et al. 1991). Two rather contradictory reports on the type of mag- 
netic structure, however, have appeared (Murasik et al. 1991; Kawamata et al. 1992a), 
the former authors claiming a propagation vector q = (0, 1/2, 1/2) whereas the latter 
authors presented q = (0, 1, 1). Neutron diffraction investigations of the ground-state an- 
tiferromagnetic phase on single crystals (Sechovsky et al. 1994b; Purwanto et al. 1996a) 
confirmed the former result. The sharp anomaly in the C/T  vs. T curve, which can be 
seen in fig. 5.37, allowed the determination of the upper temperature limit of this mag- 
netic ordering as 41.5 K. The related magnetic-phase transition is of the first order type as 
first proposed by Murasik et al. (1991) and besides the sharp specific-heat peak, it is doc- 
umented by the sharp drop of the magnetic-reflection intensity at this temperature. From 
this plot it is clear, that the uranium magnetic moment at T = 40 K retains more than 80% 
of its ground-state value. Final refinement of the neutron diffraction data, collected on a 
UNiGe single-crystal, led to the determination of the magnetic structure which is schemat- 
ically shown in fig. 5.38(a) (Purwanto et al. 1996a). This structure can be imagined when 
we consider a collinear structure with magnetic moments within the b-c plane and mod- 
ify it by attributing to the a-axis component a constant non-zero value with alternating 
sign, as shown in the figure. Within the b-c plane the uranium magnetic moment makes 
an angle of approximately 17 ° with the c-axis and the canting angle out of the plane has 
been determined as 21 ° (Purwanto et al. 1996a). This complex magnetic structure has been 
unambiguously confirmed by Nakotte et al. (1996a), who performed an elaborate neutron 
diffraction experiment using polarized neutrons and special configurations of the single- 
crystal and the applied magnetic field. 

Close inspection of the specific heat, magnetic susceptibility and electrical resistivity 
above T = 41.5 K (see fig. 5.37) reveals anomalies around T = 51 K indicating that 
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the onset of  magnetic ordering may be located near this temperature (Prokes et al. 1994; 
Sechovsky et al. 1994b, 1994c). This point  has been confirmed by the extended neutron 
diffraction investigation in the suspected temperature region. The essential result of  the 
crucial experiment performed on the Single Crystal Diffractometer (SCD) at LANSCE,  
which has unambiguously proved the existence of  an incommensurate phase above 41.5 K 
is shown in fig. 5.39. For the ground-state phase at temperatures below 41.5 K (fig. 5.39(a)) 
the (0, 3/2,  - 1/2) reflection is a characteristic attribute of  the commensurate antiferromag- 
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netic phase. But this reflection is absent in the 46 K pattern and the two satellites shifted by 
±(0 ,  0.141, 0.141) are the fingerprints of  an incommensurate phase with the propagation 
vector q = (0, 1/2, - 1 / 2 )  -4- (0, 3, 3). These reflections reach their maximum intensity 
around 43 K and then decay nearly linearly with increasing temperature to vanish around 
T = 50 K, although a somewhat enhanced background can be traced at least up to 53 K 
(Sechovsky et al. 1994c). The value of  3 varies between 0.123 (at 41.5 K) and 0.15 (50 K). 
This incommensurate structure can be schematically visualized as shown in fig. 5.38(b). In 
fact, this structure consists of  a + + - stacking of  adjacent (0 1 1) planes of  U moments. 
However there occurs a phase shift of  7-t every 20 planes or so. Also in this phase the alter- 
nating canting of  U moments towards the a-axis has been unambiguously determined by 
using polarized neutrons (Nakotte et al. 1996a). 

The magnetization curves shown in fig. 5.40(a) (Havela et al. 1992c; Prokes et al. 1994) 
clearly demonstrate that the magnetocrystalline anisotropy in UNiGe is of  an easy-plane 
type (b-c plane), leaving the a-axis as hard magnetization direction. The magnetization 
in a field applied along c responds linearly with very small slope up to 35 T yielding 
0.23 #B/f.u.  In contrast, when the field is oriented along the c-axis, two metamagnetic 
transitions are induced at 3 and 10 T, respectively. Approximately 1.3/zB/f.u. is reached at 
11 T. With further increasing field the magnetization increases linearly up to the value 
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of  1 .47#B/f .u .  at 35 T. Figure 5.41 demonstrates the fact that the first metamagnetic  
transition involves a substantial transformation of  the magnetic structure from the anti- 
ferromagnetic structure with q = (0, 1/2, 1/2),  i.e., + - + - + - stacking of  adjacent 
(0 1 1) planes of  uranium moments  to an uncompensated antiferromagnetic structure with 
q = (0, 1/3, 1/3),  i.e., + + - + + - stacking. Two metamagnetic  transitions, but at con- 
siderably higher fields as 17 and 25 T, are observed when a field is applied along the 
b-axis. Also in this case the high field magnetization does not saturate and grows to reach 
1.45/zB/f.u. at 35 T. Especial ly this feature has been used by de Ch~tel et al. (1998) to 
show the anisotropic nature of  the exchange interactions in UNiGe. In fig. 5.40(b) one can 



100 V. SECHOVSKY and L. HAVELA 

500 

400 

E 
o 300 

200 

100 

0 

I I I 

l "  l "  - 

Y • .~" 18 T 

I I I 

0 20 40 60 80 

T(K) 

Fig. 5.42. Temperature dependence of the electrical resistivity p of a single crystal UNiGe for current i along the 
c-axis and in magnetic fields 0, 6, 8.5, 10 and 18 T applied along the c-axis. TN and TM show the two magnetic 

phase transitions (after Nakotte et al. (1995)). 

see that the metamagnetic transitions in UNiGe are accompanied by giant magnetoresis- 
tance effects (Havela et al. 1994c; Prokes et al. 1994; Sechovsky et al. 1994d). Except for 
the first metamagnetic transition in the c-axis field where the c-axis resistivity shows an 
approximately 4% increase, all the other transitions produce huge negative changes of re- 
sistivity. The evolution of the temperature dependence of the c-axis resistivity in magnetic 
fields up to 18 T applied along the c-axis shown in fig. 5.42 demonstrates that a large nega- 
tive magnetoresistance can be observed also in the paramagnetic range at temperatures up 
to 80 K. This indicates the importance of antiferromagnetic correlations, which enhance 
the resistivity far above TN but can be suppressed by strong enough magnetic field. A more 
general discussion of GMR effects in UNiGe may be found in several papers devoted to 
giant magnetoresistance in bulk intermetallic materials with a special emphasis on uranium 
systems (Nakotte et al. 1994a, 1994b; Havela et al. 1994b, 1994c, 1996a; Sechovsky et al. 
1994d, 1996). 

In order to determine the complex magnetic phase diagrams, magnetization curves in 
magnetic fields up to 35 T applied along the b- and c-axis, respectively, were measured 
also at elevated temperatures up to 60 K (de Boer et al. 1994). This effort was supported 
by detailed studies of neutron diffraction in magnetic fields up to 6 T (Sechovsky et al. 
1994b, 1994c; Nakotte et al. 1996a) and in the final stage, by specific-heat measurements in 
magnetic fields up to 18 T (Nakotte et al. 1998). As a result, two magnetic phase diagrams 
for fields applied along the b- and c-axis have been constructed as shown in fig. 5.43. 
Besides the extended short range ordering determined by neutron scattering up to high 
temperature, it is worth to mention the close similarity between the phases 1 a 3, which is 
discussed by Nakotte et al. (1996a). 

The magnetic phase diagrams were studied also by specific-heat measurements in mag- 
netic fields up to 18 T (Hagmusa et al. 1997; Nakotte et al. 1998). For a magnetic field 
Hrrc, the v-value seems to be nearly constant up to 4 T, where the first metamagnetic 
state appears. Further increase of the magnetic field yields a roughly quadratic g enhance- 
ment up to 37.5 mJ/(mol K 2) in l 1 T, where the second metamagnetic transition appears at 
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850 mK. A slow nearly linear decrease is observed with a further field increase amounting 
to 35 mJ/(molK 2) in 17.5 T (Nakotte et al. 1998). 

URuGe is a weakly temperature dependent paramagnet which, however, shows certain 
URuGa-like features of the X vs. T curve below 100 K, that might indicate involvement 
of spin fluctuations (Troc and Tran 1988). The susceptibility increases from its room- 
temperature value of 1.8 x 10 -8 m3/mol to 3.0 x 10 -8 m3/mol at 4.2 K (de Boer et al. 
1990). The magnetization increases linearly with magnetic field up to 35 T (see fig. 5.31) 
amounting to 0.17/zB/f.u. at the maximum field (de Boer et al. 1990). Lack of any visi- 
ble difference between the free-powder and fixed-powder data (fig. 5.31) suggests a rather 
isotropic magnetization in this material. 

URhGe behaves, similar to URhSi, as an itinerant 5f electron ferromagnet with spon- 
taneous moment around 0.3/~B/f.u. as inferred from free-powder magnetization data (de 
Boer et al. 1990). The high field susceptibility is also large and the magnetization reaches 
0.71/zB/f.u. at 35 T. URhGe is another weak 5f ferromagnet exhibiting huge magnetocrys- 
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talline anisotropy which is documented by a clear difference between the free-powder and 
fixed-powder magnetization curves shown in fig. 5.31. The reported high value for 7 (see 
table 5.4) may be, similar to URhSi, affected by non-negligible magnetic contribution due 
to the low Curie temperature. Clear analogies between URhGe and URhSi can be found 
also in the magnetic-field induced variations of the specific heat (Buschow et al. 1990; 
Brtick 1991) and in the electrical resistivity (Tran and Troc 1998) in a wide temperature 
interval around Tc as can be seen in fig. 5.33. The neutron powder diffraction data obtained 
at low temperatures were interpreted in terms of a non-collinear magnetic structure, which 
can be described by two magnetic components (Tran et al. 1998a, 1998b). The predom- 
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inant ferromagnetic component (/ZF = 0.43/zB) is oriented along the c-axis. The other 
component is antiferromagnetic (/ZAF = 0.26 IZB) is found along the a-axis. The latter 
aspect resembles the non-collinear magnetic structure in UNiGe. 

UPdGe becomes ferromagnetic below 28-33 K (Troc and Tran 1988; Buschow et al. 
1990; Kawamata et al. 1990). At higher temperatures antiferromagnetic ordering persist- 
ing up to 50 K has been reported in the same papers. A first order type of magnetic phase 
transition between the ferromagnetic and antiferromagnetic phase in UPdGe has been sug- 
gested by Kawamata et al. (1992b) who reported a sharp peak in the C/T vs. T curve at 
T = 33 K, which can be seen in fig. 5.44. In contrast, Buschow et al. (1990) observed 
only a rounded maximum near this temperature. This transition is accompanied also by 
a pronounced step in the temperature dependence of the elastic constant c33 measured by 
sound velocity measurements (Ishiyama et al. 1993). The magnetic phase transitions are 
well seen also in the temperature dependence of the susceptibility in all the three principal 
crystallographic directions (Kawamata et al. 1990) shown in fig. 5.44. Note the anisotropy, 
which, however, is less pronounced than in UNiGe. Also the low-temperature magnetiza- 



104 V. SECHOVSKY and L. HAVELA 

8 

" 6 

4 

2 

0 

300 

E 
o 200 

100 

0 

I I 

UPdGe H / / c - a x i s  20.4 K 

~ . ~  3 0 . 2  K 
25.5 K 

~'~ ' 2 0 . 0  K _ 
= ~  4 .2  K 

H / / i / / c - a x i s  b) 
I I I 

0 2 4 6 

~o H (X) 

Fig. 5.46. (a) Magnetization curves, and (b) longitudinal magnetoresistance curves for UPdGe single crystals at 
selected temperatures with the magnetic field applied along the c-axis; data taken from Kawarnata et al. (1992c). 

tion data, obtained on a single crystals (see fig. 5.45), point to quite a generally oriented 
easy magnetization direction which is reflected by non-zero moment projections of the re- 
manent magnetization in all the three crystallographic axes (/Za = 0.35,/zb = 0.85 and 
/Zc = 1.11/zB), yielding a total uranium moment of 1.37/zB at T = 4.2 K (Kawamata et 
al. 1992d). A neutron diffraction investigation (Kawamata et al. 1992a) of the single crystal 
has confirmed this result and allowed to determine a co/linear ferromagnetic structure at 
low temperatures. Tran et al. (1995a), however, claimed that the ferromagnetic structure is 
conical with/Zz Ilc and with the projection of U moments on the a-b  plane equal to 0.28/zB. 

The high-temperature phase has been determined as being an antiferromagnetic longitu- 
dinal spin-density wave with q = (0, 0, ~), where ~ = 0.33 at T ---- 35 K with a magnetic 
moment amplitude of 1.0 #13 (Kawamata et al. 1992a; Tran et al. 1995a). The application 
of magnetic fields leads again to a rather anisotropic magnetization response as can be de- 
duced from fig. 5.44 (Kawamata et al, 1992d). The a-  and c-axis magnetization exhibits 
a metamagnetic transition at the same field (around 20 T at 40 K) whereas the metamag- 
netic transition in the b-axis magnetization curve occurs at an approximately 50% higher 
field. The magnetizations along the b- and c-axes reach at high fields considerable values 
and seem to saturate. However, the c-axis magnetization presumably should show another 
metamagnetic transition at higher fields. The critical-field values decrease with tempera- 
ture approaching the AF --+ F magnetic phase transition, as can be seen in fig. 5.46. The 
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metamagnetic transitions are accompanied by giant magnetoresistance effects as can be 
clearly seen in fig. 5.46 (Kawamata et al. 1992c). These are intimately connected with the 
dramatic reduction of the resistivity the AF --~ F in zero magnetic field (Kawamata et al. 
1992c), shown in fig. 5.43. 

The evolution of magnetization behaviour in the pseudoternary system UNil-xPdx Ge 
was studied by Kawamata et al. (1993). All three lattice constants increase linearly with 
increasing x. The most pronounced increase across the series is found in the c-axis, more 
than 5%, whereas the change in the a-axis is only marginal. When we consider also the cor- 
rected results for UNiGe (Kawamata et al. 1992a, 1992b; Sechovsky et al. 1994b; Nakotte 
et al. 1996a; Prokes 1997), it may be concluded that the Nrel temperature is composi- 
tion invariable and that the high-temperature phase is always incommensurate although the 
propagation is varying considerably with Pd substitution for Ni. Major changes are ob- 
served with respect to the ground state which is non-collinear antiferromagnetic in UNiGe 
(Nakotte et al. 1996a) and changes probably gradually to a collinear ferromagnet (Kawa- 
mata et al. 1992a) or to a conical structure (Tran et al. 1995a). 

UIrGe is one of the most puzzling cases despite considerable effort of several groups. 
All bulk properties which have been studied so far point to antiferromagnetism in this 
compound below 16-18 K. This concerns the maximum in the temperature dependence of 
susceptibility (Ramirez et al. 1987; Troc and Tran 1988; Buschow et al. 1990), a sharp 
peak in the C/T  vs. T curve (Ramirez et al. 1987; Buschow et al. 1990) accompanied by 
a dramatic reduction of the F-value from 145 to 18 mJ/(mol K 2) across the transition from 
the high to the low-temperature phase and a dramatic resistivity drop below 17 K (Cheva- 
lier et al. 1988; Buschow et al. 1990; Tran et al. 1990). The specific-heat anomaly shifts 
by 0.5 K to lower temperatures when a field of 5 T is applied (Buschow et al. 1990; Briick 
1991). Note that the onset of the resistivity drop around 30 K (Chevalier et al. 1988) might 
indicate the onset of a sort of magnetic order already around this temperature. Moreover, 
the magnetization curves measured on free-powder samples (no single crystals available 
so far) at T = 4.2 K exhibit two clear metamagnetic transitions at 13 and 19 T. As a big 
surprise no indication of magnetic order down to 1.5 K has been observed by neutron pow- 
der diffraction experiments (Robinson 1993; Tran et al. 1996b). Certain signs of magnetic 
ordering in UIrGe may be concluded from g+SR measurements (Havela et al. 1995a). 

A gradual transition between weak itinerant ferromagnetism of URhGe and the pre- 
sumed antiferromagnetism of UIrGe was studied by magnetization measurements (Cheva- 
lier et al. 1990) of selected U(Rhl_xIrx)Ge solid solutions. Ferromagnetism is clearly 
present in compounds with x ~< 0.45. Whereas Tc decreases with increasing x only slowly, 
the spontaneous magnetization seems to decrease much faster. The URh0.sh'05Ge com- 
pound is characterized by a round maximum at Tmax = 4 K in the temperature dependence 
of the magnetization which has been taken to be a clear attribute of the onset of antifer- 
romagnetism. The value of Tmax increases linearly while the maximum magnetization is 
drastically suppressed. 

UPtGe shows all attributes of an antiferromagnet with TN = 50-52 K. The tempera- 
ture dependence of the susceptibility measured on polycrystals exhibits a maximum in this 
temperature range (Troc and Tran 1988; Buschow et al. 1990). Measurements of a single 
crystal (Kawamata et al. 1990) revealed such a maximum only in the b- and c-axis suscep- 
tibility, whereas the a-axis signal is practically temperature independent, as can be seen in 
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netic susceptibility M/H in magnetic fields 1 T applied along the a-, b- and c-axis; data taken from Kawamata et 
al. (1990); (b) Magnetic contribution to the specific heat Crn/T (Kawamata et al. 1992b); (c) Electrical resistivity 

p with current i applied along the c-axis (Kawamata et al. 1992c). 

fig. 5.47. A pronounced peak is observed also in the temperature dependence of  specific 
heat shown in the same figure. The p vs. T curve with current along the c-axis (see also 
fig. 5.47) has a very anomalous shape with a pronounced maximum at 30 K (Kawamata 
et al. 1992c), which reflects a complex temperature evolution of  conduction-electron scat- 
tering. A similar resistivity behaviour has been observed also on a polycrystal  (Tran et al. 
1990). As can be seen in fig. 5.31, the high field magnetization data collected in fields up to 
50 T on an oriented powder  sample at T = 4.2 K (Buschow et al. 1990) exhibit two broad 
metamagnetic  transitions centred at 23 and 42 T, but no sign of  saturation in the maximum 
fields which indicates that another transition might be expected above 50 T. The transition 
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below 30 T has been measured on a single crystal (Kawamata et al. 1992d) in fields along 
the b- and c-axis, whereas a considerably weaker linear response can be observed along the 
a-axis, yielding less than 0.3/zB/f.u. in a field of 30 T. This result seems to be consistent 
with neutron diffraction data (Kawamata et al. 1992d; Szytula et al. 1992; Robinson et al. 
1993a), pointing to a magnetic structure with magnetic moments confined to the b-c plane. 
UPtGe exhibits incommensurate magnetic order with a temperature invariant propagation 
vector q = (0, 0.5543, 0). The only order parameter of the system is then the uranium mo- 
ment. The values of 0.98/zB at 15 K (Robinson et al. 1993a) and 1.0/zB at 10 K (Kawamata 
et al. 1992a) have been reported. The moment rotates by 99.8 ° between adjacent planes of 
U atoms along the b-axis (cycloidal structure). 

A rather complex development of magnetism may be concluded for the series of 
solid solutions UPdl-xPtxGe (Kawamata et al. 1993), although also here (similar to 
UNil-xP~Ge) the magnetic ordering temperature does not show much variation across 
the series. This is indicated already by the non-linear changes of the lattice constants a and 
b and by the change of sign of Op (~  21 K for x = 0.5 and ~ - 2 9  K for x = 0.75) as 
measured an polycrystals for x > 0.5. 

In fig. 5.48 we can find the essential information on all known isostructural UTSi and 
UTGe compounds available so far. 

In a contrast to other UPdX counterparts, UPdAl exhibits sound attributes of an itinerant 
electron paramagnet. This compound was found to be a weakly temperature-dependent 
paramagnet with the susceptibility keeping an almost constant value of approximately 
1.3 x 10 - s  m3/mol between 300 and 200 K. Below 200 K, the susceptibility increases 
roughly linearly by 50% when cooling down to T = 4.2 K. The almost linear tempera- 
ture dependence of the resistivity, resembling the behaviour of a simple metal (Tran and 
Troc 1993a), may be understood in terms of a rather low density of the 5f states at EF in 
conjunction with a rather broad 5f band. This conjecture is corroborated by a considerably 
shrunk unit-cell volume of UPdA1 in comparison with the isostructural UPdGe, UPdSi and 
UPdGa. 

UPdGa was studied also by Kergadallan (1993) on a tiny single crystal extracted from 
polycrystalline ingot. By means of a four-circle X-ray diffractometer he unambiguously 
determined that this compound has the TiNiSi-type structure. The compound UPdGa shows 
a clear maximum in the X vs. T curve at T = 48 K, which indicates antiferromagnetic 
ordering below this temperature. 

UAuSi has been originally reported to crystallize in the TiNiSi-type structure (Tran and 
Troc 1993b; Piittgen et al. 1996). The latter authors re-investigated this material and have 
shown that this materials adopts the hexagonal LiBaSi-type structure (P6m2 space group) 
with the lattice parameters a = 419.5 pm, c = 397.2 pm at room temperature. This struc- 
ture is derived from the A1B2-type by an ordered arrangement of the gold and silicon atoms 
on the boron sites. Magnetic susceptibility measured on a polycrystal above 50 K follows 
roughly a modified Curie-Weiss law. Complex magnetic history phenomena occur at low 
temperatures, characterized by a susceptibility cusp in the ZFC curve at ~ 12 K which dis- 
appears of FC curve (measured in 0.6 T), which was interpreted in terms of spin-glass or 
cluster glass behaviour (Tran and Troc 1993b; Pi3ttgen et al. 1996). This is rather surpris- 
ing in case of an ordered ternary crystallographic structure. The p (T) curves were found to 
depend strongly on the heat treatment of the samples, varying from a negative p-T slope 
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Fig. 5.48. Schematic plot illustrating evolution of some electronic properties (type of magnetic ground state, 
magnetic ordering temperature, y-value (linear coefficient of the specific heat), spontaneous magnetic moment 
(black part of a colunm - extrapolated from high magnetic field data to zero field), induced magnetic moment in 
field of 35 T (white top parts of a column) of UTSi and UTGe compounds with the orthorhombic TiNiSi- and 

CeCu2-type structure. Data are compiled from the information given in table 5.4. 

in annealed sample to more metall ic-l ike behaviour after annealing at 800°C. In all cases, 

clear resistivity anomalies have been observed around 16 K. An analogously complex be- 

haviour has been reported by Tran and Troc (1993b) also for UAuAl and UAuGe with some- 

what different characteristic temperatures, although the authors admitted the possibil i ty of  

a paramagnetic ground state in the former case. 

UAuGa orders antiferromagnetically below 60 K with another transition at 18 K, as 

inferred from anomalies in the temperature dependencies of  the susceptibility and resis- 

tivity measured on polycrystals (Tran et al. 1993; Tran and Troc 1993b). The crystal and 

magnetic structures of  UAuGa was investigated by means of  X-ray and neutron powder  

diffraction measurements by Tran et al. (1996b). The crystal structure of  UAuGa is or- 

thorhombic, but no decision has been reached between the ordered TiNiSi-type or the dis- 

ordered CeCu2-type structure. The magnetic structure in UAuGa is collinear antiferromag- 

netic with uranium magnetic moments parallel  to the orthorhombic c-axis. The uranium 

magnetic moment  at T = 7 K equals 1.35/zB as has been reported by Tran et al. (1996b). 

This contradicts very much the value 0.68/zB claimed somewhat earlier (Tran et al. 1995a). 
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5.1.3. Compounds with the GaGeLi (Cain2) type structure 
Another structure of UTX compounds for which reliable experimental data exist 

(UPdSn, UAuSn, UCuSn, UCuGa, and UPdSb) is the hexagonal structure of the Cain2 
type (GaGeLi type for the ordered ternary version, as shown in fig. 5.49). The nearest ura- 
nium atoms, with a spacing du-u = c/2 (typically around 360 pm), form linear chains 
along the c-axis in this structure. The inter-uranium distance in the basal plane is signifi- 
cantly larger. Essential structural and magnetic data can be found in table 5.6. 

(a) 

(b) 

Fig. 5.49. Schematic picture of the hexagonal Caln2-type structure and its ordered ternary variant GaGeLi, in 
which crystallize several UTX compounds. 
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Fig. 5.50. Magnetization M for a single-crystal of UPdSn at T = 4.2 K in a magnetic field H applied along the 
a-, b- and c-axis. The full lines show behaviour for field swept continuously up and down. The dotted fines are 

guides to the eye. After de Boer et al. (1992). 

The first four compounds are antiferromagnetic at low temperatures, whereas UPdSb is 
a ferromagnet. UPdSn crystallizes in the ordered ternary GaGeLi structure, in which Pd 
and Sn atoms occupy different positions (Robinson et al. 1991; de Boer et al. 1992). An 
AF transition was first reported at T = 29 K (Palstra et al. 1987), but a more detailed study 
(de Boer et al. 1992) revealed two transitions at T = 40 K and 27 K. Results of  magnetiza- 
tion and susceptibility measurements performed on a single-crystal (see figs 5.50 and 5.51) 
show an easy-plane type of  magnetism, with c-axis as a hard-magnetization axis. X (T) for 
fields applied along the a-  or b-axis follows the Curie-Weiss law with/Zeff = 3.31/ZB/U 
and Op = - 2 . 5  K. The same type of  fit for HIIc leads to the same #elf value but to 
69p = - 1 1 3  K. It is interesting to see how is the susceptibifity affected in a polycrystal 
even for the case of  two easy and one hard magnetic direction. The averaging of  the three 
susceptibilities leads to Op = - 8  K,/Zeff = 3.1/~B/U, and we obtain in addition a small 
temperature independent term X0 = 4.5 × 10 -9 m3/mol,  accounting for the curvature of  
1/X vs. T. A prominent feature in the M(H) at T = 4.2 K is the metamagnetic transition 
of  the spin-flop type, starting a t / z0H = 3 T for Hllab. The magnetization curve tends 
gradually to saturation. The asymptotic value can be estimated as ~ 1.9/ZB. Extrapolat- 
ing the weak linear response for HIIc to high fields, we obtain the intercept of  the two 
branches a t / z0H ~ 110 T, which is the measure of  the anisotropy energy consistent with 
the difference of  the respective 69p-Values. Basic features of  the development of  magnetic 
structures were revealed using neutron diffraction by Robinson et al. (1991). Both the low 
temperature structure and the structure stable between 40 K and 27 K are non-collinear, 
with reduced symmetry due to a orthorhombic unit cell (Pcmc21). In the latter type the 
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After de Boer et al. (1992). The inset shows the low-T detaits. 

U-moments are lying in the bc-plane, with alternating sign of the inclination with respect 
to the b-axis, and a ferromagnetic coupling long the a-axis (see fig. 5.52). This coupling 

remains ferromagnetic even in the low-T structure, but the moments deviate out of the bc- 
plane leading to non-zero x-component.  Thus the symmetry is further reduced to the space 

group Pc21. The size of the U-moments was estimated as (2.05 ± 0.13)/zB at T = 13 K 
(Robinson et al. 1991). 

A more detailed study of the temperature dependence of the scattered intensities (Robin- 
son et al. 1992) shows that the x-component of the U-moments starts to stabilize gradually 
around the lower magnetic phase transition, which probably means that we deal with a 
gradual slowing down of a fluctuating component of the moments, which becomes static 
below T ~ 27 K. The appearance of this component as a new order parameter is consistent 
with the second-order type of this magnetic phase transition, displayed by the specific-heat 
experiment. The onset of the lower symmetry magnetic structure is associated with an 
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Fig. 5.52. The magnetic structure of UPdSn at temperatures between T = 27 and 40 K. The moments are aligned 
in the orthorhombic bc-plane indicated by the diagonally hatched rectangle. The canting angle from the c-axis is 
about 54 ° . In reality there are other two equivalent domains characterized by the planes indicated by horizontal 
and vertical hatching. Below 25-27 K, the moments turn out of the bc-plane by another canting angle of about 
45 °. Note that for the sake of clarity, the c-axis is expanded with respect to the b-axis. After Nakotte et al. (1993b). 

appreciable monoclinic distortion, which reaches about 0.35 ° at T = 10 K (Robinson 
et al. 1993c). However, the alternative understanding of the order-order phase transition 
as a gradual rotation could not be excluded even after neutron single crystal experiments 
(Nakotte et al. 1993d), because the situation is severely complicated by presence of three 
equivalent domains arising due to the orthorhombic symmetry of the magnetic unit cell (6 
domains are actually present in the monoclinic state). Thus the magnetic state is strongly 
history dependent, and it is also difficult to discriminate any possible moment rotations 
from re-population of such domains (Nakotte et al. 1993b, 1993d). A clear point is that 
the low symmetry structure is restricted by limit values/z0H = 3.5 T, T := 25 K. On 
the other hand, no phase boundary exists between the high-field phase at low tempera- 
tures and the phase stable at 27 K < T < 40 K, in which applied fields can induce 
domain re-populations as well as a certain degree of rotation (Nakotte 1998). A remark- 
able feature of UPdSn is the low value 2/ = 5 mJ / (mo lK  2) (Palstra et al. 1987; de Boer 
et al. 1992; Kawanaka et al. 1997), which together with a rather high magnetic entropy 
AS ~ 1.1 R ln2  (see fig. 5.53) can point to localized 5f states, because such a low V- 
value was found in UPd3, in which the 5f states do not participate in the Fermi surface 
states (Andres et al. 1978; Baer et al. 1980). This was not, however, confirmed by high- 
resolution UPS and XPS spectroscopy results, which indicate the presence of the 5f states 
in UPdSn at Ev (Havela et al. 1992a, 1992b). The situation was further complicated by 
electron structure calculations (Trygg et al. 1994), which led to the conclusion that none 
of the situations considered (5f itinerant, localized 5f 2, localized 5f 3) is able to account 
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Fig. 5.53. Specific heat in the C/T representation vs. temperature for UPdSn. The dashed line represents the 
non-magnetic background approximated by a Debye function. The full line is the contribution of the exponen- 
tial term mentioned in the text, which accounts for collective spin excitations. The inset shows the temperature 

development of the magnetic entropy. After Havela et al. (1993b). 

for all important features of  the photoelectron spectra. Finally this turned out to be due 
to the insufficiency of  the calculations themselves. New calculations performed for a re- 
alistic magnetic structure (Sandratskii and Ktibler 1997b) gave an overall agreement with 
the spectra and also revealed that the Fermi energy resides in a deep minimum of the 
density of  states, which is a plausible explanation for the low F-value. Interesting results 
are provided by the dilution experiment with Lu, substituting for U up to 25%. Magnetic 
properties develop in a smooth way with weakly decreasing TN, but the F-value jumps to 
78 mJ/ (mol  K 2) in U0.85Lu0.15PdSn (Havela et al. 1998b). The p(T) dependence studied 
on pure UPdSn does not reflect clearly the magnetic phase transitions. It is dominated by 
a broad knee at around 50 K, which is followed by a gradual saturation on the high tem- 
perature side. For T > 150 K another weak upturn appears (see fig. 5.54). The absolute 
values were found as high as 2000 p.f2 cm at room temperature for a polycrystal, whereas 
somewhat lower values (~  700 p.f2 cm) were found for a single crystal bar measured with 
the current i nearly perpendicular to the c-axis. Even higher absolute values were detected 
by Kurisu et al. (1991) where they reach nearly 3 mr2 cm, although the same metallic type 
of  behaviour is preserved. Remarkably high values were found also in the temperature de- 
pendence of  the thermopower, which reaches nearly S = 50 # V / K  in a broad maximum 
around T = 150 K. At lower T they decrease progressively below S = 0 and form a 
minimum at T ~ 20 K. 
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The saturation of  the resistivity at the low-T side can be well described by using an 
additional exponential term (fig. 5.55) derived for electron-magnon scattering (Andersen 
and Smith 1979). The total resistivity is described by the expression 

P = Po + aT 2 + bT(1 + 2 T / A )  e x p ( - A / T ) ,  

where besides a pre-factor b one may recognize also A, the width of  the gap in magnon 
dispersion relations. The latter was found to be equal to about 44 K for UPdSn (Havela 
et al. 1993b). This value is consistent with A = 48 K, the value extracted from the 
specific heat C(T) assuming an analogous term describing the magnon heat capacity 
Cm = f T  1/2 exp ( - -A /T )  (see fig. 5.53). Provided that we indeed deal with magnons, 
the A value is thus the energy of  the lowest magnon mode, and should be smaller than the 
anisotropy energy of  the hard- and easy-axis, which is indeed the case. Such anisotropy 
can be estimated, e.g., as the difference of  the respective paramagnetic Curie temperatures, 
amounting to ,~ 100 K. 
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(1993b). 

Figure 5.56 shows how the canting of magnetic moments in the high-field phase affects 
the resistivity in the low-T limit. The magnetic phase diagram for the field along the a- and 
b-axis was determined by detailed magnetization measurements complementing neutron 
diffraction studies (Nakotte et al. 1993b). It was shown that the high-temperature magnetic 
phase vanishes in fields of about 1 T (see fig. 5.57). 

The maximum slope of p (T) shifts to higher temperatures with increasing hydrostatic 
pressure. The estimated shift of TN reaches 0.14 K/kbar (Kurisu et al. 1991). The field 
dependence of resistivity was studied at T = 4.2 K on a single crystal with HIIb-axis 
(Sechovsky et al. 1995c). It is constant up to/z0H = 3 T, but starts to decrease due to a 
metamagnetic transition, providing practically a mirror image to the increase of the mag- 
netization. In/z0H = 35 T it is reduced by about 35% compared to the zero-field value. 

Interesting information has been provided by 119Sn (de Boer et al. 1992; Kruk et al. 
1996b) and 57Fe (Vagizov et al. 1997) Mrssbauer effect experiments, which show that a 
certain fraction of Sn atoms or Fe atoms in Pd sites experience zero magnetic hyperfine 
field. This fraction decreases with decreasing T and disappears at 25-30 K with the ap- 
pearance of the low temperature structure. This phenomenon can be associated with the 
above-mentioned fluctuations of the x-component of the U-moments at 25 K < T < 40 K. 

The Au and Sn atoms in UAuSn are randomly distributed over the In positions in the 
Cain2 structure type (de Boer et al. 1992; Robinson et al. 1993b). This compound has 
been studied in polycrystalline form only. A cusp in X (T) at T = 36 K (fig. 5.58) points 
to AF ordering, but there is only a very broad anomaly in C(T)  around this temperature. 
At higher temperatures (above 80 K) a modified Curie-Weiss law was observed with the 
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Fig. 5.58. Temperature dependence of the inverse susceptibility HIM measured on a UAuSn polycrystal. The 
inset shows low temperature details of M/H in various magnetic fields. After de Boer et al. (1992). 

parameters Op ~- 12 K, /Zeff ~--- 2.7/z]3/U, and X0 = 4.5 x 10 -9 m3/mol. A },-value 
of about 80 mJ / (mo lK  2) can be estimated form the linear C/T vs. T 2 part between 5 
and 14 K, but an upturn below T = 5 K leads to y ~ 110 mJ/(molK2).  This value can 
be gradually suppressed by a magnetic field, and could thus be attributed to magnetic ex- 
citations in a presumably frustrated system. Magnetization measurements at T = 4.2 K 
performed on field-oriented powder show no noticeable metamagnetic transition, only a 
weak tendency to saturation, and a magnetization corresponding to 1.2/zB/U is achieved 
in /z0H = 35 T. Powder neutron diffraction experiments showed long-range order with 
a collinear antiferromagnetic structure and an orthorhombic magnetic unit cell similar to 
UPdSn. The U-magnetic moments are parallel to the orthorhombic b-axis (Robinson et 
al. 1993b). The ferromagnetic coupling along the c-axis conforms to the strongest bond- 
ing along this direction. The U-moments (1.10 =E 0.02)/zB determined from the neutron 
diffraction experiment are smaller than those found in the high field magnetization. A sig- 
nature of a strong disorder was derived from a broad distribution of transferred magnetic 
hyperfine fields observed by 119Sn Mtssbauer spectroscopy (de Boer et al. 1992; Kruk et 
al. 1996a). It has been deduced that such distribution implies a large randomness in the de- 
gree of hybridization of Snad U states, leading to certain magnetic inhomogeneity (Kruk et 
al. 1996a). Then the effect of strong magnetic fields can be seen in forcing the rnisaligned 
moments into the field direction. 

The atomic disorder is a clear reason for the practically flat p(T) dependence shown 
in fig. 5.54 that increases only slightly with decreasing T. The p-value was estimated 
as 300 Ixf2 cm (de Boer et al. 1992). Values around 400 gf2 cm were obtained later by 
Tran and Troc (1993b), who observed also a more pronounced increase of the resistivity 
below TN. 



MAGNETISM OF COMPOUNDS OF URANIUM 119 

800 

A 

E 600 
o 

4 0 0  

q.  
2OO 

0 

I I 

UCuSn 

(a) 
L 

-"" 1.0 

o 
E 

0.5 
I.,. 

0.0 

'E 3 

E 2 

(c) ~ 

°~ o go H = 2 T 
B O°%o ° ~'°H = 4 T 

°o  o 
° o  o 

°oo  o 

° ° ° ° ° ° O O o o o o o o o o o  

0 I I I I 

0 50 100 150 200 250 

T(K) 

Fig. 5.59. Temperature dependence of the resistivity p (a), specific heat C/T (b) and susceptibility M/H of 
UCuSn. After Nakotte et al. (1996b). 

UCuSn has an ordered ternary structure similar to UPdSn, but small displacements of  
atoms from the lines along the c-axis reduce the symmetry to an orthorhombic one cor- 
responding to space group P2~cn (Nakotte et al. 1996b). Bulk properties were studied by 
Fnjii et al. (1990b). The most complete work (Nakotte et al. 1996b) shows that UCuSn 
is antiferromagnetic below TN = 62 K. This temperature is indicated by a sharp cusp in 
Z (T). At higher temperatures Curie-Weiss behaviour yields/Xeff = 3.20/zB/U. The posi- 
tive Op = 25 K can indicate a strong ferromagnetic coupling, presumably along the c-axis 
(Fujii et al. 1990b). The p(T) dependence is fiat above TN (P300K = 450 ~tfZ cm), and 
starts to increase abruptly below TN reaching the maximum value 800 gf2 cm at T = 25 K 
(fig. 5.59). A strong minimum at this temperature was found in the temperature depen- 
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dence of thermopower (Kawanaka et al. 1997). Weaker anomalies around T = 25 K 
could be found in the specific heat and susceptibility, as well, but neutron diffraction does 
not show any change of the magnetic structure around this temperature (Nakotte et al. 
1996b), the experimental data demonstrated that the magnetic unit cell coincides with the 
crystallographic one. Interesting results are provided by magnetization measurements at 
T = 4.2 K on free- and fixed-powder samples (fig. 5.60). Both data sets show a two-step 
metamagnetic behaviour with critical fields of 13 T and 25 T. M(H) tends to saturation 
in the high field state, and a magnetization corresponding to 1.8/ZB/U was reached in 
/~0H = 38 T. The fixed-powder branch of the magnetization joins the free-powder one 
above #0H = 30 T, which means that there is as anomalously low magnetic anisotropy in 
this compound. Specific-heat measurement yielded F = 53 mJ/(mol K2), as reported by 
Fujii et al. (1990b). Latter experiments led to y = 64 mJ/(mol K 2) and a magnetic entropy 
estimate of R ln2 (Kawanaka et al. 1997). Finally, details of the non-collinear magnetic 
structure have been specified by neutron diffraction and l l9Sn M6ssbauer spectroscopy 
(Kruk et al. 1995; Szytula et al. 1996). The coupling along c was found (unlike UPdSn and 
UAuSn) to be essentially ferromagnetic. The U-moments of 1.9/ZB lie in the bc-plane and 
form an angle of 25 ° with the b-axis. 

For UCuGa it was not possible to specify by neutron diffraction if the structure is or- 
dered (GaGeLi-type) or disordered (Caln2-type) (Tran et al. 1995c). On the other hand, 
the fact that the magnetic structure is identical with that of UAuSn, with U-moments of 
(1.27 q- 0.06)tZB oriented along the b-axis, points more to the second possibility. The X (T) 
curve shows a sharp cusp in the vicinity of T = 30 K, which marks the transition to an AF 
state (Sechovsky et al. 1988d; Tran and Troc 1993a). The behaviour in the paramagnetic 
range is described by the Curie-Weiss law with/Zef f ~--- 2.54/zB/U and Op = - 7  K (Tran 
and Troc 1993a). Specific heat measurements show only a weak anomaly at TN and lead to 
a value y = 115 mJ/(molK 2) (Sechovsky and Havela 1988; Sechovsky et al. 1988d). The 
electrical resistivity equals about 200 txf2 cm at room temperature, and increases progres- 
sively with decreasing T (fig. 5.54). Another weak anomaly in the magnetic susceptibility 
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Fig. 5.60. Magnetization curves measured on free-powder and fixed-powder samples of UCuSn at T = 4.2 K. 
Arrows indicate directions of the field sweeps. After Nakotte et al. (1996b). 
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and the specific heat around T = 15 K could be suggestive of a second magnetic phase 
transition (Sechovsky et al. 1988d). The situation is somewhat unclear, because no such 
feature was found in latter X (T) measurement, although the a noticeable upturn in p(T)  
was seen on the same sample around this temperature but not at TN (Tran et al. 1993). 

The only compound with Sb and the only ferromagnet of this group is UPdSb. It is or- 
dered below Tc ---- 65 K. Originally a magnetic moment of 0.7/zB/f.u. was reported on 
the basis of bulk polycrystalline data (Palstra et al. 1987), which also display a remarkably 
(more than 7 T) wide rectangular hysteresis loop. However, high-field magnetization mea- 
surements at T = 4.2 K show a spontaneous moment of 1.3/zB/f.u. (Sechovsky 1988). 
The value F = 52 mJ/(mol K 2) was deduced from specific heat data. The electrical resis- 
tivity has metallic character with a pronounced decrease below T¢. The enormous absolute 
values (> 5000 ~tf2 cm) were attributed to cracks in the sample (Palstra et al. 1987). 

5.1.4. Compounds with the MgAgAs type structure 
Three UTX compounds, UNiSn, URhSb and UPtSn, and their ThTX counterparts have 

been reported to crystallize in the cubic MgAgAs-type structure schematically shown in 
fig. 5.61 (Dwight 1974; Buschow et al. 1985a). This f.c.c, type crystal structure (space 
group F43m), which is closely related ordinary Heusler alloys, is considered as a source 
of exceptional electronic properties of these UTX and ThTX materials, high-temperature 
semiconducting behaviour in particular (de Groot et al. 1983; Albers et al. 1987; Ogtit and 
Rabe 1995). For the ordinary Heusler alloys X2YZ, the f.c.c, lattices are characterized by 
the positions: X1 (1/4, 1/4, 1/4), X2 (3/4, 3/4, 3/4), Y (0, 0, 0) and Z (1/2, 1/2, 1/2). 
The X1 positions are empty in the 1:1:1 transition metal ternaries, as, e.g., NiMnSb (de 
Groot et al. 1983) and also in UTX and ThTX compounds. 

High-temperature susceptibility behaviour of UNiSn, URhSb and UPtSn can be well 
approximated by a Curie-Weiss law with/Zeff = 3.08, 3.25 and 3.55/ZB and Op = --75, 

Fig. 5.61. Schematic picture of the cubic MgAgAs-type structure in which crystallize several UTX compounds. 
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Fig. 5.62. Temperature dependence of the following properties of UNiSn: (a) Electrical resistivity p and ap/OT, 
after Kawamata et al. (1992c); (b) Magnetic susceptibility X, after Aoki et al. (1993a); (c) Specific heat - C, and 
magnetic entropy Sin, after Aoki et al. (1993a); (d) Hall coefficient, after Diehl et al. (1993); (e) Thermoelectric 

power S, after Fujii et al. (1989). 

- 111 and - 100 K, respectively. These results indicate local moment character of the U-5f 
electrons at high temperatures (Palstra et al. 1988). For UNiSn, slightly modified values 
of Neff = 3.15/XB and Op = --58 K have been obtained on a high-quality well-annealed 
sample (Fujii et al. 1989). The Th containing analogues are nearly temperature independent 
paramagnets (Palstra et al. 1988). 

The X (T) curve for UNiSn (see fig. 5.62) exhibits a sudden change of slope at 47 K 
increasing steeper with decreasing temperature and saturating at ~ 18.5 x 10 - s  m3/mol 
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in the low-temperature limit. This behaviour is strongly suggestive of ferromagnetism be- 
low 47 K (Palstra et al. 1986a, 1988; Bykovetz et al. 1988). The magnetic phase transition 
is reflected in a drastic change of the electrical resistivity. The p(T) curve shows a sharp 
maximum at Tmax ~ 52 K. At temperatures above this maximum, semiconducting be- 
haviour is observed (Palstra et al. 1986a; Fujii et al. 1989), which can be described by 
a formula p(T) ~ exp(Eg/(2kBT)) with a semiconducting gap of 67 meV (Bykovetz et 
al. 1988; Fujii et al. 1989). Below Tmax, the resistivity falls sharply with decreasing tem- 
perature with a maximum Op/OT at 41.4 K. As can bee seen in fig. 5.62, an extremely 
sharp peak at 42 K is observed in the temperature dependence of the thermoelectric power 
(Fujii et al. 1989, 1993). The temperature dependence of the specific heat (fig. 5.62) yields 
a sharp )~-type anomaly and abrupt increase of magnetic entropy at 43 K (Bykovetz et al. 
1988; Aoki et al. 1990, 1993a; Yuen et al. 1991) clearly demonstrating a first-order mag- 
netic phase transition at this temperature. The magnetic entropy at 43 K is nearly R In 2. 
The v-value is relatively low, 18.2 mJ/(molK2). From the analysis of specific heat and 
susceptibility data, Aoki et al. (1993a) proposed for UNiSn an energy level scheme for the 
5f e configuration of the U 4+ ion in the cubic crystalline-electric-field. It consists of a non- 
magnetic ground-state doublet F3 a magnetic triplet F4 at 180 K above/'3, a non-magnetic 
singlet at 430 K above F3 and a magnetic triplet F5 at ,~ 3000 K above/'3. The first order 
magnetic phase transition to low-temperature antiferromagnetic state was shown to origi- 
nate from/'4. The degeneracy of a quadrupolar moment in the ground state/33 implies the 
possibility of a Jahn-Teller lattice distortion (Cox 1987), which has indeed been observed 
experimentally (Akazawa et al. 1996a; Suzuki et al. 1997). From fig. 5.63, one may deduce 
that at T = 43 K a first-order crystallographic transition from the high-temperature cubic 
symmetry to the low-temperature tetragonal lattice. Both, the longitudinal and transverse 
elastic moduli decrease rapidly below 100 K. The lattice softening is terminated at TN, be- 
low which a substantial hardening follows (Akazawa et al. 1996a). In contrast to the sharp 
specific-heat anomaly and the discontinuous change of the lattice parameters at TN, which 
are suggestive of a first-order transition, the temperature variation of elastic moduli implies 
a second-order transition. 

Sharp anomalies in the vicinity of 43 K are observed also in the temperature depen- 
dence of Hall effect (a sharp peak, see fig. 5.62) and the magnetoresistance (deep sharp 
minimum). Analysis of Hall data points to at least three types of carriers in the semicon- 
ducting state and a complex behaviour at the transition from paramagnetic semiconductor 
to antiferromagnetic metal (Diehl et al. 1993). The transition is accompanied by only small 
changes of the carrier density but a large increase of the carrier mobility. 

Neutron powder diffraction experiments allowed to determine the type of magnetic or- 
dering at temperatures below the above discussed phase transition. As a result, an AF I 
magnetic structure of U-moments of 1.42/zB (Yethiraj et al. 1989) and 1.55/ZB (Kawanaka 
et al. 1989) has been observed. In fact, the magnetic structure consists of ferromagnetic 
(0 0 1) sheets of moments oriented in the [00 1] direction and coupled + - + -  along 
the same axis. The temperature dependence of the intensity of neutron diffraction peak 
revealed the onset of a coherent magnetic signal below 47 K (see fig. 5.63). The 119Sn 
Mrssbauer effect investigations (Bykovetz et al. 1988; Yuen et al. 1991), clearly indicated 
sites with non-zero hyperfine field up to temperatures above 50 K (fig. 5.63), which can be 
attributed to considerable antiferromagnetic correlations well above the magnetic ordering 
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Fig. 5.63. Temperature dependence of the following properties of UNiSn: (a) Neutron diffraction (1 10) magnetic 
peak intensity, after Kawanaka et al. (1989); (b) ll9Sn hyperfine field, after Akazawa et al. (1996a); (c) Inten- 
sity ratios of the sub-spectrnm due to Sn nuclei feeling the intemal magnetic field (e) and feeling zero internal 
magnetic field (o), after Akazawa et al. (1996a); (d) Lattice parameters (Suzuki et al. 1997); (e) Longitudinal and 

transverse elastic constants, CL and CT, respectively, after Akazawa et al. (1996a). 

temperature defined by  the specific heat anomaly.  In fig. 5.63 one can see that in  a tem- 

perature interval  f rom TN to 52 K the hyperf ine field does not  vanish but  the n u m b e r  of  Sn 
sites feel ing it becomes  rapidly reduced. 

Kil ibarda-Dalafave et al. (1993a, 1993b) studied UNiS n  and U T h S n  by  means  of  far- 
infrared spectroscopy. In  the ant i ferromagnet ic  state of  UNiSn,  they have observed a con-  

ductivi ty mode  at 18 c m -  1. This  mode,  which disappears at temperatures above 43 K was 
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ascribed to a pinned spin density wave. Two phonon lines at 157 and 175 cm -1, detected 
above TN, split into four lines below the magnetic phase transition, which is consistent with 
the tetragonal distortion of the UNiSn lattice at low temperatures. 

Within the period of intensive research of UNiSn, it has been found that all the above 
discussed properties, especially the concomitant appearance of the antiferromagnetic- 
paramagnetic, metal-semiconductor and tetragonal-cubic crystallographic transitions at 
T = 43 K, are critically dependent on the thermal treatment after melting the compound. 
The related metallurgical and magnetic phenomena were thoroughly studied by Bykovetz 
et al. (1988) who have shown that annealing around 800°C for 200 days leads to the for- 
marion of mainly that phase exhibiting the low temperature magnetic ordering. 

The effects of pressure up to 25 kbar on the resistivity anomaly at TN (=-- 43 K) was 
investigated by Fujii et al. (1989) and Kurisu et al. (1991), who have observed a gradual 
suppression of the semiconducting behaviour (0 In Eg/OT = -0 .60  meV/kbar) and an 
increase of TN (~ In TN/OT = 11 Mbar -1) with increasing pressure. The positive pressure 
effect on the N6el temperature is very large and similar to UPdIn (Kurisu et al. 1991) or 
UCdl 1 (Thompson et al. 1986). In UNiSn it is ascribed to the increase of the carrier density 
with applied pressure. The rate of the pressure induced suppression of the semiconducting 
gap is comparable with that observed for CeNiSn (Kurisu et al. 1988). The parameter a of 
quadratic low-temperature resistivity behaviour p = Po + aT 2 and also the value of the 
residual resistivity P0 are gradually reduced with increasing pressure, which has been at- 
tributed to suppression of spin fluctuations (Kurisu et al. 1991). In contrast to pronounced 
pressure effects, application of a magnetic field up to 13.5 T does not influence the resis- 
tivity behaviour substantial. It induces only a slight positive effect on TN and a negligible 
change of Eg (Fujii et al. 1989). 

Basic features of the valence band in the all three U-compounds were studied by means 
of resonant photoemission using synchrotron radiation (HOchst et al. 1986). l l9Sn NMR 
investigations of UNiSn were made by Kojima et al. (1990). The observed temperature 
dependence of the relaxation rate 1/T1 was attributed to a local character of 5f-electron 
fluctuations. Electron spin resonance in UNiSn was studied in comparison its Hf, Zr and 
Ti counterparts (E1-Sayed et al. 1988). 

The first theoretical approach to the UNiSn problem has been motivated mainly by 
the crystal-structure analogy of the MgAgAs structure with the Heusler alloys and with 
the transition-metal based half-metallic ferromagnets. Albers et al. (1987) have calcu- 
lated the electronic structure of UNiSn using a spin-polarized scalar relativistic LMTO 
method. Similar to transition-metal analogues, e.g., NiMnSb, also UNiSn has been found 
to be a half-metallic magnet with a semiconducring gap minority-spin band structure and 
metallic behaviour for the majority-spin bands. A U magnetic moment of 1.99 #B has 
been calculated. In this context, Daalderop et al. (1988) calculated the optical conduc- 
tivity and magneto-optic Kerr effect. The double polar Kerr angle, 2~b, equals 10 ° in the 
infra-red and 4 ° in the visible spectrum. The Kerr rotation originates from interband tran- 
sitions. 

Oppeneer et al. (1996) and Yaresko et al. (1997) have explained the concomitant mag- 
netic phase transition and the metal-insulator transition in UNiSn on the basis of electronic- 
structure calculations. The energy band approach in which the local density Hamiltonian is 
generalized with an additional on-site Coulomb interaction U provides a fully satisfactory 
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TABLE 5.7 

Some basic characteristics of UTX and ThTX compounds with the MgAgAs structure: 
F-coefficient of the electronic specific heat, type of ground state (AF - antiferromagnet, P - paramagnet, WP - 
weak paramagnet), #U - the uranium ordered magnetic moment (determined by neutron diffraction at 4.2 K), 

TC,N - magnetic ordering temperature, a, c - lattice parameters at room temperature. 

Compound g Ground /zu TC,N Ref. a c Ref. 
(mJ/(mol K2)) state (/XB) (K) (pm) (pm) 

UNiSn 28 AF 1.55 46-47 [1-5] 638.5 [1] 
81-20 AF 43 [6] 638.21 639.91 [6] 

URhSb 2 P [1,2] 653.1 [7] 
UPtSn 11 ? [1,2] 661.7 [7] 
ThNiSn 1.5 WP [1,2] 654.4 [1] 
ThRhSb WP [1,2] 666.3 [7] 
ThPtSn 2 WP [1,2] 674.8 [7] 

1 A t T = 5 K .  

References: 

[1] Buschow et al. (1985a) 
[2] Palstra et al. (1986a) 
[3] Kawanaka et al. (1989) 

[4] Aold et al. (1993a) 
[5] Aoki et al. (1990) 

[6] Suzuki et al. (1997) 
[7] Dwight (1974) 

picture of both the metallic antiferromagnetic ground state and the paramagnetic semicon- 
ducting state. For the semiconducting state a band gap of 120 meV has been obtained. 
Antiferromagnetic ordering was found to close the gap due to strong interaction between 
the Ni 3d-states, Sn 4p-states, and completely spin- and orbit-polarized U 5f-states through 
polarization dependent hybridization and exchange interaction. 

The stability of the antiferromagnetism in UNiSn was theoretically investigated by 
(Isoda 1992), and Isoda and Takahashi (1997). The magnetic-metal and paramagnetic- 
insulator transition was studied within the extended periodic Anderson model modified by 
adding the c- f  exchange. Isoda and Takahashi analyzed the effect of the crystalline electric 
field on the magnetic properties of UNiSn. 

Attempts to study effects of dilution of the uranium sublattice by non-magnetic Th in 
solid solutions Ul_xThxNiSn (Aoki et al. 1990; 1993a) and (Akazawa et al. 1996b) were 
not successful because of the two phase character of all the prepared samples, except for the 
terminal compounds (Akazawa et al. 1996b). Both phases crystallize in the MgAgAs-type 
structure and have generally the Ul-xThxNiSn stoichiometry, but belong to two different 
values of Xr and have different magnetic-transition temperature. For instance the sample 
with a nominal content of 10% Th shows two peaks in the temperature dependence of the 
specific heat, namely at T1 ~ 39 and T1 ~ 29 K. 

The X (T) curve for URhSb shows a broad maximum around T = 45 K (Palstra et al. 
1988). This result together with the upturn of the magnetization curve above 25 T (Se- 
chovsky and Havela 1988) may be signs of spin-fluctuation effects reminiscent of, e.g., 
URuA1 (see section 5.1.1). 

Tran et al. (1995a) reported for the cubic modification of UPtSn the possibility to have 
an analogous magnetic structure as UNiSn. 
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5.1.5. Compounds of other structure types 
UCuSi and UCuGe crystallize in the hexagonal CeCd2-type crystal structure with the 

space group P3ml (Lain et al. 1974). Tran and Troc (1990b) discussed magnetic behaviour 
of the former compound in terms of simple spin-glass behaviour and the latter material 
have been described as a re-entrant spin glass system. The conclusion made for UCuSi 
is corroborated by a neutron diffraction experiment which failed to indicate any magnetic 
diffraction peaks at low temperatures (Leciejewicz et al. 1991). In the case of UCuGe, the 
two neutron-diffraction studies (Tran and Troc 1990b; Leciejewicz et al. 1991) revealed 
antiferromagnetic order. The latter work reported a canted antiferromagnetic structure of 
uranium magnetic moments of 2.0 #B (at 4.2 K). The magnetic moments are aligned per- 
pendicular to the trigonal axis. In the basal plane they make an angle of 60 ° with the a-axis, 
whereas the moments in the plane with z = 1/2 are turned by 90 ° with respect to the di- 
rection of moments in the plane with z = 0. An explanation why some reports claimed the 
re-entrant spin-glass behaviour in UCuGe can be found in the work of Tran et al. (1996c). 
Such effects can be observed in Cu deficient samples, whereas the stoichiometric UCuGe 
has an antiferromagnetic ground state. 

Also two silver containing UTX compounds, UAgA1 and UAgGa, have been synthesized 
(Sechovsky and Havela 1988). High-field magnetization measurements at 4.2 K revealed 
ferromagnetism in UAgGa with/Zs = 0.5/zB/f.u. and/Z21T = 0.78/zB/f.u., whereas the 
A1 containing counterpart shows paramagnetic response (Sechovsky and Havela 1988). 

5.2. UT2Xe compounds 

Traditionally, two large families of UT2X2 compounds are known and studied intensively, 
namely the silicides UT2Si2 and the gerrnanides UT2Ge2, both with various late transition 
metals T. The two crystal structures characteristic for these materials are ordered ternary 
variants of the BaA14-type tetragonal structure. A more frequently occurring structure, 
in which more than 700 intermetallic compounds are known to crystallize, is the body- 
centred ThCr2Si2-type associated with the space group I4/mmm (Parth6 and Chabot 1984; 
Villars and Calvert 1991). The other is the CaBe2Ge2-type structure which has a similar 
tetragonal cell dimensions. Its Bravais lattice, however, is primitive (space group: P4/nmm) 
because of an interchange of one half of the Be and Ge position with respect to the Cr and 
Si positions in ThCr2Si2 (see fig. 5.64). An extended review on the co-ordination in the 
former type compounds can be found in the report of Just and Paufier (1996). Single crystal 
refined structure parameters of various RE T2Ge2 compounds including UMn2Ge2 can be 
found in (Venturini and Malaman 1996). Both types of structure adopted by the UT2X2 
compounds are built up of U, T and X basal-plane atomic layers pilled up along the c-axis. 
The main difference between the two types is the stacking along c, which is U -X -T-X -  
U - X - T - X - U . . .  for the ThCreSi2-type and U - T - X - T - U - X - T - X - U . . .  for the CaBe2Ge2- 
type. Thus in the former structure type the uranium and transition metal atoms are separated 
by the X-atom layers, whereas the T- and X-atom layers are interchanged in one half of the 
unit cell in the latter one. This difference should definitely have important consequences 
for the electronic structure of the involved UT2X2 compounds, especially with respect 
to the 5f-ligand hybridization and electronic properties in which the hybridization plays 
a considerable role. These structures, in defected form, are observed also in some non- 
stoichiometric compounds (with respect to the 1:2:2 stoichiometry) U-T-Ga and U-T-Sn 
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(a) (b) 

Fig. 5.64. Schematic drawing of crystal structure types adopted by the UT2X 2 (X = Si, Ge, Sn, Ga) compounds: 
(a) ThCr2Si 2 type, (b) CaBe2Ge 2 type. 

which are included in this sub-chapter, as well. Whereas the gallides crystallize by rule 
in the ThCr2Si2-type structure the stannides adopt the CaBe2Ge2-type. Finally, we should 
also consider the UT2X2 pnictides with X = P, As. 

Despite severe metallurgical difficulties in some cases, newly available single crystals of  
a good number of  1:2:2 compounds facilitated physicists to realize important macroscopic 
and microscopic experiments revealing outstanding anisotropic features of  these materials. 
This was especially effective in the case the most attractive member of  the 1:2:2 class - 
URu2Si2 owing to its unconventional behaviour with heavy-fermion features and the coex- 
istence of  antiferromagnetic order of  very low U magnetic moments and superconductivity. 

Besides uranium based materials the research has progressed also in the direction of  
NpT2X2 and PuT2X2 compounds which are reviewed at the end of  this chapter. 

For practical reasons we include also information on Th analogues, which are frequently 
considered as reference compounds with a nonmagnetic element on the actinide sites. 

5.2.1. Silicides- UTeSi2 
Review of some structure, magnetic and electronic parameters of  UT2Si2 compounds 

can be found in table 5.8. 
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TABLE 5.8 

Some basic characteristics of UT2Si 2 compounds: 
y - coefficient of the electronic specific heat, type of ground state (F - ferromagnetic, AF - antiferromagnetic, 
UAF - uncompensated antiferromagnetic, PP - Pauli paramagnetic), /z U - the uranium ordered magnetic mo- 
ment (determined by neutron diffraction at 4.2 K), TC, N - magnetic ordering temperature, Ttr - temperatures 
of other magnetic phase transitions (in the ordered state), Anls. - easy magnetization direction (determined by 
neutron diffraction and/or magnetization measurements of single crystals), a, c - lattice parameters at room tem- 
perature, str. type ( I -  tetragonal body-centered ThCr2Si2-type structure, P -  tetragonal primitive CaBe2Ge2-type 

structure). 

Compound F Ground /z U TC, N Ttr Anis. Ref. a c Str. Ref. 
(mJ/(molK2)) state (/XB) (K) (K) (pm) (pro) type 

UCr2Si 2 - AF - 27 - - [1] 391.09 1050.38 I [1] 
AF 30 [2] 391.06 1050.28 I [2] 

UMn2Si2 - F a 1.14 375 80 b IIc [1,31 391.76 1028.85 I [11 
UFe2Si 2 17.5 PP . . . .  [4,31 394.47 954..41 I [11 
UCo2Si 2 - AF 1.42 8 5  - IIc [5] 390.78 963.71 I [1] 
UNi2Si 2 22 UAF 2.2 124 103, 53 IIc [6,7] 396.97 952.25 I [1] 
UCu2Si 2 - F 2.0 103 - lie [8,5] 398.53 994..63 I [1] 
URu2Si 2 180 AF/(S) 0.04 17.5 (0.8) c IIc [9,10] 412.79 959'.18 I [8] 
URh2Si 2 10 AF 1.96 137 137 IIc [11,12,13] 400.78 1002.23 I [1] 
UPd2Si2 - AF 2.3 136 108 IIc [14] 423.0 987.3 I [15] 
URe2Si 2 _ ppd . . . .  [15] - -- 
UOs2Si 2 _ ppd . . . .  [15,16] 412.14 964.84 I [16] 
UIr2Si 2 105 AF 0.1 6 - Ilc [17,18] 408.71 981.62 P [1] 
UPt2Si 2 32 AF 1.67 35 - lie [19] 419.72 969.06 P [19] 
UAu2Si 2 92 ?e 1.16 55 48, 21.5 ? [20,21] 421.14 1027.41 I [1] 

a Ferromagnetic alignment of both the U and Mn (2.36/z B) magnetic moments. 
b Magnetic phase transition between the ground state magnetic structure and the high-temperature phase in 

which Mn moments only are ferromagnetically ordered whereas no ordering is observed in the U sublattice. 
c Critical temperature of transition to superconducting state. 
d x = l . 8 x  10 8m3/mol. 
e Magnetic ordering with a considerable spontaneous magnetization, complex magnetic structure may be in- 

ferred from resistivity data (Lin et al. 1997). 
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O n l y  b a s i c  c r y s t a l - s t r u c t u r e  d a t a  a n d  s u s c e p t i b i l i t y  r e su l t s  o b t a i n e d  o n  p o l y c r y s t a l s  a re  

ava i l ab l e  f o r  UCr2Si2 ( B u s c h o w  a n d  d e  M o o i j  1986;  H i e b l  e t  al. 1990)  s u g g e s t i n g  an t i f e r -  

r o m a g n e t i c  o r d e r i n g  b e l o w  2 7 - 3 0  K,  w h e r e  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  s u s c e p t i b i l i t y  

s h o w s  a s h a r p  m a x i m u m .  D i l u t i o n  o f  t he  u r a n i u m  sub la t t i ce  b y  n o n - m a g n e t i c  y t t r i u m  in 

( U l - x Y x ) C r 2 S i 2  d o e s  n o t  o n l y  l e a d  to a r a p i d  s u p p r e s s i o n  o f  m a g n e t i c  o r d e r i n g  b u t  a l so  
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to loss of the high-temperature Curie-Weiss behaviour. The compounds with x ~> 0.5 then 
behave as temperature independent paramagnets with X300 K < 2 x 10 -8 m3/mol whereas 
the room-temperature susceptibility of YCr2Si2 amounts less than half of that value (Hiebl 
et al. 1990). 

In UMn2Si2, a typical situation of the UMn2T2 compounds is observed. Both U and Mn 
atoms are carrying magnetic moments. The spontaneous magnetization observed below 
377 K indicates ferromagnetic ordering (Buschow and de Mooij 1986). A powder neutron 
scattering study (Szytula et al. 1988a) provided a detailed explanation of the peculiar mag- 
netization behaviour above and below 80 K (Dirkmaat et al. 1990b). In particular, it has 
been shown that the ground state magnetic structure consists of both the U and Mn mag- 
netic moments ferromagnetically ordered and parallel to the c-axis. Above 80 K, however, 
magnetic ordering of moments in the uranium sublattice disappears whereas the ferromag- 
netism in the Mn sublattice persists up to Tc. This result points to the fact that the U-Mn 
inter-sublattice exchange interaction is apparently much weaker than the exchange inter- 
action within the individual U and Mn sublattices and above 80 K virtually no coupling 
between the two sublattices exists. The pulsed NMR study of the hyperfine magnetic field 
at the 55Mn site (Chaghule et al. 1991) brought a contradictory result claiming that the 
NMR data can only be explained if the uranium sub-lattice orders antiferromagnetically 
or if the uranium atoms carry a small or no magnetic moment. An analogous result was 
obtained from this study also for the germanide counterpart. 

The fact that the exchange interactions within the Mn sublattice are responsible for de- 
termining the magnetic ordering temperature of UMn2Si2 is well documented by little 
effect on Tc produced by the substitution of uranium atoms in by thorium in solid solu- 
tions Ul-xThxMn2Si2 (Bazela and Szytula 1989) for x < 0.5. When further increasing 
the Th concentration the magnetic ordering temperature even increases but the character 
of the susceptibility anomaly points to a change of magnetic order from ferromagnetic to 
antiferromagnetic. 

UFe2Si2 exhibits Panli paramagnetism down to lowest temperatures with the suscepti- 
bility of the order of (1-2) x 10 -8 m 3 mo1-1 (Szytula et al. 1988a). The rather low value 
of y = 17.5 mJ mol-  1 K-  1 is points to a low density of 5f states at EF, which is consistent 
with lack of magnetism in this compound. 

An interesting case is represented by the development of magnetism across the 
U(FexMnl-x)2Si2 quasiternary series (Bazela mad Szytula 1989; Bara et al. 1991). The 
strong ferromagnetism in UMn2Si2 is rapidly suppressed with substitutions of Mn by Fe 
and Tc is approaching zero already around x = 0.4. Analysis of the effective paramagnetic 
moments suggests the loss of U magnetic moment already for x = 0.1. 

UCo2Si2 orders antiferromagnetically with ferromagnetic basal-plane layers of U mag- 
netic moments parallel to the c-axis which are coupled in a simple sequence + - + - (AF 
type-I structure) in the same direction (Chelmicki et al. 1985). This magnetic ordering ap- 
pears below T = 85 K where the temperature dependence of the susceptibility exhibits a 
clear maximum. No data on single crystals are available. 

Compared to previous materials, UNi2Si2 has attracted considerably much more atten- 
tion mainly owing to its rich magnetic phase diagram (see fig. 5.65). Several magnetic 
phase transitions which appear in a zero magnetic field have been first indicated by magne- 
tization measurements on polycrystals (McElfresh et al. 1990) and powder neutron diffrac- 
tion experiment (Chelmicki and Leciejewicz 1983; Chelmicki et al. 1985). They were later 
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Fig. 5.65. Schematic magnetic phase diagram of UNi2Si 2 in a magnetic field parallel to the c-axis. The data are 
taken from neutron diffraction study of a single crystal (Svoboda et al. 1997) made in regimes of isofield heating 
(O) and cooling (D) and isothermal increase (A) and decrease (V) of a magnetic field. The pronounced hysteresis 

of the transition between the ground-state phase and antiferromagnetic phase. 

confirmed and specified in detail by single-crystal investigations using neutron scattering 
(Lin et al. 1991a; Rebelsky et al. 1991b) and by measurements of the magnetization, re- 
sistivity and Hall effect (Ning et al. 1990), thermoelectric power (Ning et al. 1991) and 
thermal expansion (Zochovski et al. 1995; Honda et al. 1998b). We shall devote here some 
more space to this compound in order demonstrate the specific features of 1:2::2 compounds 
in some detail. 

Below the magnetic ordering temperature (124 K), UNi2Si2 exhibits in zero external 
magnetic field three ordered phases, all with the uranium magnetic moments oriented 
along the c-axis and coupled ferromagnetically within the basal plane sheets, but with 
various coupling along the c-axis. Such magnetic structures can be described by a general 
propagation vector q = (0, 0, q) and appear with decreasing temperature in the following 
sequence: 

1. Phase 1 - an incommensurate longitudinal spin-density wave (ILSDW) in the high- 
temperature range 103 K < T < 124 K. The propagation vector of this structure 
varies with temperature (q = 0.745 at T = 110 K). 

2. Phase 2 - a simple body-centred antiferromagnet AFI with a uranium moment of 
(1.6 -4- 0.3)/~B in the intermediate temperature interval between 53 and 103 K. This 
phase has q = 1, which means a uranium moment coupling along the c-axis of the 
sequence + - + - + - .  

3. Phase 3 - the low-temperature phase (T < 53 K) shows a similar scattering pattern 
as that of the high-temperature phase, with q = 2/3 producing additional magnetic 
scattering at the nuclear Bragg peaks corresponding to a ferromagnetic moment of 
(1.0 -t- 0.3)~B/U atom. This can be attributed either to a longitudinal spin-density 
wave with a maximum moment of 2.7/zB superimposed on a constant ferromag- 
netic background component or as a squared-up wave with equal uranium moment 
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of 2.22/zB coupled along the c-axis in the sequence + + - + + - .  The former one is 
claimed by Rebelsky et al. (1992) to be the more probable option. 

The phase transitions at 53 K and 103 K are both first order (the former one is connected 
with a considerable hysteresis as seen in fig. 5.65 indicating that the spin flips at the transi- 
tion cost the system a lot of energy), whereas magnetic ordering appears by a second order 
transition and with a conventional critical scattering above 124 K centred on the wave vec- 
tor q. The effect of biquadratic exchange of the axial Heisenberg model has been analyzed 
(Mailhot et al. 1992) as an alternative to the ANNNI (Anisotropic Next Nearest Neighbor 
Ising) model (Selke 1988) to reproduce properly the transition between the q = 1/2 and 
q = 2/3 phases in materials of the UNi2Si2 type. 

In fig. 5.65 showing the magnetic phase diagram, we can see that when applying an 
external magnetic field along the c-axis the stability range of the low-temperature phase (3) 
moves to higher temperatures. The disappearance of the ferromagnetic component in fields 
above 2 T reported by (Rebelsky et al. 1992) has not been confirmed by measurements 
of Svoboda et al. (1997). Results of magnetization measurements (Rebelsky et al. 1992; 
Takeuchi et al. 1994; Svoboda et al. 1997) in conjunction with thermal expansion and 
magnetostriction data (Zochovski et al. 1995) point to the disappearance of phase 2 in 
fields above 3.8 T. Neutron data shown in fig. 5.67 reveal that in 2.95 T the LSDW phase 
appears in between phases 1 and 2 in the temperature region around T = 103 K. This 
phase actually emerges above 2 T. Refinement of data taken for phase 3 show that q varies 
with magnetic fields (q = 0.72 in 2.9 T) approaching the value of the high-field phase 
(q = 2/3). Above 6 T only the LSDW is suggested to exist in the whole temperature range 
up to TN (Zochovski et al. 1995). This phase exists at T = 4.2 K, at least up to 40 T, as 
follows from the lack of any metamagnetic transition on the c-axis magnetization curve 
(Honda et al. 1998b). Magnetization data at T = 77 K (Takeuchi et al. 1994) confirm the 
stability of this phase at least up to 25 T, which was the maximum field of the reported 
measurement. 

The magnetic phase transitions in UNi2Si2 are well identified by anomalies in the 
temperature dependence of the magnetization (Takeuchi et al. 1994), ac susceptibility 
(Torikachvili et al. 1992), electrical resistivity (Ning et al. 1990; Honda et al. 1998b), 
thermoelectric power (Ning et al. 1991), thermal expansion (Zochovski et al. 1995; Honda 
et al. 1998b) and magnetostriction (Zochovski et al. 1995) measured in various magnetic 
fields. Zero-field data are shown in fig. 5.66. Some results measured in 3 T can be seen in 
fig. 5.67. The transitions 1 +-~ 2 and 2 +-~ 3 in zero magnetic field are as a rule accom- 
panied by pronounced anomalies, the onset of magnetic ordering (ILSDW) around 123 K 
is not very well visible. The anomalies are particularly well seen for the measurements in 
a magnetic field or the temperature gradient along the c-axis which are strongly sensing a 
sudden change of the propagation vector of the magnetic structure at the transition. In this 
respect the sudden increase of the resistivity at the 2 --+ 3 transition, which is associated 
with the increase of the size of the magnetic unit cell along the c-axis (from 2c to 3c), 
should be pointed out. The onset of magnetic ordering at TN can be recognized very well 
in the temperature dependence of thermoelectric power where a clear anomaly character- 
ized by a sudden change of slope of the S(T) curve is seen. Optical reflectance study on 
UNi2Si2 (Cao et al. 1993) suggests the formation of a pseudo-gap over a portion of Fermi 
surface, opening in the ILSDW phase between 103 and 124 K. 
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Fig. 5.66. Temperature dependence of the following properties of UNi2Si 2 measured on single crystals (in the 
temperature region involving all the magnetic phase transitions): (a) Magnetization M in tile magnetic field 
/z0H = 0.01 T applied along the c-axis (authors' own data); (b) Electrical resistivity p for different direc- 
tions of the current i - data taken from Ning et al. (1990) or Honda et al. (1998b); (c) Thermoelectric power S 
along and perpendicular to the c-axis - data taken from Ning et al. (1991); (d) Thermal expansion coefficient 
along the c- (Cec) axis - data taken from Zochovski et al. (1995); (e) Intensity of the magnetic neutron reflections 

(1, 0, 1/3), (1, 0, 0) and (1, 0, 0.26) - data taken from Rebelsky et al. (1992). 

The high-field magnetization data obtained on a single crystal at 4.2 K in fields up to 
40 T (Honda et al. 1998b) and at 77 K in fields up to 25 K (Takeuchi et al. 1994) confirm the 
huge magnetocrystalline anisotropy with the easy-magnetization direction along the c-axis 
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Fig. 5.67, Temperature dependence of the following properties of UNi2Si2 measured on single crystals in the 
magnetic field along the c-axis (in the temperature region involving all the magnetic phase transitions): (a) the 
c-axis magnetization in 3 T - data taken from Takeuchi et al. (1994); (b) thermal expansion coefficient along the 
c- (C¢c) axis in 3 T - data taken from Zochovski et al. (1995); (c) intensity of the magnetic neutron reflections 
(1, 0, 1/3), (1, 0, 0) and (1, 0, 0.26) in 2.95 T applied along the c-axis - data taken from Rebelsky et al. (1992). 

also in this material.  Also here the anisotropy field by far exceeds the m a x i m u m  fields of  

the experiments.  The c-axis magnet iza t ion  at T = 4.2 K yields a spontaneous  m o m e n t  of  

0 .53/~B/f .u .  The perpendicular  componen t  is paramagnet ic  yie lding only  0.16/~B/f .u .  

in  40 T, whereas 0.6/~B/f .u.  is measured  in  the easy magnet iza t ion  direct ion in  the same 
field. The uniaxia l  anisotropy is observed also in the high temperature susceptibil i ty data 
(Takeuchi et al. 1994; Ning  et al. 1991). F rom the room temperature down to 124 K the 

susceptibil i ty a long the c-axis follows the Cur ie -Weiss  law with/~e~ = 3.34 #B/ f .u .  and 
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Op = -4 .3  K (Takeuchi et al. 1994). In the perpendicular direction the value of the effec- 
tive moment compares well with the c-axis value. However, the Op value is large and nega- 
tive, more negative than 400 K (Ning et al. 1991), which is a situation similar to that in the 
hexagonal UTX compounds of the ZrNiAl-type (see section 5.1). We observe a pronounced 
anisotropy also in other electronic properties like the electrical resistivity and thermoelec- 
tric power, as displayed in fig. 5.66 (Ning et al. 1991), and the thermal expansion and com- 
pressibility (Xa ---= 2.4 x 10 -3 GPa -1, Xc = 1.6 x 10 .3 GPa -1) reported by Honda et al. 
(1998b). Measurements of the electrical resistivity of UNi2Si2 under external pressure up 
to 2.2 GPa (Honda et al. 1998b) revealed that TN is nearly pressure independent, whereas 
the "103 K" transition shifts to lower temperatures with a rate dT2/dp = -2 .5  K/GPa. 
On the other hand, the temperature T1 of the low-temperature transition rapidly grows with 
pressure (dT1/dp = +10 K/GPa above 0.6 GPa). Thus, external pressure suppresses the 
intermediate magnetic phase as a consequence of pressure induced changes of the exchange 
interaction along the c-axis. 

When inspecting the magnetization curves, one can see that the value of the spontaneous 
magnetization measured along the c-axis, ranging from 0.53/zB/f.u. (Honda et al. 1998b) 
to 0.56/zB/f.u. (Takeuchi et al. 1994), in the case of the above suggested + + - coupling 
along the c-axis yields a magnetic moment 1.59-1.68/zB/f.u. which is consMerably lower 
than 2.22/zB/U atom. This discrepancy may be partly explained when admitting the possi- 
bility of a nonzero moment induced on the Ni sites oriented antiparallel to the U moment. 

UCu2Si2, in contrast to the previous complex case, exhibits only simple collinear ferro- 
magnetic ordering below T = 104 K with uranium magnetic moments oriented along the 
c-axis, which was inferred from several powder neutron diffraction studies (Chelmicki et 
al. 1985; Giorgi et al. 1988). The low-field magnetization shows a peak at 1107 K (McE1- 
fresh et al. 1990) indicating that the ferromagnetic ordering may have an antiferromag- 
netic precursor. This is probably sort of an incommensurate spin density wave similar to 
UNi2Si2, although no magnetic ordering between 104 K and 107 K has been confirmed by 
neutron diffraction. The fact that the magnetic behaviour of different samples of this mate- 
rial may suffer of metallurgical difficulties (antistructure atoms, stacking faults, stoichiom- 
etry deviations) is probably the main source of occasional antiferromagnetic behaviour 
reported and discussed by Kuznietz et al. (1995a). The pronounced thermomagnetic irre- 
versibility observed in polycrystalline samples in low magnetic fields below Tc is discussed 
by Roy et al. (1995a) in terms of a metastable magnetic response due to the effect of strong 
temperature dependent magnetic anisotropy in co-operation with randomness introduced 
by lattice defects. 

Dilution of the uranium sublattice by yttrium atoms leads to a linear decrease of the 
ordering temperature. For concentrations 0.4 < x ~< 0.875 susceptibility anomalies and 
metamagnetism are observed as evidences of antiferromagnetism (Hiebl et al. 1990). In 
U0.5Y0.5Cu2Si2, a modulated antiferromagnetic collinear structure of U magnetic moments 
(parallel to the c-axis) with q = (0, 0, 0.866) is observed (Leciejewicz et al. 1993) sug- 
gesting that the RKKY-type exchange interactions are dominating in this system. Effects 
of dilution of the uranium sublattice by Th were studied on samples of the Thl_x Ux Cu2Si2 
system by means of specific heat, susceptibility, magnetization and electrical resistivity 
measurements (Giorgi 1987; Lenkewitz et al. 1997). Materials with x 7> 0.15 are fer- 
romagnetic and the samples in the critical concentration region show enhanced values of 
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C~ T (= 460 mJ mol-  1 K-  1). The compounds showing no magnetic ordering down to low- 
est temperatures exhibit the specific heat behaviour following the relation C~ T ~ - In T, 
while the susceptibility follows in a large temperature range (up to 200 K) a power law 
X ~ T ~ and the temperature dependence of the resistivity is linear close to the low temper- 
atures limit. These results are used to discuss these materials in terms of a non-Fermi-liquid 
(NFL) system. Hiebl et al. (1990) reported that the substitution of Cr for Cu does not alter 
the magnetic ordering temperature, which remains above 100 K for x ~< 0.84 although 
magnetization curves show rather non-monotonous development, which may reflect the 
evolution of random anisotropy induced by substitutions. 

The variety of couplings of ferromagnetic uranium basal-plane layers along the c-axis 
observed in UCo2Si2, UNi2Si2 and UCu2Si2 and considerations of responsible exchange 
interactions motivated Kuznietz and his collaborators to perform systematic AC suscepti- 
bility studies (Kuznietz et al. 1994a, 1994b) and powder neutron diffraction studies (Kuz- 
nietz et al. 1992a, 1993a, 1993b, 1994c) in order to determine the evolution of magnetic 
phase transitions and magnetic structures in the solid solutions U(Co, Ni)2Si2, U(Ni, Cu)2Si2 
and U(Co, Cu)2Si2. A further aim was the construction of relevant magnetic phase diagrams 
(Kuznietz et al. 1995b, 1996; Melamud et al. 1998). Typical magnetically ordered phases 
existing in these compounds are: 

(i) AF-I structure, + - + - + - + - stacking, q = (0, 0, 1); 
(ii) AF-IA structure, + + - - + + - - stacking, q = (0, 0, 1/2); 

(iii) uncompensated AF + + - + + - + + - stacking, q = (0, 0, 1/3); 
(iv) ferromagnetic + + + + + + + + + stacking, q = (0, 0, 0). 

It is worth to note that in principle all these phases can be observed already in UNi2Si2, 
which represents an intermediate case between UCo2Si2 and UCu2Si2. The complex de- 
velopment of magnetic phases (see the magnetic phase diagrams in fig. 5.68) is discussed 
in terms of varying strength and sign of the RKKY-type exchange interactions. 

Substitutions of Mn for Cu in U(Cu~-xMnx)2Si2 yields an initial rapid increase of Tc 
and the coercive force whereas the spontaneous magnetization is increasing much slower 
(Smith et al. 1987; Giorgi et al. 1988). When the Mn content increases beyond this value, 
ferromagnetism is lost very fast (for x > 0.35). 

URu2Si2 is the most prominent member of the UTzX2 class owing to the co-existence 
of antiferromagnetic ordering (TN = 17.5 K) of weak uranium moments with supercon- 
ductivity (Tc = 0.8 K) at low temperatures. Enormous amount of publications on this 
compound has appeared. We shall concentrate mainly on aspects of magnetism studied 
on single crystals. We will more or less omit problems of superconductivity and heavy- 
fermion behaviour which are treated in detail in several specialized reviews (Ranch- 
schwalbe 1987; Grewe and Steglich 1991; Nieuwenhuys 1995). The first susceptibility 
and magnetization data obtained by measurements on single-crystals and specific-heat re- 
sults on polycrystals have been reported by Palstra et al. (1985). These results confirmed 
that magnetism in URu2Si2 is strongly anisotropic, in a similar manner as in the major- 
ity of UT2Si2 compounds. In fig. 5.69 one can see that the susceptibility measured with 
a magnetic field applied along the c-axis direction is strongly temperature dependent. At 
high temperatures (above 150 K) the c-axis susceptibility follows the Curie-Weiss law 
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with Op = - 6 5  K and the effective moment/£eff = 3.51/zB/f.u. When lowering tem- 
perature below 150 K the susceptibility progressively deviates from the Curie-Weiss de- 
pendence forming a broad maximum at approximately 50 K which is followed by a fast 
decrease with further temperature lowering. The Nrel temperature of 17.5 K has been 
determined from the location of a maximum in dx (T)/dT. In the low-temperature limit 
the c-axis susceptibility saturates at approximately 6 x 10 -8 m3/mol. The susceptibility 
with the field applied along the a-axis is nearly temperature independent at the level of 
1.2 x 10 -8 m3/mol. Even this low value is about six times larger than the susceptibility of 
ThRu2Si2 (Hiebl et al. 1983b) which indicates that the Ru magnetism in these compounds 
is negligible. 
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Fig. 5.69. Temperature dependence of the following properties of URu2Si 2 measured on single crystals: (a) the 
magnetic susceptibility X with magnetic field H along the a- and c-axis, respectively, data taken from Palstra et 
al. (1985); (b) the electrical resistivity p with current along the a- and c-axis, respectively, data taken from Palstra 
et al. (1986c); (c) the Hall effect coefficient with magnetic field parallel and current perpendicular to the c-axis, 

data taken from Dawson et al. (1989). 

The magnet ic  phase t ransi t ion at 17.5 K is clearly discerned by  a Mtype anomaly  in 
the temperature dependence  of  the specific heat  seen in fig. 5.70 (Palstra et al. 1985), 
whereas the t ransi t ion to superconduct ing state is expressed by  a peak at T = 1.1 K. 
Extrapolat ion of  the specific-heat data f rom the paramagnet ic  regime yields a value of  
g = 180 m J / ( m o l K 2 ) .  Between 2 and 17 K, the specific heat can be well  fitted by the 
formula:  

C = y T  + ~ T  3 + 8e - a I r  (5.7) 
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Fig. 5.70. Temperature dependence of the following properties of URu 2 Si2: (a) Specific heat - data taken from de 
Visser et al. (1986); (b) Electrical resistivity p with current i along the a- and c-axis - data taken from Palstra et 
al. (1986c); (c) Difference AC between the specific heat of URu2Si 2 and ThRu2Si 2 - data taken from Schlabitz 
et al. (1986), Franse et al. (1987), Santini and Amoretti (1994); (d) Coefficient of thermal expansion ~ along the 
a- and c-axis - data taken from de Visser et al. (1986); (e) c/a ratio normalized to 1 at T = 1.4 K - data taken 

from de Visser et al. (1986). 

p r o v i d i n g  the  va lues  o f  y = 50  m J / ( m o l K  2) and  ,~ = 115 K (Pals t ra  et  al. 1985),  w h i c h  

has  b e e n  a t t r ibuted  to o p e n i n g  o f  an  ene rgy  gap  ove r  at  leas t  a par t  o f  the  F e r m i  surface.  

S imi la r  m a g n e t i c  and  spec i f ic -hea t  da ta  h a v e  b e e n  r epo r t ed  b y  Sch lab i t z  et  al. (1986)  and  

M a p l e  et  al. (1986)  w h o  p e r f o r m e d  the i r  e x p e r i m e n t s  on ly  o n  polycrys ta l s .  E v i d e n c e  for  
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TABLE 5.9 
Fitting parameters of (5 2 2) to the resistivity in URu2Si 2 for current i along the a- and 

c-axis (Palstra et al. 1986c). 

p0 (p, f2 cm) A (~t~2 cm/K 2 ) B (~t~2 cm/K) A (K) C (gf2 cm/K 2) 

illc 33 0.1 52 68 0.126 
ilia 33 0.17 800 90 0.35 

a comparable energy gap in the antiferromagnetic state has also been provided by nuclear 
magnetic resonance and relaxation studies on 29Si nuclei by Kohara et al. (1986) and Be- 
nakki et al. (1988), and by the far-infrared reflectance measurements of Bonn et al. (1988). 
An attempt to study point-contact spectra has been made by Nowack et al. (1992). EPR 
studies of URu2Si2 were performed by Spitzfaden et al. (1996). 

Also other electronic properties of URuzSi2 are highly anisotropic. In particular, the 
room-temperature resistivity (see fig. 5.69) along the a-axis (Pa) is almost twice of that 
along the c-axis (Pc). Moreover it shows a large nearly-constant negative slope in the tem- 
perature range above 80 K whereas the resistivity in the c-axis is rather flat. Below 80 K a 
knee is seen both in Pa vs. T and Pc vs. T followed by a precipitous decrease below 50 K 
and distinct anomalies around the phase transition, which are reminiscent of the behaviour 
of Cr (SDW antiferromagnet) around TN (Miwa 1963; Suezaki and Moil 1969; Rapp et 
al. 1978). The maximum negative derivative of p(T)  curve is observed at 17 K. Between 
1 and 17 K the resistivity can be fitted very well to formula: 

P = Po + AT2 + BT(1 + 2T /A)e  - a / r ,  (5.8) 

describing the resistivity of an energy gap antiferromagnet (Andersen 1980) with the AT  ~ 
term due to Fermi-liquid behaviour. The fitting parameters are displayed in table 5.9. We 
can see that the residual resistivity is isotropic having the same value of 33 gS2 cm both in 
the a- and c-axis. 

The shape of the temperature dependence of the Hall coefficient (displayed also in 
fig. 5.69) above TN including a maximum around 50 K (Schoenes et al. 1987; Dawson 
et al. 1989) resembles the susceptibility behaviour. The Hall coefficient increases abruptly 
to a more than four times higher value in the vicinity of TN and then decreases slowly with 
decreasing temperature down to T = 2 K. Besides the Hall effect, Dawson et al. (1989) 
measured and analyzed in detail also resistivity and susceptibility of URuzSi2. Magnetic 
phase transition at TN is reflected also by a sharp dip in the temperature dependence of the 
thermoelectric power (Hundley et al. 1987). 

The magnetoresistance measured at temperatures between 4 K and 40 K in fields up to 
6 T (parallel to the c-axis) follows a parabolic dependence. 

A p / p  = a H  2. (5.9) 

For both current directions (a- and c-axis), the coefficient a decreases with increasing 
temperature and vanishes above 20 K. 
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Fig. 5.71. (a) Magnetic-field (parallel to the c-axis) dependence of the reduced staggered magnetic moment/z//z 0 
(0), the ordering temperature (.), and the reduced energy gap A / A  0 (A) in URu2Si 2 determined from a polarized 
neutron experiment at 4.3 K (Mason et al. 1995), and derived from temperature dependence of the resistance 
behaviour below T N (Mentink et al. 1996a); (b) Temperature dependence of the energy gap in the magnetic 
excitation spectrum (.) and intensity of the magnetic Bragg peak (I)  at Q = (1, 0, 0) for URu2Si 2 single crystal 
in a magnetic field of 12 T applied parallel to the c-axis. The background level for the Bragg peak is about 2800 
counts/10 min, as determined in the paramaguetic range. The dashed and solid lines are guides to the eye. Data 

are taken from van Dijk et al. (1997). 

Measurements of the resistivity in magnetic fields up to 25 T have been done by Mentink 
et al. (1996a) in order to examine the phase diagram (TN vs. H,  A vs. H). They con- 
cluded that the magnetic field dependence of the uranium magnetic moment, determined 
by neutron-scattering experiments (Mason et al. 1995), strongly differs from the field de- 
pendence of TN and A, with estimated critical fields of 14.5 T for the magnetic moment  
and 40 T for TN and A (see fig. 5.71). This would point to two energy scales relevant to 
the magnetic phase transition of URu2Si2, opening a possibility of two order parameters, 
which shall be discussed lower. 

Also the thermal expansion of URu2Si2 is highly anisotropic (de Visser et al. 1986, 
1990) which can be seen in fig. 5.70. The thermal expansion coefficient along the c-axis 
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(etc) is negative up to 30 K, where it changes sign. Above 60 K, it exceeds eta, which shows 
always positive values. The magnetic phase transition at TN is reflected by a sharp anomaly 
both in eta and etc. Moreover, the eta(T) curve Shows a maximum around 30 K, where also 
a broad bump is observed in the C vs. T dependence (which can be well demonstrated in 
the temperature dependence of the difference between the specific'heat of URu2Si2 and 
ThRu2Si2 seen in also in fig. 5.70): These features have been attributed to crystal-field 
effects (de Visser et al. 1986; Franse et al. 1987; Renker et al. 1987). The anisotropy 
of the thermal expansion is projected in the temperature dependence of c /a  (fig. 5.70), 
which decreases with increasing temperature up to approximately 60 K, where it passes a 
minimum. The magnetic phase transition at 17.5 K is reflected in the maximum negative 
derivative of c /a  vs. T. 

The low-temperature specific-heat and thermal-expansion data measured by de Visser et 
al. (1986) allowed the determination of the value of the electronic Grtineissen parameter 
Fe = 25 according to the expression: 

Fe = 3a Vm/x?/ , (5.10) 

where a = etv/T,  etv = (2eta + etc)/3, tc = compressibility, Vm = molar volume and 
2/is the coefficient of electronic specific heat. This value is about an order of magnitude 
larger than for normal metals. However, it is considerably smaller when compared to that 
in heavy-fermion materials. Applying the Ehrenfest relation: 

0 In TN 3Aetv 
m 

Op AC 
(5.11) 

the value of the reduced pressure derivative of ordering temperature equals 0 In TN/Op = 
8.0 Mbar -1 which is in reasonable agreement with 6.8 Mbar -1 reported from pressure 
measurements of de Boer et al. (1986). 

The neutron scattering experiments performed on single crystals and focused on the 
magnetic ordering below TN revealed antiferromagnetism with propagation vector q = 
(0, 0, 1) and a very reduced uranium magnetic moment of 0.02-0.04tZB parallel to the c- 
axis of the tetragonal structure (Broholm et al. 1987, 1991; Mason et al. 1990a, 1990b; 
Wei et al. 1992). The latter authors presented clear evidence that this antiferromagnetic 
order survives at least down to T = 0.2 K, i.e., the antiferromagnetism coexists with su- 
perconductivity below Tc (between 0.2 and 3 K, the magnetic intensity remains constant 
within 7%). The extraordinary small size of the ordered moment and the observed finite 
correlation length have thrown doubts on the intrinsic character of magnetic order. Em- 
ploying combined neutron scattering, specific-heat, magnetic susceptibility and electrical 
resistivity measurements, Fak et al. (1996, 1997) studied the influence of sample quality on 
the parameters of the magnetic order in URu2Si2 and proved that the long range magnetic 
ordering in URu2Si2 with a uranium moment of 0.0023/zB is indeed intrinsic, although 
the temperature dependence of the integrated intensity of several magnetic peaks may vary 
considerably from sample to sample. The finite size of the correlated length of ~ 50 nm is 
related to lattice defects. 

Inelastic neutron-scattering experiments on single crystals revealed sharp dispersive ex- 
citations with a magnetic-zone-centre gap of 1.8 meV at low temperatures. The magnetic 
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excitations are longitudinally polarized with a large transition matrix element of the order 
of 1-2/ZB which does not split or broaden when a magnetic field is applied along the c- 
axis (Broholm et al. 1991). The gap in the magnetic excitation spectrum at the magnetic 
zone center Q = (1, 0, 0) softens with increasing temperature. Above TN, the magnetic 
zone-center scattering becomes quasielastic and finally vanishes (Bourdarot 1994). Strong 
inelastic magnetic scattering is also observed also at another points of the nuclear zone 
boundary like Q = (1.4, 0, 0) and Q = (1.3, 1.3, 1). In these cases, however, the excita- 
tions remain inelastic although strongly overdamped above TN. These magnetic correla- 
tions persist up to about 150 K (Bourdarot 1994). These single-crystal results provided a 
relevant explanation of previous data obtained on polycrystals by Walter et al. (1986) and 
Holland-Moritz et al. (1987, 1989). 

Critical behaviour of URu2Si2 in the vicinity of TN has been studied by high-resolution 
neutron scattering experiment by Buyers et al. (1994) and Mason et al. (1995). They have 
observed that for the ordering wave vector the spin-wave energy collapses and the suscep- 
tibility diverges at TN. This confirms that the magnetic dipole is the order parameter, as 
suggested from a polarized neutron scattering experiment by Walker et al. 111993, 1994). 
The conclusion of a possible quadrupolar instability at TN drawn by Ramirez et al. (1992), 
Miyako et al. (1993) and Kuwahara et al. (1997), is based on the temperature dependence 
of the elastic constants Cl 1, c66 and (Cl 1 - Q 2 ) / 2  and on non-linear susceptibility behaviour, 
respectively. On the other hand, Park et al. (1997) studied the magnetization anomaly at 
TN in magnetic fields up to 20 T applied along the c-axis and concluded that the field 
dependence of the anomaly is different from the dependence of the magnetic moment of 
dipole origin which would imply that a new order parameter other than the dipole moment 
is responsible for most of anomalies around 17.5 K. Similar conclusions have been pro- 
posed by Mentink et al. (1996a, 1997a) on the basis of an analysis of the resistivity, thermal 
expansion and specific heat measurements near TN in magnetic fields up to 25 T. A theo- 
retical approach to this problem has been presented by Santini and Amoretti (1994) who 
proposed a crystal-field model based on quadrupolar ordering of localized 5f-electrons at 
17.5 K. This model can account for the observed linear (Palstra et al. 1985) and non-linear 
(Onuki et al. 1989) susceptibility through the transition. Further and especially theoretical 
effort is desirable to clarify the problem of order parameters in URu2Si2 in the critical tem- 
perature region. From the experimental point of view a crucial test has been done by van 
Dijk et al. (1997) who have performed elastic and inelastic neutron scattering experiments 
on a URu2Si2 single crystal in an external magnetic field of 12 T. They measured both 
the ordered magnetic moment and the magnetic gap at Q = (1, 0, 0). The observed tem- 
perature dependence of these two parameters is displayed in fig. 5.71. This result clearly 
shows that the reported decoupling of the magnetic moment from the gap (Mentink et al. 
1996a) derived from the high-field extrapolations seen in fig. 5.71 does not occur and that 
the critical temperatures of the magnetic gap and the ordered moment are; comparable. 
Nevertheless, the strikingly different temperature dependencies of the gap in the magnetic 
excitation spectrum and the reduced ordered magnetic moment in URu2Si2 impose the 
question whether the dipole ordered moment is the main order parameter which controls 
the magnetic phase transition. 

Application of strong magnetic fields on single crystalline samples in various exper- 
iments played a substantial role in the investigation of the magnetism in URu2Si2. Re- 
suits of magnetization measurements (Dirkmaat 1989; Sugiyama et al. 1997) are shown 
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in  fig. 5 .72 .  F i rs t ,  w e  s h o u l d  s t r e s s  a g a i n  t h e  h u g e  u n i a x i a l  m a g n e t o c r y s t a l l i n e  a n i s o t r o p y  

w h i c h  is  r e f l e c t e d  in  t h e  w e a k  p a r a m a g n e t i c  r e s p o n s e  o f  U R u 2 S i 2  in  m a g n e t i c  f ie lds  (par -  

a l le l  to  t h e  a - a x i s )  u p  to  48 T w h i c h  w a s  the  m a x i m u m  f ie ld  in  th is  e x p e r i m e n t a l  c o n f i g u -  
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ration (Sugiyama et al. 1997). In fields up to 30 T also the c-axis magnetization is rather 
low and varies linearly with applied magnetic field. Above 30 T, it shows a progressively 
increasing upturn which is then converted to three successive metamagnetic transitions at 
35.8, 36.5 and 39.6 T, where the c-axis magnetization exhibits step-like increases yielding 
approximately 1.4/zB/f.u. in 40 T followed by a continuous increase with further increas- 
ing field without much saturation even in fields up to 58 T, here reaching 1.9/zB/f.u. Some 
differences between the data collected in the 40 T magnet in Amsterdam and in the 60 T 
magnet in Osaka may be attributed to the difference in the time scale of the experimental 
facilities, which is much shorter in the latter case. The magnet in Osaka works in a typical 
pulsed field regime with a pulse width of 0.4 ms (i.e., 300 T/ms) field sweep rate whereas 
most of data points in the Amsterdam magnet were collected within a quasistatic regime 
with a 100 ms long constant field level or within linearly sweeping field at rate lower than 
0.1 T/ms. This causes a certain smearing out of the sharp intrinsic transitions appearing 
as artifacts in the fast experiment in Osaka. The results indicate that the SDW weak mo- 
ment antiferromagnetism in URu2Si2 with attributes of a heavy-fermion ground state can 
be destroyed by applying magnetic filed larger than 40 T along the c-axis. Sugiyama et al. 
(1997) have proposed a mean-field model explaining the complex cascade of metamagnetic 
transitions in this material. These authors attributed the three field-induced magnetization 
states successively to two phases with antiferromagnetically coupled uranium magnetic 
moments with a propagation vector q = (0, 0, 1/3), q = (0, 0, 3/5), leading finally to a 
phase with ferromagnetic coupling. 

The three metamagnetic transitions in URu2Si2 are accompanied by abrupt changes of 
the magnetoresistance (de Visser et al. 1987; Bakker et al. 1993a) which can be seen in 
fig. 5.72. The first two transitions yield step increases of the transversal magnetoresistance 
which may be attributed to the increasing size of the magnetic unit cell along the c-axis. 
The final transition to the ferromagnetically coupled lattice leads to a huge drop of the 
resistance to a level lower than the zero-field resistivity. Although the magnetization curve 
in fields along the c-axis increases monotonously up to the field of the first metamagnetic 
transition the (positive) magnetoresistance increases only up to 30 T, where it reaches its 
maximum value and starts to decrease strongly with further increasing magnetic field. On 
the other hand, the magnetoresistance in magnetic fields applied along the a-axis is more 
than one order of magnitude weaker and shows no anomalies because of a negligible effect 
of the magnetic field applied in a direction perpendicular to the easy magnetization axis. 

Figure 5.72 shows also the field dependence of the Hall coefficient (H IIc, i Ila) measured 
for URu2Si2 at 1.5 K by Bakker et al. (1993a). In low fields it is equal to 15 × i[0 -3 cm3/C. 
Similar values were reported also by Schoenes et al. (1987), Onuki et al. (1989) and Daw- 
son et al. (1989). Below 22 T, RH is slowly decreasing with increasing magnetic field fol- 
lowed by a bump around 28 T and a faster decrease up to 35 T. Anomalies at higher fields 
(steps down, up and down) are associated with the three metamagnetic transitions. Analysis 
of the Hall coefficient in a simple one band model in a zero field yields a carrier concen- 
tration of 0.03 holes/f.u. (Schoenes et al. 1987), whereas at 40 T more than 1 electron/f.u. 
or hole/f.u, was estimated by Bakker et al. (1993a). The clear anomalies both in RH(/-/) 
and Ap (H) observed around 30 T, although the magnetization varies monotonously up to 
35 T, indicate the onset of an electronic structure change in URu2Si2 associated with the 
destruction of the heavy fermion state. 
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URu2Si2 has been studied in high magnetic fields up to 40 T also by means of ESR 
(Kindo and Date 1994). Results of first measurements of de Haas-van Alphen oscillations 
can be found in the report of Ohkuni et al. (1997). 

An X-ray diffraction structural study at room temperature in pressures up to 50 GPa has 
been made by Luo et al. (1988) revealing a stable crystal structure, a nearly constant com- 
pressibility of 2.8 x 10 -3 GPa -1 and an invariable c/a value in the whole pressure range. 
The low compressibility value compares well with that in UPt3. A positive effect of the 
external hydrostatic pressure both on the temperature of the resistivity maximum Tmax in 
the paramagnetic range and on the value of the gap energy A has been reported by Maple et 
al. (1986), de Boer et al. (1986), McElfresh et al. (1987) and Ido et al. (1993). Analogous 
results for TN and A have been obtained from specific heat measurements under exter- 
nal pressure (Fisher et al. 1990). The external pressure is also gradually smearing out the 
magnetic phase transition. Iki et al. (1992) and Kagayama et al. (1994) demonstrated that 
the value of OTN/Op becomes gradually reduced above 5 GPa and these authors proposed 
that the value of N6el temperature may reach its maximum value (which is approximately 
doubled with respect to the ambient-pressure value) around 8 GPa and may decrease with 
further increasing pressure. They have also estimated the value F = 23 of the magnetic 
GriJneissen parameter from the formula: 

01nTv 1 01nTN 
F ( ) 

01nV tc 0P  5 . 1 2  

as which result is in a good agreement with the value F = 25 derived by de Visser et al. 
(1986, 1990). The value x = 4.9 x 10 -3 GPa -1 was taken from (Iki et al. 1990). Oomi et 
al. (1994) and Kagayama et al. (1994) analyzed the low temperature resistivity data which 
can be well approximated by the simplified formula: 

P = Po + A T  2. (5.13) 

The ambient-pressure data satisfy this formula in the temperature range 1-8 K. This inter- 
val is gradually expanding with increasing pressure up to 1-20 K in 5 GPa and the value 
of the quadratic coefficient decreases rapidly with applied pressure (by two orders of mag- 
nitude between ambient pressure and 8 GPa). A complex magnetoresistance behaviour in 
magnetic fields up to 5 T in pressures up to 2 GPa has been reported by Uwatoko et al. 
(1992). 

Bakker et al. (1992) demonstrated by measurements of the electrical resistivity of 
URu2Si2 that the pressure effects both on the N6el temperature TN and the superconduct- 
ing temperature Tc is highly anisotropic. Uniaxial stress applied along and perpendicular to 
the c-axis induces qualitatively opposite effects. In the former (latter) case TN is increased 
(decreased) and Tc is decreased (increased). Whereas the effect of stress on Tc in the two 
perpendicular directions is comparable in absolute value, the basal plane stress leads to an 
enhancement of TN that is three times larger than is the rate of the decrease induced by the 
c-axis stress. 

Ab initio calculations of electronic structure in URu2Si2 have been performed by 
Monachesi and Continenza (1995) using the FLAPW method within the local density ap- 
proximation including the spin-orbit interaction, which provided also spin-polarization 
density maps. 
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Numerous experimental studies have been devoted to solid solutions Ul-xAxRu2S i2  in 
which the uranium sublattice is modified by introducing various alloying elements. The 
majority of experiments, unfortunately, has been done only on polycrystalline samples. 
Effects of small doping by various rare-earth elements on the resistivity anomaly around 
TN were studied by Park and Coles (1993, 1995). Variations of spin dynanfics with La 
and Th doping were investigated by means of lx+SR (Cywinski et al. 1995; Park et al. 
1996). Thermopower measurements of Ul-xLaxRu2Si2 and Ul-xCexRu2Si2 compounds 
over a wide range of concentrations have been performed by Ocko and Park (1997). Re- 
sistivity and magnetization data on some selected compositions are presented by Roy and 
Coles (1992). The resistivity measurements of quasiternary compounds (Ul-xYx)Ru2Si2 
performed by Dalichaouch et al. (1989) and Radha et al. (1996) indicate that, although the 
value of TN is initially not very much changed by Y substitutions, the Cr-fike anomaly of 
the resistivity in the critical temperature region gradually smears out and for x > 0.5 any 
sign of antiferromagnetism is lost. Specific-heat measurements made by Amitsuka et al. 
(1992a) and Patrikios et al. (1992) of Ul-xLaxRu2Si2 revealed an initial (for x ~< 0.07) 
rapid depression of TN and a broadening of the related specific-heat anomaly. The anomaly 
broadens further with increasing x beyond 0.07 but its center becomes gradually pushed 
to higher temperatures, reaching 20 K in U0.7Lao.3Ru2Si2. This surprising development is 
confirmed by the evolution of a sharp feature in the temperature dependence of susceptibil- 
ity in the interval 0.07 ~< x ~< 0.3 (Amitsuka et al. 1992a). Neutron-scattering experiments 
on single crystals are desirable for clarifying the ground state of these compositions. 

Mauramoto et al. (1996) claim that they have found Kondo screening in dilute 
(UxLal-x)Ru2Si2 compounds for x ~< 0.15. They explain the anisotropic high-temperature 
susceptibility by a crystal field model with a non-Kramers doublet ground state. They pro- 
pose that the low-temperature susceptibility, specific heat and high-field magnetization is 
well described by the Kondo model, which suggests that a single-site Kondo screening 
should be considered to explain the Fermi liquid state in URuzSi2. 

Quasiternary compounds Ul_xThxRuzSi2 with a strongly diluted uranium sublattice 
have been investigated mainly in the single crystal form by Amitsuka et al. (1993, 1997), 
and Amitsuka and Sakakibara (1994). Results partly obtained on polycrystals have been 
reported by Kim et al. (1997). Not only the magnetization curves at low temperatures but 
also the temperature dependence of susceptibility measured in fields along the principal 
crystallographic directions clearly demonstrate a strong uniaxial magnetic anisotropy. The 
U-concentration controlled evolution of unusual temperature dependencies of the specific 
heat ( C / T  ~ - l n T ) ,  electrical resistivity (p --~ lnT for 1 ~< T ~< 10 K,  p "~ T 1/2 for 
1 ~< T ~< 10 K) and susceptibility measured along the c-axis (X ~ - In T) and observed 
at low temperatures has been interpreted in terms non-Fermi-liquid behaviour. The non- 
Fermi-liquid behaviour is attributed to properties of a single U ion embedded in the Th 
site of the ThRu2Si2 compound (Amitsuka and Sakakibara 1994). A two-channel Kondo 
model (Nozieres and Blandin 1980; Cox 1987) has been proposed as a possible explanation 
tool for these phenomena in context with thermal expansion data (Amitsuka et al. 1997). 
Note that also the temperature dependence of thermal expansion is highly anisotropic. The 
thermal expansion coefficient along the c-axis (ac) increases with increasing temperature 
whereas Ota is extremely small and almost temperature independent. 
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Also the quasiternary compounds Ul-xCexRu2Si2 (forx ~< 0.05 and for x ~> 0.85) have 
been prepared in the form of single crystals and were investigated by magnetization, sus- 
ceptibility, electrical-resistivity and specific-heat measurements by Mihalik et al. (1993a, 
1993b, 1993c, 1993d). The high uniaxial magnetocrystalline anisotropy of the parent com- 
pound persists also in the solid solutions. In the uranium rich compounds, Ce substitutions 
induce effects analogous to those in La substituted compounds. A rapidly reduced value of 
the linear specific-heat V = 33 mJ/(mol K 2) for initial substitution (x = 0.99) indicates 
suppression of the heavy-fermion behaviour by alloying of URuzSi2 with Ce. 

Similar to UCo2Si2, also URh2Si2 exhibits antiferromagnetic ordering of type-I, in this 
case below TN = 137 K as inferred from powder neutron diffraction and basic magnetic 
studies (Ptasiewicz-Bak et al. 1981; Buschow and de Mooij 1986). The simple behaviour 
of this material has not attracted any further experimental interest. 

The magnetic properties of the isostructural compounds URu2Si2 and URh2Si2 attracted 
the attention of Continenza and Monachesi (1994) who performed electronic structure cal- 
culations for these materials and compared the calculated and experimentally determined 
magnetic properties to ascertain the different role played by Ru vs. Rh. The total mag- 
netic moment, obtained by spin-polarized electronic calculations with the full potential 
augmented plane-wave method within local spin-density approximation, agrees quite sat- 
isfactorily with the measured one in URh2Si2, whereas it is orders of magnitude too large in 
URu2Si2. The important differences calculated for the two materials are connected with the 
substantial contribution to the total magnetic moment of negative d spin polarization and 
with the larger radial extension and asphericity of the magnetization density (in two crystal 
planes) in the Ru compound compared to URh2Si2. Also, the f positive spin-polarization 
density on U differs in the two compounds, which should be reflected in different magnetic 
form factors in diffraction experiments. 

In spite of little experimental effort on URh2Si2 itself, an appreciable amount of research 
was focused on the evolution of the electronic properties in the solid solutions between 
URh2Si2 and URu2Si2 in order to trace the way from the large U moment system to the 
very reduced magnetic moment in the heavy fermion state (Miyako 1993). The combined 
results of studies of the high-field magnetization (Amitsuka et al. 1990b), susceptibility 
and specific-heat (Amitsuka et al. 1988, 1990a; Miyako et al. 1991, 1992) and neutron 
diffraction (Burlet et al. 1992, 1994a; Kawarazaki et al. 1994) made on U(RUl-xRhx)2Si2 
compounds makes it possible to construct the schematic magnetic phase diagram TN vs. x. 
The latter is shown in fig. 5.73 together with/zu vs. x and TN vs. x plots. When sub- 
stituting Ru for Rh we observe an initial increase of TN reaching a maximum value of 
174 K for x = 0.625 and then decreases down to 101 K with further increasing Rh con- 
tent to x = 0.4. Between x = 0.4 and 0.35 TN drops down to 44 K although no dra- 
matic change of the U magnetic moment is observed in this interval, but the simple AFI 
magnetic structure is transformed to the commensurate antiferromagnetic ordering with 
q = (1/2, 1/2, 1/2) which consists of + + - - + + - - stacking of antiferromagnetic 
(00 1) planes. Nearness of this transformation is seen in the v-value for x = 0.4, which 
is almost doubled with respect to the values observed in samples with x = 0.5 and 0.3. 
For x decreasing beyond 0.35, TN decreases continuously and magnetic order collapses 
for x below 0.1 to reappear again in URu2Si2 in the form of an AFI structure of tiny U 
magnetic moments which is formed below the relatively high N6el temperature of 17.5 K. 
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Fig. 5.73. (a) Magnetic phase diagram (TN vs. Rh concentration x) of U(RUl_xRhx)2Si 2 together with the/z U 
vs. x and TN vs. x plots - data taken from Amitsuka et al. (1990b), Burlet et al. (1992), Miyako et al. (1992); (b) 
Magnetic phase diagram H vs. x of the U(Ru 1-x Rhx )2Si2 - data taken from Amitsuka et al. (1990a, 1990b), and 
Sakakibara et al. (1992). HM1 and HM2 are the critical field of the first and the second metamagnetic transition, 

respectively. 

A special attention has been paid to the neutron scattering investigation of  a single crys- 

tal of  U(Rho.06Ruo.94)2Si2 (Burlet et al. 1992) which, according to the proposed magnetic 
phase diagram, should be nonmagnetic.  Indeed, despite strong efforts no magnetic Bragg 
reflection has been observed down to 1.5 K. On the other hand, significant short-range 
correlations were detected around the reciprocal vector (1/2,  1/2, 1/2). The experimen- 
tal width of  the scattering maximum points to a correlation length of  several interatomic 
distances. The low Rh (x < 0.05) part of  the magnetic phase diagram has been investi- 
gated by magnetization measurements made on single crystals in high magnetic fields, up 
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Fig. 5.74. Schematic magnetic phase diagram of UPd2Si 2 in a magnetic field H parallel to the c-axis, which has 
been constructed by using data of magnetization, resistivity and specific heat (Honma et al. 1993), and neutron 

scattering (Collins et al. 1993; Shemirani et al. 1993) data. 

to 55 T. Three-step metamagnetic transitions were observed similar to pure URu2Si2. Free 
energy considerations of the transition fields indicate that the partially gaped heavy fermion 
state with weak antiferromagnetic moment (SDW) is destroyed at the first transition field 
(Sakakibara et al. 1992). The low-field susceptibility studies in this concentration region 
show that the magnetic ordering temperature TN and the temperature of the susceptibility 
maximum correlate very well (Amitsuka et al. 1990a). The 29Si NMR studies made by Ko- 
hori et al. (1992) on the U(Rhl-xRux)2Si2 system point to an antiferromagnetic ordering 
of fairly large U magnetic moments for x ~< 0.7. For low Rh concentrations Kohori et al. 
(1992) show that the nuclear spin lattice relaxation time T1 points to a Fermi liquid state 
below 60 K. Muon spin relaxation experiments performed in the paramagnetic and mag- 
netically ordered states of URh2Si2 and U(Rh0.35Ru0.65)2Si2 indicated that the uniaxial 
magneto-crystalline anisotropy of the parent compound probably persists also in the solid 
solutions U(Rhl_xRux)2Si2. High-field magnetization measurements performed with field 
along the c-axis made it possible to construct a H vs. x magnetic phase diagram which is 
also shown in fig. 5.73. 

Besides Rh doping, also effects of replacement of Ru in URu2Si2 by some other transi- 
tion metals on the weak antiferromagnetism was studied. Substitutions of Re, Tc and Os 
for Ru yield initially smearing out of the magnetic phase transition (Dalichaouch et al. 
1990a). However, when increasing the substituent content by more than 10%, weak fer- 
romagnetism is observed in U(RUl-xTx)2Si2 for T = Re, Tc and Mn (Dalichaouch et al. 
1990b; Thieme et al. 1996). Clear long-range ferromagnetic order has been confirmed in 
URul.2Ru0.sSi2 below 30 K by neutron diffraction (Torikachvili et aL 1990). Ferromag- 
netic ordering in U(RUl-xRex)2Si2 compounds with x ~> 0.2 has been detected also by the 
broadening of the 29Si NMR line measured by Kohori et al. (1993). Similar conclusions 
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Fig. 5.75. Temperature dependence of the following properties of UPd 2 Si 2 measured on single crystals: (a) Mag- 
netic susceptibifity X in low magnetic fields H along and perpendicular to the c-axis - data taken from Honma et 
al. (1993); (b) Electrical resistivity p (the narrow dashed lines represents the i)p/aT vs. T dependency for i Ila) 
with current i along and perpendicular to the c-axis - data taken from Honma et al. (1993); (c) Specific heat C - 
data taken from Honma et al. (1993); (d) Intensity of the magnetic neutron reflections (1, 0, 0) and (1, 0, 0.268) 

- data taken from Shemirani et al. (1993). 

about  the effect  o f  substitutions o f  Re  were  reached  f rom studies o f  the optical  propert ies  

o f  var ious  U(RUl -xRex)2S i2  compounds  with  0 < x < 0.8. 

Substi tut ions o f  Ge  for  Si lead to gradual  expansion o f  the latt ice v o l u m e  and the reduc-  

t ion o f  TN in the U R u 2 S i a - x G e x  compounds .  This  is consis tent  wi th  results o f  studies o f  

the above  discussed posi t ive  effect  o f  external  pressure on the N6el  tempera ture  and the 

oppos i te  inf luence o f  substi tutions o f  La  for U,  y ie ld ing  a "negat ive  pressure".  These  solid 

solutions crystal l ize wi th  ThC2Si2- type  structure at least  up to x -= 0.6. B e y o n d  this l imit  

no single phase samples  cou ld  be  prepared  (Dhar  et al. 1992). 
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Fig. 5.76. Temperature dependence of: (a) 5f electronic specific heat (C5f/T vs. ln T plot) measure on 
polycrystalline samples; (b) Magnetic susceptibility along the a- and c-axis measured on single crystals of 

UxThl_xPd2Si  2 for x = 0.03, 0.05, 0.07 - data taken from Amitsuka et al. (1990b). 

UPd2Si2 is an antiferromagnet with many features of the magnetic phase diagram (see 
fig. 5.74) found also for UNi2Si2. Magnetic ordering is observed in UPd2Si2 below 133 K 
(Shemirani et al. 1993) where an incommensurate spin density wave with q = (0, 0, 0.732) 
develops. At 7"1 = 108 K a clear first order magnetic phase transition takes place to a 
simple AFI magnetic phase, which is stable to lowest temperatures. Nevertheless, the low- 
temperature phase contains less than 1% of a q = (0, 0, 2/3) phase, which is similar to the 
ground-state phase in UNi2Si2. When a magnetic field larger than 1.9 T along the c-axis is 
applied at T1, a new phase which corresponds to a commensurate spin density wave with 
q = (0, 0, 2/3) emerges (Collins et al. 1993; Honma et al. 1993). The wave amplitude of 
this phase is 3.0/~B, while magnetization measurements show a net ferromagnetic moment 
of 0.30/ZB in 3 T (Collins et al. 1993). 

As seen in fig. 5.75, the magnetic phase transitions are well marked by accompany- 
ing anomalies in the susceptibility, specific heat and electrical resistivity (Honma et al. 
1993) and in the temperature dependence of the intensity of relevant magnetic reflections 
(Shemirani et al. 1993). The first order magnetic phase transition at T1 is accompanied 
also by a pronounced lattice distortion [AL/L[ ~ 10 -4 and clear step anomalies in the 
electrical resistivity (Honma et al. 1993). The susceptibility and resistivity data confirm 
the outstanding anisotropic features of the UT2Si2 compound. In particular, the uniaxial 
anisotropy with an easy magnetization direction along the c-axis of the tetragonal structure 
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Fig. 5.77. Temperature dependence of the magnetic susceptibility X of UIr2Si 2 measured on a single crystal with 
the magnetic field H along the a- and c-axis - data taken from Dirkmaat et al. (1990a). 

is observed not only in the magnetically ordered state where the basal plane response to an 
applied magnetic field is paramagnetic and where all the aspects of the antiferromagnetic 
system are detected only along c. The c-axis is also the exclusive direction of orientation 
of the individual moments in the magnetic structure, which may be complex but always 
collinear. Also the strikingly different temperature dependence of the electrical resistivity 
measured with electrical current along and perpendicular to the c-axis is well representing 
the distinct anisotropy of the electric charge transport in this materials. The electric trans- 
port anisotropy reflects not only the anisotropy of the Fermi surface in this antiferromagnet 
but also the interaction of the conduction electrons with the 5f electron subsystem con- 
tributes substantially. The resistivity anomalies are much more pronounced for the current 
along the c-axis, which is the propagation direction of the antiferromagnetic structure. In 
this context we should also consider that the negative derivative of the resistivity for cur- 
rent along the c-axis is gradually more enhanced when approaching TN in the paramagnetic 
region which is due to progressively enhancing antiferromagnetic correlations propagating 
along the c-axis. 

Plumer (1994) calculated magnetic field vs. temperature magnetic phase diagrams by the 
axial next-nearest-neighbor Ising model within the framework of a Landau-type expansion 
of the free energy derived from molecular field theory and obtained a good qualitative 
agreement with the experimentally observed behaviour of UPd2Si2. The question about the 
possibility to extend this approach to the related U T z X 2  antiferromagnets is a challenge to 
theorists. 

The properties of a strongly diluted U sublattice in Ux Thj-xPd2Si2 (x <. 0.07) were 
investigated by means of magnetic susceptibility, electrical resistivity and specific heat 
measurements down to T = 100 mK (Amitsuka et al. 1995b). With decreasing x, an 
unusual - In T behaviour of the susceptibility and specific heat develops below 6 K, as 
can be seen in fig. 5.76, which is argued to be a sign of non-Fermi liquid behaviour. Note 
that the susceptibility data measured along the two principal crystallographic directions 
confirm that the strong uniaxial magnetocrystalline anisotropy persists even in the diluted 
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limit. This clearly proofs that the exotic non-Fermi-liquid like behaviour is indeed due to 
5f electrons of  uranium. 

The compounds URe2Si2 and UOs2Si2 are reported as temperature independent param- 
agnets with low susceptibility X = 1.8 x 10 -8 m3/mol  (Palstra et al. 1986b). Structural 
data only can be found, however, for the latter compound, which was studied also by Hiebl 
et al. (1983a). 

UIr2Si2 and UPt2Si2 are the only silicides which adopt the primitive-cell CaBezGe2- 
type structure (space group P4/nmm).  For the majority of  the UT2X2 materials with this 
crystal structure we sometimes observe rather contradictory results on samples (even sin- 
gle crystalline) of  somewhat different thermal history. Possible metallurgical difficulties 
connected with lattice defects in the case of  UIrzSi2 are indicated by the very high residual 
resistivity values at low temperatures (Dirkmaat et al. 1990a; Vemiere et al. 1996a). This 
assumption has been confirmed experimentally (Verniere et al. 1996b) by careful struc- 
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ture studies of single crystals with varying stoichiometry and heat treatment following 
the crystal growth procedure. The temperature dependence of magnetic susceptibility and 
the low temperature magnetization curves (Dirkmaat et al. 1990a), which are shown in 
figs 5.77 and 5.78, respectively, indicate antiferromagnetic ordering in this material. This 
has been confirmed by neutron scattering (Verniere et al. 1996a). This study revealed an- 
tiferromagnetic ordering of the type-I and a very reduced uranium magnetic moment of 
0.1/XB pointing to itinerant character of the uranium 5f states. There are also some other 
features which may suggest that UIr2Si2 is in a situation not very far from that in URu2Si2: 
(a) the magnetic moment obtained from the magnetization curve above the metamagnetic 
transition is much larger than the moment determined by neutron scattering in zero field, 
(b) F > 100 mJmo1-1K -1, (c) the resistivity (see fig. 5.79) shows a broad bump far 
above TN. In spite of the different crystal structure, also UIr2Si2 exhibits a distinct uniaxial 
magnetocrystalline anisotropy although only in the magnetically ordered state. 

UPt2Si2 exhibits quite simple behaviour. Below T = 35 K, it orders antiferromagnet- 
ically (type-I) with uranium magnetic moments (1.67/ztj) parallel to the c-axis. This or- 
dering is again accompanied by a strong uniaxial magnetocrystalline anisotropy (Steeman 
et al. 1990; Amitsuka et al. 1992b) which can be well seen both in the high-field mag- 
netization curves (fig. 5.80) and in the temperature dependence of magnetic susceptibility 
(fig. 5.81) measured on single crystals in magnetic fields applied along the two main crys- 
tallographic axes. In contrast to susceptibility behaviour of other silicides we can see that 
the basal-plane )Ca vs. T curve is not at all featureless and strongly depends on temperature. 
Moreover, the two curves, Xa vs. T and Xc vs. T cross at two temperatures, and although 
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the peak value of Xc at TN is considerably higher than that of Xa, at the low temperature- 
limit one has Xa > 2Xc. An interesting type of crossing one can also see in the two related 
magnetization curves. Another unique feature of UPt2Si2 is a relatively low anisotropy 
field. Both magnetization curves are joining above the metamagnetic transitions (in fields 
> 50 T) and tend to saturate to a value which is close to the ordered magnetic moment 
determined by neutron diffraction experiment. Note that the anisotropy fields estimated in 
the other magnetic silicides are far above this value. The unusual susceptibifity and mag- 
netization behaviour has been successfully described within a crystal-field model, which 
is consistent with the appearance of crystal-field excitations in the neutron inelastic scat- 
tering spectra discussed below. Also the electrical resistivity (Steeman et al. 1990), which 
is also shown in fig. 5.80, exhibits a distinct anisotropy and a strongly anomalous tem- 
perature dependence. Similar to some other 5f electron antiferromagnets, the resistivity of 
UPt2Si2 with current along the propagation vector of the AF structure is increasing with 
decreasing temperature when approaching TN. In this case, however, the negative slope of 
the p(T) curve is observed already at room temperature. The resistivity in the c-axis di- 
rection reaches a maximum just at TN and then sharply decreases with further decreasing 
temperature. The residual resistivity is, however, anomalously large and since the very low 
residual resistivity in the perpendicular direction excludes extensive lattice detects we may 
expect giant magnetoresistance effects at a metamagnetic transition in this compound. We 
note that no change of the resistivity due to Fermi surface gapping can be expected at the 
metamagnetic transition because the AF phase is of type-I in tetragonal 1:2:2 materials 
and this implies the same size of the magnetic and crystallographic unit cell. The a-axis 
resistivity displays a "d-electron intermetallics" behaviour with saturation at ]high temper- 
atures. Several attempts have been made to interpret the magnetic properties of uranium 
intermetallic compounds, in terms of crystalline electric field model (Nieuwenhuys 1987, 
1995). The UT2X2 compounds, and especially UPt2Si2, were also targeted by such efforts 
(Nieuwenhuys 1987; Santini et al. 1993). Only few cases, however, exist where crystal- 
field excitations have been observed experimentally. UPt2Si2 seems to be one of such rare 
cases where the inelastic neutron scattering experiment revealed crystal field excitations 
which has led Steeman et al. (1988) to propose a CEF level scheme. UPt2Si2 together with 
UPd2Al3 and U2PtSi3 were also subjects of resonant and X-ray photoemission studies 
(Ejima et al. 1994) and NMR studies (Benakki et al. 1988). 

Similar to the Pd counterpart discussed above also in the UPt2Si2 case investigations of 
a strongly diluted U sublattice of Ux Thl-xPt2Si2 (x <<, 0.07) were performed by means 
of magnetic susceptibility, electrical resistivity and specific heat measurements (Amit- 
suka et al. 1995a). Also here a conclusion about a non-Fermi liquid scaling has been 
reached. 

Only polycrystals were studied in case of UAu2Si2 with somewhat contradictory re- 
suits reported in different papers. Palstra et al. (1986b) attributed the sharp increase of the 
magnetization (measured in 1 T) below 78 K to magnetic ordering with a canted ferromag- 
netic structure. Saran and McAlister (1988) suggested the onset of a spiral structure below 
T = 80 K, where they observed a sudden change of slope of the temperature dependence 
of the resistivity. Finally, Rebelsky et al. (1991a) reported a rise of magnetization (mea- 
sured in 27 mT) below 48 K and Torikachvili et al. (1992) revealed a sharp peak in the ac 
susceptibility at T = 44.3 K, which can easily be removed by a field of 0.21 '1". The resis- 
tivity curve shown in the latter report has nothing in common with that presented by Saran 
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and McAlister (1988), which indicates that the corresponding samples were rather incom- 
parable. All authors, at least, agree in reporting an order-order magnetic phase transition 
at T = 18 K to the ground-state ferromagnetic ordering. A powder neutron diffraction 
experiment performed at several temperatures (11, 30, 45, 65, 150 and 300 K) clearly re- 
veals that the magnetic phase transitions at 48 K and 18 K are associated with pronounced 
crystal structure changes, whereas no magnetic phase transition has been identified around 
80 K (Rebelsky et al. 1991a). The comparative investigation of annealed and as-cast sam- 
ples (Lin et al. 1997) has clearly shown that the magnetic transition at 80 K should be 
related to a spurious phase (most probably a ferromagnetic one with Tc ~ 80 K) present 
in the as cast sample. The annealed material exhibits clear anomalies around 21 K in the 
temperature dependencies of the specific heat, magnetization and electrical resistivity all 
indicating a magnetic phase transition at this temperature. A possible appearance of mag- 
netic ordering already around 55 K may be inferred from the magnetization behaviour in 
this temperature range. No anomalies, however, are seen in this temperature range neither 
in the specific heat nor in the resistivity. Below this temperature, magnetic ordering with a 
considerable spontaneous magnetization can be deduced. The high residual resistivity does 
not suggest any a simple ferromagnetic ordering of uranium moments in the ground state. 
Further serious experimental efforts are desirable for improving the unsatisfactory state of 
knowledge about UAu2Si2. 

5.2.2. Germanides- UT2Ge2 

A compilation of the most important structural, magnetic and electronic parameters of 
UT2Ge2 compounds can be found in table 5.10. The magnetic behaviour of UMn2Ge2 is 
analogous to that of UMn2Si2. Both U and Mn atoms are carrying magnetic moments. 
Also here the magnetic ordering in the U and Mn sublattice appear separately due to the 
weak U-Mn inter-sublattice exchange interaction. First the Mn magnetic moments order 
ferromagnetically at 390 K (Buschow and de Mooij 1986) whereas ferromagnetism in the 
uranium sublattice appears below 100-150 K, the latter temperatures being much higher 
than in the corresponding silicides. Whereas the magnetic phase transition connected with 
the ordering of the Mn moments is reflected in a clear )~-type anomaly of the specific heat 
(Slaski et al. 1992) and in a kink in the temperature dependence of the resistivity (Dirk- 
maat 1989), no irregularity on the C/T vs. T curve is seen in a wide temperature interval 
around 150 K. The ferromagnetic ordering of the Mn moments has been indicated also by 
high-temperature magnetization measurements (Szytula et al. 1988a). The measured size 
of the polar Kerr rotation in UMn2Ge2 (Kirby et al. 1991) increases from 0.05 ° at room 
temperature to 0.15 ° below 150 K when the U moments are ordered. 

UFe2Ge2 similar to UFe2Si2 is a weakly temperature dependent paramagnet with sus- 
ceptibility values of the order of (4-5) × 10 -8 and 3 × 10 -8 m 3 mo1-1 along and per- 
pendicular to the c-axis, respectively, as obtained on a single crystal (Dirkmaat 1989). The 
broad maximum around 200 K may indicate a characteristic spin-fluctuation temperature 
in this material. 

UCo2Ge2 can appear in two different phases depending on heat treatment. Endstra et 
al. (1991) have studied the effect of annealing on the structural and magnetic properties 
of UCo2Ge2 and confirmed the existence of two different crystallographic structures. The 
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TABLE 5.10 

Some basic characteristics of UT2Ge 2 compounds: 
y - coefficient of the electronic specific heat, type of ground state (F - ferromagnetic, AF - antiferromagnetic, 
U A F -  uncompensated antiferromagnetic, P P -  Pauli paramagnetic),/z U - the uranium ordered magnetic moment 
(determined by neutron diffraction at 4.2 K), TC, N - magnetic ordering temperature, Ttr - temperatures of other 
magnetic phase transitions (in the ordered state), Anis. - easy magnetization direction (determined by neutron 
diffraction and/or magnetization measurements of single crystals), a, c - lattice parameters at room tempera- 
ture, Str. type (I - tetragonal body-centered ThCr2Si2-type structure, P - tetragonal primitive CaBe2Ge2-type 

structure). 

Compound y Ground /z U TC, N Ttr Ahis. Ref. a c Str. Ref. 

(mJ/ (molK2))  state (/XB) (K) (K) (pm) (pm) type 

UMn2Ge 2 30.3 F a 1.99 390 100-150 b IIc [1,2,3] 399.3 1080.9 I [3] 
398.77 1074.2 [4] 

24.4 ppc _ _ c [1,2] 402.43 996.36 I [3] 

34 AF 1.5 174 - IIc [5,6] 401.0 987.8 I [5] 
160 - - [7] 

62 P . . . .  [5] 404.3 929.5 P? [5] 

39.5 AF 2.35 77 - [Ic [1,8] 408.9 947'.2 I [8] 
26.4 AF f 1.61 100 f 43 f IIc [1,8] 405.8 1020.7 I [8] 

130 SG - 9 g - IIc [9,10] 414.64 975;.10 I -P  h [9] 

- UAF 1.97 i 140 (87, < 80)J IIc [11,12] 420.0 1023.0 I [11] 
- AF - 19 - - [13] 416.5 983.3 P [14] 
- AF - 33 - - [13] k 1025 pk [13] 
14 AF ? 72 - - [15] 433.0 975.2 P [15] 

UFe2Ge 2 

UCo2Ge 2 d 

UCo2Ge2 e 

UNi2Ge 2 

UCu2Ge2 
URh2Ge 2 

UPd 2 Ge 2 
UIr2Ge2 e 

Ufr2Ge2 d 

UPt2Ge2 

a Ferromagnetic alignment of both the U and Mn (2.36/z B) magnetic moments. 
b Magnetic phase transition between the ground state magnetic structure and the high-temperature phase in 

which Mn moments only are ferromagnetically ordered whereas no ordering is observed in the U sublattice. 
c Weakly temperature dependent, showing a shallow maximum around 200 K. Susceptibility values of the order 

of 4-5 x 10 - 8  and 3 x 10 - 8  m 3 mo1-1 along and perpendicular to the c- and a-axis. 

d Low-temperature phase. 
e High-temperature phase. 
f Ferromagnetic ordering from T C = 100 K down to 43 K, below 43 K antiferromagnetic ordering. 
g Freezing temperature Tf for co --+ 0. 
h Either ThCr2Si2 with random occupation of Cr and Si sites by Rh and Ge atoms (P4/mmm) or CaBe2Ge 2 

(P4/nmm). 
i Root-mean square of the U magnetic moment. 
J Derived from magnetization anomalies measured on polycrystals [10]. 
k Orthorhombic (space group Pmmm) with lattice parameters a = 405.4 pm, b = 419.5 pm. 
1 Tentatively deduced from an anomaly in the temperature dependence of electrical resistivity. 
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et al. (1991). 

as-cast samples form a high-temperature phase, which adopts a yet unknown crystal struc- 
ture, which has a symmetry lower than I4 /mmm. After annealing at 750°C for 5 days 
a low-temperature phase with the ThCr2Si2 ( I4/mmm) structure is formed. Besides the 
symmetry change, the c-axis in the high-temperature phase is approximately 6% shorter 
than in the low-temperature phase. This expansion of  the unit cell greatly influences the 
magnetic properties of  this compound. The low-temperature crystallographic phase orders 
antiferromagnetically at T = 174 K whereas the as cast sample does not order mag- 
netically down to 350 mK. These results agree well with conclusions of  Kuznietz et al. 
(1991) and Hickey et al. (1992) and can explain the discrepancies between lattice con- 
stants reported by Marazza et al. (1977) and Kuznietz et al. (1989) on the one side and 
by Chelmicki et al. (1985), Buschow and de Mooij (1986), and Endstra et al. (1990a) on 
the other side. The antiferromagnetic order in the low-temperature phase is of  the type- 
I with ferromagnetic basal-plane sheets of  uranium moments (1.5/xB at 4.2 K) and dis- 
plays the + - + - + - stacking along the c-axis (Kuznietz et al. 1989). The suscepti- 
bility (fig. 5.81) of  the high temperature phase (polycrystalline data) follows a modified 
Curie-Weiss law down to 100 K and with further lowering it deflects upward from the 
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high-temperature MCW dependence reaching ,-~ 7 x 10 .8 m3/mol in the low tempera- 
ture limit. From fig. 5.82 we can see that the change of structure in UCo2Ge2 is clearly 
reflected in the electrical resistivity. The resistivity of the as-cast sample (only polycrys- 
talline data are available), which has a large room-temperature value of about 770 p.f2 cm, 
increases slightly with decreasing temperature down to 100 K and then it slowly decreases, 
reaching about 700 gf2 cm in the low-temperature limit. The annealed sample exhibits 
an almost temperature independent resistivity (of about 580 p.f2 cm) down to TN. The 
latter is marked by a small dip in the p vs. T curve and is followed by a small bump 
around 160 K. The resistivity then decreases to rather low values (< 20 gf2 cm) in the 
low-temperature limit. The Ntel temperature is well determined also by a peak in the 
C~ T vs. T curve. It is worth to mention that the appearance of two tetragonal structure 
variants in UCo2Ge2 is not exceptional within the 1:2:2 class of intermetallics. Similarly, 
LaIr2Si2 is characterized by a low-temperature phase with the ThCr2Si2 structure and a 
high-temperature phase adopting the CaBe2Ge2 type, the latter one showing superconduc- 
tivity whereas the former does not (Braun et al. 1983, 1985). Hickey et al. (1992) who 
investigated the UCo2-xGe2+x alloys for - 0 . 2  ~< x ~< 0.5 revealed that there is a narrow 
range of homogeneity on the cobalt-rich side and established that the stoichiometric com- 
pound orders antiferromagnetically near 160 K. The lattice parameters and the magnetic 
ordering parameters of the compounds containing an excess of cobalt depend on their ther- 
mal treatment which may serve as a tool for explaining numerous discrepancies between 
literature sources on this material. Hickey et al. (1992) have discovered a new ternary 
germanide UzCo3Ge5 which orders ferromagnetically below Tc = 21 K. Details will be 
discussed in section 5.9.9. 

By means of neutron diffraction experiments, Kuznietz et al. (1995c, 1995d, 1997) stud- 
ied the relative orientation of magnetic moments of uranium and a lanthanide (Ln = Nd, 
Tb) atoms which occupy the same site statistically in the quasi-ternary series of compounds 
(Ul-xLnx)CozGe2 crystallizing in the ThCrzSiz-type structure. Most of these compounds 
exhibit antiferromagnetic structures of type I consisting of basal planes of (U, Ln) magnetic 
moments oriented along the c-axis and coupled + - + - + - along the same direction. 
U and Nd magnetic moments in (Ul-xNdx)Co2Ge2 are coupled parallel and U and Tb 
moments in (Ul-xTbx)CozGe2 are coupled antiparallel, which means that U acts in this 
sense as a light rare earth. 

Type-I antiferromagnetic ordering has been observed by means of powder neutron 
diffraction experiments in UNi2Ge2 below 80 K by Chelmicki et al. (1985) and was con- 
firmed in a similar way somewhat later by Kuznietz et al. (1993c). The magnetic phase 
transition at 77 K is very well determined by studies of the specific heat (Endstra et al. 
1990a), magnetic susceptibility (Ning et al. 1992; Endstra et al. 1993a), electrical resistiv- 
ity and Hall effect (Ning et al. 1992). Some of these properties are displayed in fig. 5.83, 
which demonstrates again the strong uniaxial anisotropy of magnetism and electrical trans- 
port. The spectacularly huge and narrow bump in the p vs. T curve just below TN is dis- 
cussed by Ning et al. (1992) in the framework of theoretical models originally developed 
by Miwa (1963) and Suezaki and Moil (1969) to explain the Cr-type resistivity anomaly 
below TN. The temperature dependence of the Hall coefficient was explained in terms of a 
theoretical model of skew-scattering processes (Felt and Levy 1987). Perlov et al. (1998) 
investigated theoretically the zero-temperature electrical resistivity in UNi2Ge2 by apply- 
ing the density functional theory and linear response approach to calculate the resistivity 



162 V. SECHOVSKY and L. HAVELA 

A v, 
m 

O 
E 

v 

¢o 

0 
E 

o'J 

E 
O 
,,¢.,,. 

v 

A 

E 
tJ 

C 
::::L 

v 

120 

80 

40 

0 
2.0 

1.5 

1.0 

0.5 

0.0 
600 

400 

~. 200 

0 

/ 
/ 

I I 

I 

UNi2Ge 2 

(a) 

(b) 

. 

I I 

i / / c - a x i s  

(c) 

i _L c-axis 
I I 

0 100 200 300 
T (K) 

Fig. 5.83. Temperature dependence of following properties of UNi2Ge2: (a) Specific heat C - data taken from 
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respectively - data taken from Ning et al. (1992); (c) Electrical resistivity p with current i along and perpendicular 

to the e-axis, respectively - data taken from Ning et al. (1992). 

for the ground-state  ant i ferromagnet ic  phase and the expected field induced ferromagnet ic  

phase. The calculated ground-sta te  resistivity is quite anisotropic (Pll /P± ~ 2. l ,  P[I and p± 
represent  the resistivity for current  parallel  and perpendicular  to the c-axis, respectively).  
For  some Fermi  surface sheets, however,  a much  larger anisotropy of  (Ptl /P± ~ 10-40)  has 
been  calculated. In  case of  the metamagnef ic  A F  --+ F transi t ion a giant  magnetores is tance 
has been  predicted be ing  much  larger for current  parallel  to the c-axis ( A p / p )  ll = --61%, 



MAGNETISM OF COMPOUNDS OF URANIUM 163 

whereas for the perpendicular case (Ap/p)± = --14%. Roy et al. (1994) reported a dis- 
tinct irreversibility and a metastable magnetization behaviour of polycrystalline samples 
below TN in applied fields below 1 T. With small Ce doping, TN is slightly suppressed but 
the irreversibility becomes more pronounced. Specific macroscopic magnetic characteris- 
tics which, can be used to distinguish an antiferromagnet unequivocally from a spin glass, 
were discussed. 

Metallurgical problems and related inconsistencies reported for results on UCu2 Ge2 led 
to intensive studies by several groups. Several investigators reported ferromagnetic order- 
ing below 100-110 K (Leciejewicz et al. 1982; McAlister et al. 1989; Kuznietz et al. 
1990a; Yusuf et al. 1996a, 1996b) as a result of combined powder neutron diffraction 
and ac-susceptibility or magnetization experiments. These results were supported also by 
neutron-depolarization (Yusuf et al. 1996a) and specific-heat data (Endstra et al. 1990a). 
Three different conclusions about the ground state phase can be sorted out from various 
mutually contradicting investigations all dealing with studies of polycrystals of various 
origins: 

(a) Chelmicki et al. (1985), McAlister et al. (1989) and Dirkmaat et al. (1990b), based 
on powder neutron-diffraction data, propose that the ferromagnetic phase transforms 
below a certain temperature (25-40, 43 and 65 K, respectively), to an antiferromag- 
netic structure consisting of ferromagnetic basal-plane layers of uranium moments 
coupled along the c-axis in a + + - - + + - -  sequence. Although discussing 
"spin-glass features" of the low temperature magnetic behaviour, the existence of an- 
tiferromagnetism at low temperatures is admitted by Chakravarti et al. (1992) and 
Roy et al. (1995b) after a critical analysis of magnetization measurements including 
time dependencies. The conclusion about antiferromagnetism at low temperatures is 
corroborated also by a magnetoresistance study (Nigam et al. 1994). 

(b) Yusuf et al. (1996a, 1996b) interpret their combined ac-susceptibility, magnetization 
and powder neutron diffraction results in terms of a sperromagnetism (Hurd 1983) 
below 45 K, which consists in a "randomly canted ferromagnetic phase". 

(c) Kuznietz et al. (1990a) claim that they observed no transition to any low-temperature 
phase and therefore the homogeneous ferromagnetic ordering persists down to the 
lowest temperatures. 

Note that U3Cu3Ge4, which becomes ferromagnetic below 71 K, has been observed as an 
impurity phase when preparing UCu2Ge2 (Pechev et al. 1996). This may help to explain 
some of results in other reports mentioned above. These contradictory results on the mag- 
netism of UCuzGe2 are discussed by Kuznietz et al. (1993d). The absence or appearance 
of a low-temperature antiferromagnetic phase in UCu2Ge2 is ascribed to different anneal- 
ing conditions that may lead to variations in stoichiometry, a view supported by neutron 
studies of the magnetic phase diagram of the U(Nil_x Cux)2Ge2 solid solutions (Melamud 
et al. 1998). 

A study of Ul-xCexCu2Ge2 compounds with higher Ce contents (x ~< 0.5) was made 
by Roy and Coles (1991) who showed that ice is depressed fairly rapidly with increasing 
x, whereas the temperature of the F +-~ AF transition becomes progressively enhanced. In 
U0 5Ce0.sCuaGe2 only the antiferromagnetic ordering is observed. 
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Similar to efforts on U(T~,T")2Si2 compounds, Kuznietz with his colleagues per- 
formed extended studies of the evolution of magnetic phase transitions and magnetic 
structures in the solid solutions U(Co, Ni)eGee (Kuznietz et al. 1990b, 1992b, 1994d, 
1996), U(Ni, Cu)eGe2 (Knznietz et al. 1990b, 1992c) and U(Co, Cu)2Ge2 (Kuznietz et al. 
1990a, 1990b). No pressure effect on the crystal and magnetic structures of UCu2Ge2 and 
U(Ni0.05Cu0.95)2Ge2 together with an isotropic compressibility has been observed by neu- 
tron diffraction studies on samples in pressures up to 0.65 GPa. The magnetic results were 
explained in terms of the RKKY model (Caspi et al. 1998). 

The main difference between the magnetic phase diagrams (Kuznietz et al. 1996) of 
these germanides (see fig. 5.84) and the analogous silicides (see fig. 5.68 and the related 
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URh2Ge 2 single crystal. The inset shows the field-cooled (FC - full symbols) and zero-field-cooled (ZFC - open 

symbols) data reported by Stillow et al. (1997b). 

text) consists in the loss of magnetism in the U(Co, Ni)2Ge2 series. Although UCo2Ge2 as 
well as UNi2Ge2, crystallize in the body-centred tetragonal ThCr2Si2-type structure and or- 
der with the AF-I antiferromagnetic structure, the intermediate solid solution of these com- 
pounds (UCoNiGe2) crystallize in the lower-symmetric primitive tetragonal CaBe2Ge2- 
type structure (Kuznietz et al. 1994d). The Co/Ni distribution in the (Co,Ni) planes in both 
samples is not statistical. In planes close to the U planes Co:Ni ratios of about 1:2 are 
found whereas this ration is and 2:1 in the doubly dense and distant planes. The absence 
of magnetic order in this compound is attributed to the lower symmetry of the structure. 
Endstra et al. (1993a), however, report indications of magnetic ordering (below 21 K) even 
in UCoNiGe2. 

A maximum in the temperature dependence of the magnetic susceptibility of URh2Ge2 
polycrystals observed at 8 K (Ptasiewicz-Bak et al. 1981, 1985) or at 12 K (Lloret et al. 
1987) was interpreted in terms of the onset of antiferromagnetic ordering although no 
magnetic contribution to the neutron diffraction spectrum has been observed at T ---- 4.2 K 
by the former authors. As shown by Lloret et al. (1987), the temperature of the suscep- 
tibility maximum strongly depends on stoichiometry deviations. Thompson et al. (1985) 
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claimed antiferromagnetism in this compound below 2 K because of a precipitous decrease 
of the electrical resistivity. The lack of pressure influence on the magnetic ordering tem- 
perature has been attributed to the high stability of the uranium magnetic moment in this 
compound. These contradictory reports required further experimental efforts to shed more 
light on the low temperature behaviour of this materials. Substantial progress has been 
made after single crystals of this material were grown and careful experimental work was 
performed. 

Dirkmaat et al. (1990c) reported results of magnetic susceptibility, magnetization, re- 
sistivity and specific heat measurements made on such a high-quality single crystal. The 
temperature dependence of the susceptibility and resistivity measured along the two prin- 
cipal crystallographic directions is shown in fig. 5.85. The susceptibility displays strong 
uniaxial anisotropy which is a common feature of the whole class of UT2X2 compounds 
where the c-axis response is distinctly larger than the perpendicular signal. In both direc- 
tions a broad maximum is observed at about 10 K, which confirms the previous polycrys- 
talline data (Ptasiewicz-Bak et al. 1981, 1985). Above the maximum, the susceptibility 
follows a modified Curie-Weiss law with anisotropy in all three parameters: 0p = - 1 0  K 
and - 1 9  K,/Zeff ~--- 2.98/ZB and 1.25/zB, X0 = 0.6 x 10 -s  and 1.1 x 10 .8 m3/mol for 
fields applied along the c- and a-axis, respectively. Below the susceptibility maximum the 
progressive splitting of FC and ZFC branches with lowering temperature indicates mag- 
netic irreversibility. The ac-susceptibility (Sttllow et al. 1997a, 1997b) exhibits a clear fre- 
quency dependence pushing the susceptibility maximum towards higher temperatures with 
increasing co. 

Also the resistivity shows some anisotropy, being somewhat larger for current along the 
c-axis. For both current directions one finds a very similar temperature dependence, p in- 
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creasing monotonously with decreasing temperature. Below 20 K the p vs. T dependence 
is linear down to 35 mK. This indicates that the resistivity decrease reported by Thomp- 
son et al. (1985) and Lloret et al. (1987) on polycrystals below 2 K is probably due to 
a secondary phase. The specific heat corrected for the lattice contribution is displayed in 
fig. 5.86. It shows a broad bump above 10 K which can be smeared out (by pushing the 
magnetic entropy to higher temperatures) by applying magnetic fields, which process is 
much more effective for magnetic fields applied along the c-axis. Structure analysis using 
nuclear reflections from neutron diffraction (Ptasiewicz-Bak et al. 1981, 1985; Stillow et 
al. 1997a) indicates that the symmetry of  the crystal is tetragonal. However it is not possible 
to distinguish between the P4 /nmm and P 4 / m m m  space groups. 
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All the above findings on single crystals point to the possibility that the low-temperature 
properties of URh2Ge2 are determined by a spin glass state (Mydosh 1993). This assump- 
tion has been finally confirmed by neutron scattering (Stillow et al. 1997b). The neutron 
scattering data in fig. 5.87 point to the onset of magnetic correlation slower than 10 -12 s 
at 16.2 K. The frequency dependence of the freezing temperature Tf derived from all the 
available data points to the onset of static correlations on a time scale of 10 -3 s below 
10K. 

All the available experimental evidences manifest that URh2Ge2 has an extraordinary 
position in the class of UT2Ge2 owing to its spin-glass ground state. Strong anisotropy of 
the susceptibility clearly shows that we deal with an Ising-like spin-glass system. 
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UPd2Ge2 have been studied so far only in polycrystalline form. Ptasiewicz-Bak et al. 
(1981) reported an anomaly in the magnetic susceptibility at 138 K, indicating a phase tran- 
sition between paramagnetism and antiferromagnetic ordering. They also have performed 
powder neutron diffraction experiments at 4.2 K, 80 K, and 300 K and made a tempera- 
ture scan of characteristic magnetic reflections. The latter data point to TN == 140 K. The 
magnetic reflections observed at low temperatures can be attributed to an incommensurate 
spin density wave (ISDW) with a propagation vector q = (0, 0, 0.748) and an amplitude 
of the U magnetic moment of 2.79 and 2.68/z13 at 4.2 K and 80 K, respectively. More 
detailed measurements of the temperature dependence of the magnetization point to the 
possibility of more magnetic phase (order-order) transitions below TN (Tien et al. 1994; 
Duh et al. 1995a) which show up in the magnetization measured in 0.05 T as a maximum 
at 87 K, a steep increase below 80 K, and a broad maximum around 50 K followed by a 
precipitous decrease with further decreasing temperature. The low-temperature magneti- 
zation behaviour was interpreted by Duh et al. (1995a, 1995b) in terms of spin glass state. 
Magnetization curves at various temperatures (Tien et al. 1994; Duh eta].  1995a) and 
related magnetoresistance curves (Duh et al. 1996a) are displayed in fig. 5.88. The latter 
curves show a GMR effect when magnetizing from zero-field-cooled state. This leads to 
a conclusion that the ground-state phase in UPd2Ge2 is antiferromagnetic, as originally 
proposed by Ptasiewicz-Bak et ai. (1981). The ferromagnetic phase is then induced by a 
metamagnetic transition seen on the virgin magnetization curve and finally remains frozen 
in the material when decreasing the field to 0 T and even when applying a magnetic field 
of opposite direction. In many aspects this situation strongly resembles the case of UNiGa 
(see section 5.1.1). Single crystals of well defined composition and a detailed concerted 
magnetization, magnetoresistance, and neutron scattering study in the whole temperature 
range of the magnetic ordering are strongly desirable if one wishes to resolve open ques- 
tions about the magnetism in UPd2Ge2. The importance of well defined composition in 
these studies is demonstrated by the fact that tiny substitutions (1-3%) of Fe for Pd drasti- 
cally change the low-temperature magnetization behaviour (Duh et al. 1995c). The overall 
evolution of magnetic properties in the series U(Pdl-xFex)2Ge2 has been described by 
Duh et al. (1996b). 

UIr2 Ge2 can be observed in two allotropic phases. The high-temperature phase obtained 
by quenching from the melting point crystallizes in the CaBeaGe2-type structure similar to 
the corresponding silicide. The low-temperature phase is obtained after annealing at 800°C. 
It forms in an orthorhombic phase, which has been observed also in GdIr2Ge2 (Frangois 
et al. 1985). These two phases exhibit different low-temperature magnetic properties. The 
maximum in the temperature dependence of susceptibility can be attributed to the onset 
of antiferromagnetic ordering. For the low-temperature phase the maximum is observed 
at 33 K, whereas it appears at 19 K in the other phase. Principal differences between the 
two phases are observed also in the low temperature resistivity behaviour. The resistivity in 
the low-temperature phase precipitously decreases below 33 K while the high-temperature 
phase exhibits an increase with decreasing temperature below 19 K. Both allotropic phases, 
however, show rather similar susceptibility behaviour above 40 K, following Curie-Weiss 
behaviour. Similar to URhzGe2, also UIr2Ge2 has a narrow homogeneity range (Lloret 
et al. 1987) similar to YIrzSi2 (Hirjak et al. 1985). This is probably the main source of 
the large scatter of magnetic parameters reported for such systems in different literature 
sources. 



170 V. SECHOVSKY and L. HAVELA 

As can be inferred from the magnetic susceptibility, specific-heat and electrical resistiv- 
ity data observed on polycrystalline samples, UPt2Ge2 exhibits simple antiferromagnetic 
ordering below TN = 72 K (Endstra et al. 1992a). This is corroborated by the paramagnetic 
susceptibility behaviour of the polycrystal, which very well satisfies the Curie-Weiss law 
with fOp = - 5 2  K and/Zeff = 2.98/zB/f.u. 

5.2.3. Non-stoichiometric gallides and stannides U-T-Ga and U-T-Sn 
A compilation of the available structure and magnetic information on the compounds 

treated in this section can be found in table 5.11. Zolnierek and Zaleski (1992), and Zol- 
nierek and Szulc (1992) have shown that within the ternary U-Cu-Ga system several non- 
stoichiometric phases (see table 5.11) exist and all these phases crystallize in the I4/mmm 
space group. Magnetization and resistivity measurements performed at finite magnetic 
fields revealed in some of these materials unusual antiferromagnetism below 55 K with 
a strong ferromagnetic component vanishing at temperatures fairly higher than TN. The 
more Ge-rich U-T-Ga compounds form, however, the simple collinear AFI-type antifer- 
romagnetic structure. The ground state phase in the former materials has a new type of 
canted magnetic structure which has been proposed from the analysis of neutron powder 
diffraction data (Stiisser et al. 1998). This structure has been denoted by Zolnierek as AFIV 
and it is illustrated in fig. 5.89. Values of the basal-plane and c-axis components of the U 
moment can be found in table 5.12. The formation of this structure has been attributed to 
a special distribution of the Ga- and Cu-atoms over the crystallographic (4e) and (4d) sites 
(Sttisser et al. 1998). Due to the close structure similarity (I4/mmm space group) we in- 
clude also UAUl.3Ga2.5 which orders antiferromagnetically in the AFI-type structure below 
49 K (Zolnierek and Mulak 1995). 

V 

(a) (b) 

Fig. 5.89. Spin arrangement in the AFI (a) and AFIV (b) magnetic structure appearing in U-Cu-Ga compounds. 
The latter figure represents a projection in the basal plane. Data taken from Stiisser et al. (1998). 
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TABLE 5.11 

Some basic characteristics of U-T--Ga and U-T-Sn compounds: 
Type of ground state (AF - antiferromagnetic, P - paramagnetic),/x U - the uranium ordered magnetic moment 
(determined by neutron diffraction at 4.2 K), T N - magnetic ordering temperature, Anis. - easy magnetization 
direction (determined by neutron diffraction and/or magnetization measurements of single crystals), space group 
or structure type (I - tetragonal body-centered ThCr2Si2-type smactttre, P - tetragonal primitive CaBe2Ge2-type 

structure), a, c - lattice constants at room temperature. 

Compound Magn. T N /xu Anis. Ref. Space a c Ref. 
order (K) (#B) group (pm) (pm) 

UCUl.5Ga2. 5 AF a 49 2.47 l[ ca [1] I 412.9 1007.8 [2] 
UCUl.33Ga2.5 AF a 49 2.6 Ilc a [2,3] I 413.4 1007.8 [2] 
UCUl.25Ga2.5 AF a 2.5 Ilc a [3] I 
UCnl.45Ga2.55 AF a 2.3 [Ic a [3] 
UCUl.40Ga2.60 AF a 2.3 Ilc a [3] 
UCUl.16Ga2.66 AF b 55 2.1 I[c [2,3] I 415.2 991.1 [2] 
UCUl.33Ga2.66 AF b 53 2.1 IIc [2,3] I 415.2 996.6 [2] 
UAul.3Ga2. 5 AF b 45/49 1.87 Ilc [1] I 
UCoI.5Sn2 c AF d 110 0-68 d Ilc [4,5] P 437.8 e 905.4 e [51 
UNiI.4Sn2 f AF b 35 1.89 [Ic [7] P 439.01 925.73 [6] 

UCUl.3Sn2 g AF b 108 2.32 lie [7] P 438.3 960.2 [6] 

UCul.5Sn2 g AF b 107 2.01 I[c [8] P 439.20 964.80 [8] 
ThCol.50Sn1.96 P 443.5 974.9 [6] 
ThCo2Sn 2 AF 65 [9] 
ThNii.50Snl.91 P 442.1 993.9 [5] 
ThCu 1.50Snl.77 P 441.3 1022.7 [6] 

a Canted antiferromagnetic structure AFIV (Zolnierek and Mulak 1995; Stfisser et al. 1998), see fig. 5.89. 
b (AFI) Antiferromagnetic structure type I. 
c Composition of UCol.45Sn 2 reported in (Mirambet et al. 1992) and UCol.41Snl.85 (Kim and Stewart 1995). 
d q = (0, 0, 1/2), Co moment of 0.63/z B at the 2b position and 0 at the 2c position, at 1.4 K. 
e At 160K. 
f Composition of UNil.42Snl.88 reported in Kim and Stewart (1995). 
g Composition of UCUl.30Snl.91 reported in (Kim and Stewart 1995) and UCUl.5Sn 2 (Purwanto et al, 1996b). 

References: 

[1] Zolnierek mad Mulak (1995) 
[2] Zolnierek and Szulc (1992), 

Zolnierek and Zaleski (1992) 
[31 Stitsser et al. (1998) 

[4] Thuery and Zolnierek (1993) 
[5] Mirambet et al. (1992) 
[6] Ptttgen et al. (1993) 

[7] Kaczorowski and Sttisser (1996) 
[8] Purwanto et al. (1996b) 
[9] Kaczorowski et al. (1993a) 

K a c z o r o w s k i  e t  al.  ( 1 9 9 3 a )  h a v e  s t u d i e d  s t r u c t u r e ,  m a g n e t i z a t i o n  ( s u s c e p t i b i l i t y )  a n d  

e l e c t r i c a l  r e s i s t i v i t y  o f  t h e  t e r n a r y  s t a n n i d e s  U T 2 S n 2  a n d  T h T 2 S n 2  ( T  = Co ,  Ni ,  C u )  w h i c h  

a l l  c r y s t a l l i z e  w i t h  t h e  C a B e 2 G e 2 - t y p e  c r y s t a l  s t ruc tu re .  UCu2Sn2 a n d  UNi2Sn2 are r e -  

p o r t e d  as  a n t i f e r r o m a g n e t s  w i t h  N 6 e l  t e m p e r a t u r e  o f  108  K a n d  35  K,  r e s p e c t i v e l y  as  i n -  

f e r r e d  b o t h  f r o m  m a g n e t i c  s u s c e p t i b i l i t y  a n d  e l e c t r i c a l  r e s i s t i v i t y  a n o m a l i e s .  T h e  o c c u r -  

r e n c e  o f  c o m p l e x  m a g n e t i c  b e h a v i o u r  o f  UCo2Sn2 is  c l a i m e d  d u e  to  t w o  s u b s e q u e n t  m a x -  

i m a  i n  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  m a g n e t i c  s u s c e p t i b i l i t y  a n d  a s t r o n g  f ie ld  d e p e n -  
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TABLE 5.12 

Basal-plane (/.tU_x,y) and c-axis (/zU_z) projections of uranium 
moment in U-Cu-Ga compounds with the canted antiferromag- 

uetic structure AHV (Stiasser et al. 1998). 

Compound /zU (/ZB) ~U-x,y (/ZB) #U-z (/'tB) 

UCu 1.5Ga2.5 2.5 1.8 1.6 
UCu 1.33Ga2.5 2.6 1.6 2.0 
UCu 1.25Ga2.5 2.5 1.4 2.1 
UCUl.45Ga2.55 2.3 1.5 1.8 
UCUl.40Ga2.60 2.3 1.0 2.1 

dence of the magnetization. ThCoeSn2 orders antiferromagnetically below 65 K whereas 
ThCueSn2 and ThNi2Sne remain paramagnetic down to 4.2 K. Resistivity data reported by 
Baran and du Plessis (1993) for three UCu2Sn2 samples annealed in various ways exhibit 
a common anomaly at 110 K, which is close to above mentioned value of TN. Subsequent 
work of Ptttgen et al. (1993) focused on crystal structure refinement confirmed that these 
stannides crystallize with the CaBeaGe2-type structure, however with extensive defects 
in occupation of lattice sites. At least one of the transition metal sites in each compound 
is not fully occupied. Partial occupancies were also found for most of the Sn sites. The 
compositions of these phases have been determined as ThCol.50Snl.96, ThNil.80Snl.91, 
ThCul.50Snl.77, UCOl.41Sn1.85, UNil.42Snl.88 and UCUl.30Snl.91. Mirambet et al. (1992) 
claim that the optimal composition of the U-Co-Sn compound is UCOl.45Sn2 and report 
the latter to be antiferromagnetic below TN = 110 K. Thuery and Zolnierek (1993) studied 
the U-Co-Sn phase (nominally UCOl.sSn2) by neutron diffraction. They propose that a 
collinear antiferromagnetic structure with q = (0, 0, 1/2) forms below 130 K and consists 
of both uranium moments (0.68/zB) and cobalt moments (0.63/ZB at the 2b position and 
0 at the 2c position). A powder neutron-diffraction investigation of the crystal and mag- 
netic structures of the U-Ni-Sn (UNil.4Sn2) and U-Cu-Sn (UCul.3Sn2) phases made by 
Kaczorowski and Stiisser (1996) has revealed AFI ordering of uranium moments (1.89 and 
2.32/ZB) in both cases. Somewhat different values, TN = 107 K and/zu --- 2.01/ZB, have 
been reported by Purwanto et al. (1996b). These authors found larger lattice parameters in 
a sample with the composition UCol.sSn2 without indicating any Cu deficiency, in contrast 
to work of Ptttgen et al. (1993). 

5.2.4. Pnictides UTeXe (X = P,, As) 
In table 5.13 a survey of the basic properties of 1:2:2 pnictides is given. One can see that 

besides the CaBe2Ge2 and ThCr2Si2 structure types we can find examples of the hexago- 
nal CaAl2Si2-type, including UCu2X2 compounds (Zolnierek et al. 1986) and their thorium 
analogues (Kltifers et al. 1979). The ruthenium compounds URu2P2 and ThRu2P2 crystal- 
lize in a prototype orthorhombic structure which is rather close to the BaZn2As2 structure 
(Kliifers and Mewis 1978) and the BaCu2S2 structure (Iglesias et al. 1974). These are 
characterized by the same space group and similar atomic positions) but the co-ordination 
polyhedra are different (Glaum et al. 1992). Refinement of X-ray and/or neutron diffraction 
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Fig. 5.90. (a) Temperature dependence of the magnetic susceptibility X in a UCo2P 2 polycrystal in a magnetic 
field of 0.15 T. (b) Temperature dependence of the inverse susceptibility of a UCo2P2 polycrystal above 240 K. 

Data taken from Reehuis et al. (1991). 

data of  Ni and Rh containing compounds revealed that they form in a defective structure 
due to a deficiency of  Ni atoms in the former case, and a deficiency of  Rh and As in the U -  
Rh-As  system (see table 5.13 and attached comments). The defect ordering in URhl.6ASl.9 
causes formation of  a superstructure (Zemni et al. 1988). 

The temperature dependence of  the magnetization (susceptibility) of  UCo2P2 is rather 
complex as it can be seen in fig. 5.90. The susceptibility tends to diverge when cooling be- 
low 230 K. This trend, however, is terminated around 225 K (which was considered as the 
temperature of  magnetic ordering), the increase of the magnetization is gradually reduced 
and below 180 K the magnetization falls to very low values and does not vary substantially 
down to lowest temperatures. Reehuis et al. (1991) have demonstrated that the temperature 
(T1) of  the latter transition is strongly suppressed by an applied magnetic field although 
the width of  the transition is not affected. Extrapolation of  these results to zero field yields 
T1 = 199 K, whereas a field of  5 T reduces T1 to below 140 K (Reehuis et al. 1991). 
A neutron-diffraction experiment, which was performed on a UCo2P2 powder sample at 2, 
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180, 210, and 240 K (the latter temperature was chosen to collect the reference paramag- 
netic data), allowed to determine the ground-state magnetic structure (2 K data), but failed 
to discover any fingerprints of magnetism around 200 K (Reehuis et al. 1991). One may 
speculate about an incommensurate antiferromagnetic phase which can be hardly traced in 
the poor-statistics powder diffractograms. Further effort to determine the high-temperature 
phase in UCo2P2 by neutron scattering investigations is strongly desirable. The ground- 
state antiferromagnetism consists of antiparallel coupled sublattices of the U (1.78/ZB) 
and Co (0.18/zB) magnetic moments, and has a propagation vector q = (0, 0, l /2).  The 
magnetic structure is collinear with magnetic moment parallel to the c-axis. 

Above 240 K, the susceptibility measured on a UCo2P2 polycrystal up to 380 K mimics 
Curie-Weiss law behaviour with Op = 239 K and/Zeff = 2.28/ZB (Reehuis et al. 1991). 
Extension of such a measurement up to 1000 K reveals that the 1/X vs. T plot becomes 
really linear only above 600 K and than it can be approximated by a Curie-Weiss law 
with/Zeff = 3.6/ZB and O p  ~--- - 300  K. After a simple simulation calculus we can find that 
this behaviour may be obtained by averaging the signals of a single crystal with anisotropic 

a - 300K;  c 239Kand a,c Curie-Weiss susceptibility with Op Op ~--" = ~eff = 3.6/ZB. The value 
derived for the effective moment conforms with theoretical values for free U 3+ or U 4+ ions 
which may point to localized 5f states in this materials. The strikingly different values of 
the paramagnetic Curie-Weiss temperatures reflect a uniaxial anisotropy with the main 
paramagnetic response concentrated in the c-axis, which is also the easy magnetization 
axis of the ground state. 

UNieP2 orders antiferromagnetically with the AFI structure (Fischer et al. 1989) with 
uranium moments (1.59/ZB) collinear and parallel to the c-axis, which is frequently ob- 
served in 1:2:2 compounds. The value of Nrel temperature TN = 101 K derived on 
the base of vanishing of the intensity of magnetic reflections is considerably lower than 
111 K proposed by Zolnierek et al. (1986) from the temperature of the susceptibility max- 
imum. However, the former value coincides well with the temperature of the maximum 
of O(xT)/~T derived from the temperature dependence of the genuine thermodynamic 
variable xT (Fisher 1962; Fedders and Martin 1966), which can be revealed by closer 
inspection of the susceptibility data presented by Zolnierek et al. (1986). The tempera- 
ture dependence of the intensity of the magnetic reflections also reveals that the uranium 
magnetic moment remains almost constant up to approximately 70 K (~  0.7 TN). 

UCueP2 becomes ferromagnetic below 216 K, which is the highest ordering tempera- 
ture of a 5f-electron ferromagnet. The ordered moment equals about 1.8/ZB/f.u. and points 
along the c-axis (Zolnierek et al. 1986; Kaczorowski and Troc 1990; Delapalme et al. 
1994). These attributes of a localized uranium moment system have been completed by 
the result of AC susceptibility measurements under hydrostatic pressure up to 1 GPa (Kac- 
zorowski et al. 1989) revealing a positive linear response of the Curie temperature at a 
normalized rate ~ In Tc/Op = 4.7 x 10 -3. Also the results of optical and magnetooptical 
studies corroborate the conclusion about the localized character of uranium moments in 
UCu2P2. Optical reflectivity measurements performed on a UCu2P2 single crystal (Fuma- 
galli et al. 1988a; Schoenes et al. 1989) pointed to the fact that this material is a "bad" 
metal with a rather low free carder contribution (< 0.2 carriers/f.u.) to the optical con- 
ductivity. The magnetooptic study revealed a maximum Kerr rotation of 3.5 ° at 0.75 eV. 
The high-temperature susceptibility which exhibits strong anisotropy was interpreted by 
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Kaczorowski (1988) using a phenomenological crystal-field model and molecular field ap- 
proximation. The clear anomaly of the resistivity at 212 K can be associated with magnetic 
ordering (Kaczorowski and Troc 1990). When comparing the temperature dependence of 
the spontaneous magnetic moment with theoretical predictions for Ising systems (Yang 
1952; Guttman et al. 1970) we find a very good agreement. 

"UNieAs2" forms with a large concentration of vacant Ni positions. By an X-ray single 
crystal structure refinement the composition of UNil.6As2 has been determined. A com- 
bined magnetization, resistivity and neutron diffraction study made on single crystals of 
this materials revealed antiferromagnetic ordering below 145 K. The ground state phase 
shows simple AFI ordering of uranium magnetic moments (= 1.6/xB) oriented along the 
c-axis. Above 95 K an additional propagation vector emerges and then two sets of mag- 
netic peaks corresponding to ql = (0, 0, 0) and q2 = (0, 0, 1/2) and two magnetic Fourier 
components of about the same amplitude along the c-axis coexist in the whole temperature 
range up to TN (Troc et al. 1994b). 

Ferromagnetism in UCu2As2 has been observed below 140 K by magnetization measure- 
ments on polycrystalline samples. For the rest of compounds only structure information is 
available. 

5.2.5. Thorium and transuranium AnT2Si2 and AnT2Ge2 compounds 
Most of thorium and transuranium 1:2:2 intermetallics (see tables 5.14 and 5.15) crystal- 

lize with the ThCrzSi2-type structure. Exceptions form only some Ir and Pt containing ma- 
terials. Although numerous compounds, especially germanides, probably can be formed, 
no information is available because of the limited possibilities of laboratories specialized 
on the work with transuranium elements. In number of investigated cases crystallographic 
information is the only one available. In case of neptunium compounds we have frequently 
important microscopic data from Mrssbauer experiments as can be seen in the report of 
Kalvius et al. (1992) and references therein. From the magnetic hyperfine fields measured 
at 237Np nuclei a value of the Np magnetic moment was derived (Dunlap and Lander 1974). 

The onset of magnetic ordering in NpCr2 Si2 is accompanied by a considerable change of 
the electric quadrupole interaction. This can be attributed to a situation when the main prin- 
cipal axis of the electric gradient (which is identical with the tetragonal c-axis) is deflected 
from the magnetic quantization axis. In this case an angle of 46 ° between the direction of 
the Np magnetic moment and the c-axis has been estimated. This result indicates that we 
may deal with a complex magnetic structure. From the observed magnetic hyperfine field 
on the 237Np nuclei, a Np magnetic moment of 1.7/zB has been determined. The temper- 
ature dependence of magnetization shows a maximum well below the magnetic ordering 
temperature (73 K) determined by M6ssbauer spectroscopy (Gal et al. 1976a, 1977). 

NpMn2Si2 becomes ferromagnetic above room temperature. Magnetization measure- 
ments made at T = 4.2 K provide a magnetic moment value of 2.87/zB/f.u., whereas 
a neptunium moment of 1.1/zB has been determined from the M6ssbauer data at the same 
temperature. This suggests that Mn magnetic moments should be involved in the magnetic 
ordering in this compound (Gal et al. 1976a, 1977). 

The occurrence of antiferromagnetic ordering of the Np magnetic moments (1.5/zB at 
T = 4.2 K) in NpFe2Si2 has been concluded from combined magnetization and M6ss- 
bauer experiments (Gal et al. 1976a, 1977). Although experimental results are reminiscent 
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TABLE 5.14 

Some basic characteristics of ThT2Si2, NpT2Si 2 and PuT2Si 2 compounds: 
Type of ground state ( F -  ferromagnetic, AF - antiferromagnetic (without specification), AFI - antiferromagnetic 
type I, P - paramagnetic), /ZAn - the actinide ordered magnetic moment at 4.2 K, TC, N - magnetic ordering 
temperature, Anis. - easy magnetization direction, a, c - lattice parameters at room temperature, structure type 

(I - tetragonal body-centred ThCr2Si2-type structure, P - tetragonal primitive CaBe2Ge2-type structure). 

Compound Ground NAn TC,N Anis. Ref. a c Str. Ref. 
state (/ZB) (K) (pm) (pm) type 

ThTc2Si2 410.92 1006.8 I [1] 
NpCr2Si 2 AF 1.7 a 73 canted b [2] 386.33 936.70 I [2] 
NpMn2Si 2 F 1.1 a > 300 [2] 389.50 953.80 I [2] 
NpFe2Si 2 AF 1.5 a 87 IIc [2] 386.97 996.21 I [2] 
NpCo2Si 2 A N  1.5 b 42-46 canted c [2-4] 387.70 973.20 I [2] 
NpNi2Si 2 AF 1.0 a 33 IIc [2] 393.50 946.60 I [2] 
NpCu2Si 2 F 1.5 34-41 I[ c [2,4] 392.21 941.06 I [2] 
NpRu2Si 2 AF 1.5 27.5 IIc [5] 412.9 958.6 I [1] 
NpRh2Si2 401.0 1002.2 I [1] 
NpPd2Si2 411.26 1004.5 I [1] 
NpOs2Si2 411.7 969.9 I [1] 
Nplr2Si2 409.24 984.0 P [1] 
NpPt2Si2 419.49 975.5 P [1] 
NpAu2Si2 424.22 1027.5 I [1] 
PuCr2Si 2 F 81 [6] 391.33 1065.8 I [1] 
PuMn2Si 2 F 215 [6] 393.13 1044.4 I [1] 
PuFe2Si 2 F 38 [6] 393.37 988.1 I [1] 
PuCo2Si2 P 390.50 981.3 I [1] 
PuNi2Si 2 F 42 397.04 964.8 I [1] 
PuCu2Si 2 400.30 994.0 I [1] 
PuRu2Si2 415.14 966.2 I [1] 
PuRh2Si2 403.96 1006.2 I [1] 
PuPd2Si2 414.77 996.4 I [1] 
PuOs2Si2 P 412.45 978.5 I [1] 
PuIr2Si2 P 411.15 984.9 P [1] 
PuPt2Si2 420.11 978.5 P [1] 
PuAu2Si2 425.0 1021.3 I [1] 

a Derived from the hyperfine magnetic field Hhf measured by Mtssbauer spectroscopy on 237Np using the 
empirical relationship between the empirical relationship between Hhf and/~Np (Dunlap and Lander 1974; 
Dunlap and Kalvius 1985). 

b Np magnetic moment makes an angle of 46 ° with the c-axis. 
c Np magnetic moment is 1.5 -t- 0.2/zB (at 6 K) makes an angle of 52 ° 4- 15 ° with the c-axis (a possibility of 

the Np moment in the basal plane is, however, not excluded) (de Novion et al. 1980). 

References: 

[1] Wastin et al. (1993b) [3] Potzel et al. (1981) [5] Bogd et al. (1989) 
[2] Gal et al. (1976a) [4] de Novion et al. (1980) [6] Wastin et al. (1993a) 
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TABLE 5.15 

Some basic characteristics of NpT2Ge 2 compounds: 
Type of ground state (AF - antiferromagnetic), NAn - the acfinide ordered magnetic moment at 4.2 K, TN - mag- 
netic ordering temperature, Anis. - easy magnetization direction, a, c - lattice parameters at room temperature, 

structure type ( I -  tetragonal body-centred ThCr2Si2-type). 

Compound Ground /ZAn TN Anis. Ref. a c Str. Ref. 
state (/z B) (K) (pm) (pm) type 

NpCr2Ge2 AF 1.4 a 62 [1] 390.9 947.0 I [1] 

NpMn2Ge 2 400.94 1082.3 I [2] 

NpFe2Ge 2 AF 0.9 a 28 If c [1] 391.8 940.3 I [1] 

NpCo2Ge 2 AF 1.5 a 36 [1] 380.0 955.6 I [1] 

NpNi2Ge 2 AF 1.3 a 27 II c [1] 390.3 955.6 I [1] 

NpCu2Ge 2 AF 1.2 a 34 [1] 388.8 941.8 I [l] 

NpRh2Ge 2 412.65 1010.3 I [2] 

NpPd2Ge 2 425.23 1011.0 I [2] 

a Derived from the hyperfine magnetic field Hhf measured by Mtssbauer spectroscopy on 237Np using the 
empirical relationship between the empirical relationship between Hhf and #Np (Dunlap and Lander 1974; 
Dunlap and Kalvius 1985). 

References: 

[1] Gal et al. (1976b) 
[2] Wastin et al. (1993b) 

of NpCr2Si2, no change of the electric-quadrupole interaction across the magnetic phase 
transition (at 87 K) takes place. Absence of hyperfine field in 57Fe Mtssbauer spectra at 
4.2 K proofs that Fe atoms carry no magnetic moments in this material. 

Besides results of  Mtssbauer spectroscopy and magnetization measurements (Gal et al. 
1976a, 1977) we have also neutron diffraction data available for NpCo2Si2 (de Novion et 
al. 1980). The Np magnetic moments (1.5/z~ at T = 4.2 K) order antiferromagnetically in 
the type-I structure. The considerable difference in the electric-quadrupole splittings above 
and below TN as well as the non-zero intensity of  the magnetic (0, 0, 1) reflection manifest 
the fact that the Np moments are not oriented along the c-axis. Analysis of  the neutron- 
diffraction data provided a value of 52 ° + 15 ° for the angle between the direction of  the Np 
moment and the c-axis. However, the possibility of  confinement of the Np moments to the 
basal plane cannot be fully excluded within the experimental uncertainty. Mi3ssbauer spec- 
troscopy was applied also to study NpCo2Si2 under influence of  high pressure (Potzel et al. 
1981). The observed values of  ~ in TN/Op = 2.2 Mbar -1 and 0 In/ZNp/0 p = 0.05 Mbar 1 
can be interpreted as an evidence of rather localized 5f electron magnetic moment on the 
Np atoms. 

Although the values of  the magnetic 237Np hyperfine fields in NpFe2Si2 and NpCoeSi2 
at 4.2 K are nearly identical, the solid solutions NpFeCoSi2 and NpFeo.sCol.sSi2 ex- 
hibit considerably smaller values and, moreover, also the magnetic ordering temperature 
of these materials is also suppressed. A correlation between TN and Heff has been ob- 
served. 
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NpNi2Si2 exhibits also a maximum in the temperature dependence of the low-field mag- 
netization below the proposed magnetic-ordering temperature. This maximum is removed 
by fields of the order of Teslas (Gal et al. 1977). The quadrupole splitting in the Mrssbauer 
spectra is negligible (or zero) both in the paramagnetic and in the antiferromagnetic state. 

NpCu2Si2 has been reported to order magnetically by a first-order magnetic phase tran- 
sition (Gal et al. 1976a) and shows wide hysteresis of 6 K (AF--+P at 37 K, P--+AF at 31 K 
as observed by M6ssbauer spectroscopy) although no sharp transition can be observed in 
the temperature dependence of the magnetization (Gal et al. 1977). A neutron scattering 
experiment performed by de Novion et al. (1980) brought a clear evidence of ferromag- 
netic ordering of the Np magnetic moments (1.5/zB at 4.2 K) which is in contrast with the 
originally reported antiferromagnetism (Gal et al. 1976a, 1977). The considerable differ- 
ence between the lattice constants a = 399.0 pm, c = 992.0 pm of a sample studied by 
de Novion et al. (1980) and the values a = 392.21 pm, c = 941.06 pm measured by Gal 
et al. (1976a) can be tentatively attributed to a different composition of the two samples. 
Kalvius et al. (1985) re-examined the 237Np M6ssbauer spectra and explained the effect of 
the simultaneous appearance of both the nonmagnetic single line and the magnetic spectra 
within the critical temperature range between 30 and 39 K, originally interpreted in terms 
of a first order magnetic phase transition, by peculiarities of the crystalline electric field. 
Specific-heat measurements reveal a pronounced increase of the C~ T below 4 K, amount- 
ing to 800 mJ/(molK2). This effect is insensitive to magnetic fields up to 11 T, which 
points to a possible heavy-fermion behaviour of NpCu2Si2, as suggested also by Stewart 
and Elliott (1986). 

NpRu2Si2 orders antiferromagnetically below 27.5 K with a Np ordered moment of 
1.5/zB as inferred from results on neutron-diffraction experiments (Bog6 et al. 1989). 
The magnetic structure is collinear (~Np ]1 C) consisting of ferromagnetically coupled basal- 
plane sheets. The incomplete square modulation along the c-axis is incommensurate, with 
q varying continuously between TN and 1.3 K. Consistently with the incommensurate prop- 
agation, the M6ssbauer spectra reflect a distribution of the magnetic hyperfine field values, 
with a maximum value relevant to the Np magnetic moment. 

As inferred from M6ssbauer effect data obtained at low temperatures, the Np magnetic 
moment in the solid solutions UI-xNpxRu2Si2 remains parallel to the c-axis and remains 
nearly constant over the whole concentration range. Also TN varies monotonously between 
the values of the ordering temperature of the parent compounds. It stays nearly constant for 
x > 0.5 and decreases nearly linearly with decreasing x in the low Np concentration range 
(Zwirner et al. 1997; Wastin et al. 1996a). Resistivity measurements of Ul-xNpxRu2Si2 
compounds indicate that a pronounced variation of the transport properties accompanies 
the substitutions of Np for uranium (Wastin et al. 1997). For low Np doping (x ~< 0.1) 
a considerable enhancement of the Cr-like anomaly with respect to pure URu2Si2 is ob- 
served. To understand the overall complex evolution of p (T) curves across the series, fur- 
ther experiments, if possible on single crystals, would be desirable. 

PuCr2Si2 orders ferromagnetically below 81 K but does not follow the Curie-Weiss law 
in the paramagnetic range (Wastin et al. 1993a). 

PuMn2Si2 become ferromagnetic at much higher temperature (215 K) which is, how- 
ever, considerably lower that the ordering temperatures the isostructural counterparts with 
Th, U and Np (Wastin et al. 1993a). Nevertheless, Mn magnetism can be expected also in 
the Pu materials. 
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The other two ferromagnets PuFe2Si2 and PuNi2Si2 order at much lower temperatures 
(38 and 42 K, respectively) which points to an inferior (if not negligible) role of the tran- 
sition metals in the magnetization of these materials. The paramagnetic susceptibility of 
these compounds can be well described by a modified Curie-Weiss law (Wastin et al. 
1993a). 

The electrical resistivity behaviour of PuRheSi2 (on which magnetic measurements have 
not been done) suggests magnetic ordering below 95-150 K (Wastin et al. 1993a). 

The remaining Pu compounds studied by Wastin et al. (1993a) PuCo2Si2, PuOs2Sie and 
PuPt2Si2, remain paramagnetic down to the lowest temperatures. 

Only Np germanides with 3d transition metals (Cr, Fe, Mn, Ni and Cu) have been pre- 
pared and studied by Gal et al. (1976b). All of them exhibit antiferromagnetic ordering 
at low temperatures (~< 62 K). Crystal structure and magnetic parameters can be found in 
table 5.15. 

Combined M6ssbauer effect studies of the hyperfine interactions on 57Fe and 237Np 
isotopes have shown that the Fe atoms in NpFe2Ge2 carry no magnetic moment. The ob- 
servation of only small changes of the quadrupole splitting across the magnetic ordering 
transition points to Np moment oriented along the c-axis. 

The 237Np spectra measured on NpCueGe2 below 30 K and above 40 K show a well- 
defined hyperfine structure. It becomes considerably broadened in the critical temperature 
range probably due to a modulated probably incommensurate magnetic structure. An ori- 
entation of the Np moments along the c-axis follows from the quadrupole splitting, which 
is invariant with the onset of magnetic ordering in NpCuzGe2. The Z37Np M6ssbauer spec- 
tra of NpCu2Ge2 are broadened due to a distribution of the magnetic hyperfine field values, 
which can be taken as an indication of a modulated and possibly incommensurate magnetic 
structure. 

5.2.6. General comments on 122-compounds 
Zolnierek and Mulak (1995) analyzed systematically the occurrence of magnetic struc- 

tures in U-intermetalfics with the ThCr2Si2-type crystal structure and argued that the mag- 
netic phases in the compounds of this large isostructural family can be reasonably repro- 
duced within a crystal-field model. This model includes hybridization effects on the crystal 
field potential and considers lattice imperfections. Hybridization matrix elements were cal- 
culated within a tight binding approach (Straub and Harrison 1985; Harrison and Stranb 
1987). To test this approach a detailed analysis of inelastic neutron scattering spectra with 
respect to the presence of crystal-field excitations is desirable. However, the only more or 
less clear case in which the inelastic neutron scattering data may show visible crystal-field 
excitations is represented by UPt2Si2 (Steeman et al. 1988). 

Endstra (1992), Endstra et al. (1993b) and Mydosh et al. (1993) analyzed how the oc- 
currence of magnetic ordering in UT2X2 and CeTzX2 intermetallic compounds and the 
magnetic-ordering temperatures are related to the strength of the f--d hybridization. Values 
of relevant hybridization matrix elements were calculated using a semiquantitative band- 
structure approach (Harrison 1969, 1983; Harrison and Froyen 1980; Straub and Harrison 
1985; Harrison and Straub 1987) and used to reproduce features of a Kondo-lattice phase 
diagram (Doniach 1977a, 1977b). 

An important advance in understanding the trends in evolution of magnetism in the 
UTzSi2 family was made by Sandratskii and Kiibler (1994a, 1994b, 1995b), who per- 
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formed self-consistent calculations of the electronic structure of UT2Si2, where T = Cr, 
Mn, Fe, Co, Ni, Cu, Ru, Rh, Pd, Os within the density-functional theory in the local 
density approximation treating the U 5f states as band states. The calculated densities of 
states compare well with results of photoemission experiments (Grassman 1990). These 
results confirmed that the development of magnetic behaviour within the UT2Si2 fam- 
ily observed experimentally is indeed controlled by the 5f(U)-d(T) hybridization. In this 
scheme also the non-monotonous behaviour in the series from UMn2Si2 through UCu2Si2 
can be well reproduced, including the Panli paramagnet UFe2Si2 between the two magnetic 
compounds UMn2Si2 and UCo2Si2. They also found that the strong hybridization of the 
5f(U)-4d(Ru) states is responsible for the fact that URu2Si2 is very close to a nonmagnetic- 
magnetic instability. 

5.3. U2T2X compounds 

Several interesting phenomena can be observed in materials forming part of the large 
group of U2T2X compounds, which crystallize in the tetragonal structure of the U3Si2 
type (space group P4/mbm), and which provide also a number of transuranium analogues. 
First, there is the decay of 5f magnetism for earlier transition metals T, which is, as in 
other intermetallics, driven by the 5f-d hybridization. Second, there is the occurrence of 
heavy fermion compounds at the verge of magnetism. And third, it is a variable type of U- 
moment direction and magnetocrystalline anisotropy, apparently associated with changes 
in the type of the nearest U-U co-ordination. 

U3Si2 itself is a non-magnetic spin fiuctuator (Nowak et al. 1993) due to the proximity 
of the nearest U-atoms, but one of the two U-positions in U3Si2 can be occupied by a 
non-transition metal like In or Sn, if the Si positions are occupied by a transition metal T. 
The occurrence of a ternary compound crystallizing in such a strucatre was first noticed in 
1968 (Sampaio et al. 1968), but systematic investigations of the magnetic properties of the 
large group of U- and Np-compounds were started only much later (Peron et al. 1993). 

Schematically, the structure (fig. 5.91) consists of two alternating types of basal plane 
sheets separated by c/2, one containing exclusively all U-atoms, the other T and X atoms. 

Fig. 5.91. Schematic picture of the tetragonal structure of the U 3 S i 2 type in which cry stallize An 2 T 2 X compounds 
including the U2T2X materials. 
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TABLE 5.16 

Some basic characteristics of Aaa2T2X compounds: 
a, c- lattice constants at room temperature, type of ground state (AF - antiferromagnetic, SF - spin fluctuator, 
WP - weak paramagnet), y - coefficient of the electronic specific heat, dll - inter-actinide distance within the 
basal plane, TN - magnetic ordering temperature. The inter-actinide spacing along the c-axis is equal to the lattice 

parameter c. 

Compound a c Type TN y d N Ref. 
(pm) (pm) (K) (mJ/(mol K2)) (pm) 

U2Fe2Sn 729.6 344.6 WP - 350.0 [1] 
U2Co2In 736.6 343.2 WP - 32 353.0 [2,5] 
U2Co2Sn 728.9 350.5 SF - 250 353.1 [3,4,5] 
Np2Co2In 732.2 351.5 AF ,~ 20 351.1 [2,4,9] 
Np2Co2Sn 726.2 356.5 SF - 353.9 [3,4] 
U2Ni2In 737.4 357.2 AF 14 206 (350) 360.2 [2,4,5,6,7] 
U2Ni2Sn 726.3 369.1 AF 26 172 358.1 [3,5,8] 
Np2Ni2In 736.5 359.0 AF 45 358.6 [2,12] 
Np2Ni2Sn 729.3 366.1 AF 55 358.9 [3,4,13] 
Pu2Ni2In 733.6 369.0 AF 8 358.9 [10] 
Pu2Ni2Sn 727.2 374.5 AF ,~ 5 360.9 [10] 
Am2Ni2Sn 731.5 367.5 a 360.5 [10] 
U2Ru2In 750.5 354.5 WP ? [3,11] 
U2Ru2Sn 748.9 355.6 WP - 20 356.2 [4,5,6] 
Np2Ru2Sn 742.4 362.6 - 354.5 [4] 
U2Rh2In 755.3 360.5 SF - 280 364.7 [2] 
U2Rh2Sn 752.4 363.0 AF 24 131 370.3 [7] 
Np2Rh2In 752.4 364.9 AF 49 359.4 [4,16] 
Np2Rh2Sn 750.2 366.8 SF - 364.3 [4] 
Pu2Rh2In 745.1 374.1 a 354.5 [10] 
U2Pd2In 763.7 375.2 AF 36 393 376.7 [2,14] 
U2Pd2Sn 760.3 378.5 AF 41 203 377.4 [14] 
U2Pd2A4Sn0.56 749.0 393.8 AF 13 365.4 [15] 
Np2Pd2In 764.4 379.9 AF 18 374.9 [4,16] 
Np2Pd2Sn 762.2 381.6 AF 18 377.9 [4,17] 
Pu2Pd2In 765.7 381.8 ? 375.6 [10] 
Pu2Pd2Sn 760.7 386.7 ? 373.7 [10] 
Am2Pd2Sn 760.3 385.1 a 375.4 [10] 
U2Ir2In 759.6 358.2 WP ? [3] 
U2Ir2Sn 755.7 719.5 b SF 130 [11,5] 
NpzIr2In 756.9 362.4 ? 361.3 [3,4] 
U2Pt2In 765.4 372.5 SF 850 373.9 [3,4,5] 
U2Pt2Sn 768.1 739.1 b AF 15.5 334 346.1 [18,5] 
Np2Pt2In 767.5 371.6 AF 40 372.8 [3,4,16,12] 
Np2Pt2Sn 365.6 373.0 AF 32(39) 375.8 [3,4,13,16] 
Pu2Pt2In 766.3 379.5 371.6 [10] 
Pu2Pt2Sn 762.9 380.6 373.7 [10] 
U2Co2A1 713.6 346.3 342 [19] 
U2Co2Ga 707.2 347.6 WP 347.1 [11,4] 
U2Ni2Zn 725.2 368.8 ? [3] 

a Melts incongruently, single phase samples has not been obtained and no magnetic data are available. 
b Unit cell doubling. 
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Each U-atom has thus two nearest U-neighbors perpendicular to the ab-plane separated 
by d± = c. One U neighbor within the basal plane (belonging to the adjacent unit cell) 
is at roughly the same distance (dil ~ d±), and the other four are somewhat more apart. 
These typical distances cannot be much smaller than 350 pm, which allows for forma- 
tion of  U-magnetic moments, provided the hybridization of  the 5f-states with the d-states 
of  the transition metal is relatively weak. The observed tendencies in the occurrence of  
the magnetic order are well understood in the framework of  local density fully relativis- 
tic electron structure calculations performed for U2T2In (Divis et al. 1994; Havela et al. 
1994d), U2T2Sn (Divis et al. 1995; Matar 1995), and for Np2T2X compounds (Divis et 
al. 1997). These calculations show a traditional picture of  5f states more or less hybridized 
with the d-states of  the transition metal located at somewhat lower energies. The occur- 
rence of  magnetic ordering is well correlated with fulfillment of  the Stoner criterion for 
those compounds. 

Inspecting systematically the type of  magnetic anisotropy, it is very interesting to es- 
tablish in detail how far the phenomenological rule is followed where U-moments occur 
perpendicular to the nearest U - U  link. Therefore we give both types of  the nearest U - U  
spacings in the table 5.16. 

Susceptibility behaviour of  selected U2T2In and U2T2Sn compounds can be seen in 
figs 5.92 and 5.93. U2Fe2Sn is a Pauli paramagnet (Mirambet 1993). The electrical resistiv- 
ity shows only a weak saturation tendency at high temperatures (du Plessis et al. 1995). The 
resistivity drop at T = 3.7 K is probably due to Sn precipitates (Strydom et al. 1996). Very 
similar behaviour was found for U2Co2In, which is also weakly paramagnetic with a sus- 
ceptibility of  about 6 x 10 -8 m3/mol  f.u. in the low-T limit and g = 32 mJ/ (mol  f.u. K 2) 
(Havela et al. 1994d, 1995b). U2Co2Sn is also non-magnetic, but with strong spin- 
fluctuation features. Z (T), which can be described by a modified Curie-Weiss law with 
/Zeff = 1 .5#B/U,  Op = - 5 1  K, and a relatively large X0 = 2.3 x 10 -8 m3/molf.u. ,  
becomes strongly field-dependent below T = 10 K. The field /z0H = 4 T lowers 
Z (T = 1.8 K) from 26 x 10 -8 m3/mol  f.u. to 18 x 10 -8 m3/mol  f.u. Preliminary results of  
single-crystal studies (Pereira 1996) show that the c-axis response is predominant and field 
dependent. The magnetization at T = 5 K corresponds to X = 55 x 10 -8 m3/mol  f.u., 
whereas it is by a factor of  4 smaller for fields applied along the a-axis. Spin fluctuations 
are a plausible source of  the upturn of  the low-temperature specific heat, which leads to 
an enhanced value of  y = 250 mJ/(molf .u .  K 2) (Havela et al. 1995b). They are also re- 
sponsible for the high slope of  the p(T) curve at low temperatures and for its approach to 
saturation in the high temperature range (Nakotte 1994; Pinto et al. 1995). 
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state. Data from Kindo et al. (1995) and Nakotte et al. (1996c). 

Magnetic order in Np2Co2In is documented by magnetic hyperfine splitting seen in the 
237Np M6ssbauer spectra at T = 4.2 K, which yield Np-moments of 0.7/ZB. Spectra taken 
at T = 80 K correspond to a paramagnetic state already (Peron et al. 1993). The onset of 
magnetic ordering can be connected with an anfiferromagnetic-type anomaly in the p(T) 
dependence at T about 20 K (Pereira et al. 1996a). The onset of magnetic ordering was 
recently indicated by the appearance of magnetic hyperfine splitting at T = 21 K (Colineau 
1996). 

Np2Co2Sn w a s  found to be non-magnetic at T = 4.2 K by 237Np M6ssbaner spec- 
troscopy (Sanchez et al. 1995). The p(T) curve can be characterized as a belonging to a 
spin fluctuator, with a knee between 50 and 70 K, and a saturated resistivity above 100 K. 
A large quadratic coefficient a = 0.124 ~tf2 cm K -2 may suggest heavy fermion behaviour. 

For U2Ni2In, a sharp anomaly in the specific heat and a maximum in the x (T)  
curve mark the antiferromagnefic transition at T = 14.3 K. The enhanced value g = 
206 mJ/(mol  f.u. K2), and the even higher value obtained by extrapolation from the para- 
magnetic range (350 mJ/(molf.u.  K2)) point to a strongly itinerant character of mag- 
netism, which is underlined by the low magnetic entropy of only 0.4 R In 2 (Havela et 
al. 1994d; Nakotte et al. 1996c). Specific heat data are reproduced in fig. 5.94. In the para- 
magnetic state, the X (T) dependence is well accounted for by the Curie-Weiss law with 
#eft = 2.0/~B/U and Op = - 8 0  K (Havela et al. 1994d). A neutron diffraction experiment 
shows a non-collinear structure with U-moments of 0.60/~B (at T = 10 K) oriented along 
(1, 1, 0) and coupled antiferromagnetically between adjacent basal plane layers (fig. 5.95). 
This corresponds thus to a doubling of the magnetic unit cell, compared to the crystallo- 
graphic one (Nakotte et al. 1996c; Tran et al. 1996d). 
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After Kindo et al. (1995). 

U2Ni2Sn is an  a n t i f e r r o m a g n e t  b e l o w  TN = 2 5 - 2 6  K (Have la  et  al. 1995b;  K i n d o  

et  al. 1995).  In  the  p a r a m a g n e t i c  range ,  the  suscept ib i l i ty  can  b e  de sc r ibed  b y  a m o d i -  

fied C u r i e - W e i s s  law wi th  the  paramete rs /Xef f  = 2 . 3 / Z B / U ,  Op = - 1 1 0  K, and  X0 = 

1.8 x 10 - 8  m 3 / m o l  (Have la  et  al. 1994d,  1995b) .  T h e  h i g h  f ield m a g n e t i z a t i o n  m e a s u r e d  

on  f ree  p o w d e r  at  T = 4 .2  K shows  th ree  m e t a m a g n e t i c  t r ans i t ions  at  30, 3,9, and  51 T 
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reaching magnetization 1.3/zB/f.u. at 57 T (Kindo et al. 1995). Results are reproduced in 
fig. 5.96. The p(T) curve measured on a polycrystal has a slightly decreasing tendency 
with increasing temperature above approx. 70 K. The Nrel temperature manifests itself as 
a kink due to superzone gapping. It is followed by a strongly decreasing part and finally 
by a T 2 dependence is found below about 20 K. This is suggestive of absence of low-lying 
magnon-like excitations and thus of a strong uniaxial anisotropy (Kindo et al. 1995; Stry- 
dom et al. 1995). The F-value is moderate and reaches 172 mJ/(molf .u.  K 2) (Havela et 
al. 1995b). In the fig. 5.94 one can see that F in the paramagnetic state is significantly 
higher, corroborating thus the Fermi surface gapping in the AF state. The thermopower 
coefficient S is close to 0 in the paramagnetic range, but starts to decrease abruptly to a 
minimum value - 1 2 / z V / K  at T ~ l0 K in the antiferromagnetic state (Strydom et al. 
1995; Pinto et al. 1996). A powder neutron diffraction experiment revealed an antiferro- 
magnetic structure with a propagation vector q = (0, 0, 1/2) and AF coupling also within 
the basal plane (Bourre et al. 1994). Although the interpretation in terms of a collinear 
structure with basal-plane orientation of the U-moments (/zu = 1.05/ZB) was somewhat 
preferred in this powder experiment, a later single-crystal neutron diffraction study seems 
to point to c-axis orientation (Laffargue 1996). The fact that U2Ni2Sn is close to the onset 
of magnetic ordering is documented by the fast decay of the ordering temperature when 
Co is substituted for Ni. Long range order was found to disappear at about 30% Co. But 
also Pd substitution leads to a decrease of TN (down to about 10 K for 40% Pd), which 
can be understood as the result of frustration induced by the interplay of different types of 
magnetic interactions (Laffargue et al. 1996). 

A Np-ordered moment of 1.6/zB was detected at T = 4.2 K in Np2Ni2In by 237Np 
Mrssbauer spectroscopy (Peron et al. 1993), whereas the experiment at T = 45 K points 
to the paramagnetic state already. The p(T) curve shows a strong anomaly, which can be 
associated with a magnetic phase transition, just at T = 45 K, where resistivity drops pre- 
cipitously, whereas above this temperature a weak negative slope develops into a saturated 
behaviour above T = 200 K (Pereira et al. 1996a). The onset of magnetic ordering was 
indicated by the appearance of magnetic hyperfine splitting at T = 44 K (Colineau 1996). 
The same value of Np ordered moment, 1.6/z~, was found also in Np2Ni2Sn, which orders 
at T = 55 K (Sanchez et al. 1995). Based on the maximum in the X (T) dependence at this 
temperature an antiferromagnetic state can be deduced (Pereira et al. 1995). The character 
of the p (T) curve is similar to that of Np2Ni21n (Pereira et al. 1995). 

Pu2Ni2In and Pu2Ni2Sn display a maximum on the X (T) dependence at 8 K and at 
approx. 5 K, respectively. At higher temperatures, a modified Curie-Weiss behaviour was 
observed on polycrystalline samples with parameters given in table 5.17. The electrical 
resistivity of the former compound has a character of spin fluctuators, with a broad knee 
at approx. 100 K and a weak negative slope at high temperatures (Pereira et al. 1994). Of 
the other Pu compounds, antiferromagnetic order (below TN ~ 8 K) can be deduced for 
Pu2Pt2Sn. 

U2Ru2Sn is a weak itinerant paramagnet with low V = 20 mJ/(mol f.u. K 2) (Havela et 
al. 1995b; Nakotte et al. 1996c). The x (T)  curve reaches only 2.5 × 10 -8 m3/molf.u. 
at T = 300 K, and this value is further gradually reduced below about 200 K to 2.0 × 
10-8 m 3/mol f.u. in the low temperature limit (Pereira 1996). 
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TABLE 5.17 

Curie-Weiss law parameters of some Pu2T2X compounds (/~eff - effective mag- 
netic moment per Pu atom, Op - paramagnetic Curie temperature, X0 - temper- 
ature independent contribution to susceptibility). Data from Pereira et al. (1997). 

Compound #eft (/zB/Pu) Op (K) X0 ( 10-8 m3/mol) 

Pu2Ni2In 0.35 - 19 1.7 
Pu2Ni2Sn 0.37 - 6  1.6 
Pu2Pd2In 0.64 - 5 6  1.4 
Pu2Pd2Sn 0.56 - 3 0  1.5 
Pu2Pt2In 0.67 - 7 2  1.1 
Pu2Pt2Sn 0.50 - 16 1.4 
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Fig. 5.97. Temperature dependence of the specific heat (C/T vs. T plot) of U2Ru2Sn, U2Rh2Sn, U2Rh2In-  data 
from Nakotte et al. (1996c). 

Np2Ru2Sn w a s  studied by 237Np M 6 s s b a u e r  spectroscopy at T = 4.2 K. The absence of 
magnetic hyperfine splitting in zero field points to a non-magnetic ground state (Sanchez 
et al. 1995). 

U2Rh2In is non-magnetic, but a strong influence of spin fluctuations can be seen in 
the specific heat. C~ T vs. T shows a weak upturn at low temperatures reaching y = 
280 mJ/(molf.u. K2), as seen fig. 5.97 (Havela et al. 1994d). The p(T) curve saturates 
above T ----- 200 K, while it decreases progressively for decreasing T and does not satu- 
rate at T = 5 K, which was the lowest temperature of the experiment (Nakotte 1994). No 
susceptibility data are available, but high-field magnetization measurements at T = 4.2 K 
show a rather high induced magnetization (nearly 0.5/ZB/U in/z0H = 35 'r on a free- 
powder sample). Comparison with randomly oriented fixed-powder sample points to a 
large anisotropy (Nakotte et al. 1994c). 
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Fig. 5.98. Temperature dependence of the inverse susceptibility 1/X of U2Rh2Sn measured on a single crystal 
with magnetic fields H applied along the principal crystallographic directions. The upper line represents the 
corrected susceptibility for Hlla assuming tentatively a misalignment of 5 ° between the a-axis and the field 

direction. After Pereira et al. (1996b). 

U2Rh2Sn is antiferromagnetic below TN = 24 K. The temperature dependence of the 
susceptibility was studied on a polycrystal and can be described by a modified Curie-Weiss 
law with parameters/Zeff = 2.41/XB/U, Op = - 1 0 6  K, and X0 = 1.0 x 10 -8 m3/mol 
(Havela et al. 1995b). Investigations of a single crystal (having a somewhat higher 
TN = 28 K) made by Pereira et al. (1996b) shows that the susceptibility is higher for 
a field applied along the c-axis. In the paramagnetic range it can in this direction be 
described in the limited temperature range (up to 150 K) by the Curie-Weiss law with 
/~eff = 2 . 8 0 / Z B / U ,  Op = --105 K (fig. 5.98). Specific heat shows an enhanced )/-value 
of 131 mJ/(mol f.u. K2). Estimated magnetic entropy values range from 0.45 to 0.8 R In 2 
depending on the estimate of the lattice contribution to the data shown in fig. 5.97 (Nakotte 
et al. 1996c). Neutron diffraction studies of the magnetic structure point to a collinear ar- 
rangement of the U-moments (/zu = 0.38/ZB) along the c-axis. There is a ferromagnetic 
coupling to a U basal plane nearest neighbor across the unit cell boundary, whereas the cou- 
pling to other U neighbors is antiferromagnetic. This leads to a doubling of the magnetic 
unit cell compared to the crystallographic one (fig. 5.95). This structure was confirmed by 
a single crystal study, yielding somewhat higher value of the U-moment, 0.53/ZB (Pereira 
et al. 1996b). The antiferromagnetic coupling can be broken by a magnetic field of about 
21 T, where a metamagnetic transition was found (Nakotte et al. 1994c; Fukushima et al. 
1995). The ratio of the magnetization recorded on fixed and free powders confirms the uni- 
axial anisotropy of magnetism in U2Rh2Sn. The absence of low energy spin excitations is 
corroborated by the quadratic p(T) dependence with the coefficient A = 0.16 gf2 cm K -2 
and P0 = 60 p.~2 cm (Nakotte et al. 1996c). The prominent feature of the p (T) dependence 
is the broad knee between 50 and 100 K, followed by saturated high temperature part. On 
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the low temperature side, with high slope, an anomaly related to AF ordering is observed, 
pointing to a gapping of the Fermi surface (du Plessis et al. 1995; Nakotte et al. 1996c). 
This phenomenon can be responsible also for the dramatic change of the thermoelectric 
power S, decreasing steeply from about 0 to - 5  gV K -1 between 25 and 15 K (Strydom 
et al. 1996). 

The Np atoms in Np2Rh2In carry ordered moments estimated as 1.3/z13 at T = 4.2 K 
(Peron et al, 1993). The p(T) curve has a weakly decreasing tendency above T = 150 K. 
At lower temperatures it displays a weak bump at T ~ 50 K, and another one at T ~ 12 K. 
The upper bump was associated with the onset on magnetic ordering (Pereira et al. 1996a). 
The onset of magnetic ordering was also indicated by the appearance of magnetic hyperfine 
splitting at T = 49 K (Colineau 1996). 

Unlike Np2Rh2In and U2Rh2Sn, Np2Rh2Sn is paramagnetic down to 4.2 K, as shown 
by the lack of the magnetic hyperfine splitting in 237Np Mtssbaue r  spectroscopy (Sanchez 
et al. 1995). The p(T) curve is saturated above T = 40 K, below T = 9 K it shows a 
quadratic dependence with very high coefficient A = 1.1 ~tf2 cm K -2 (Pereira and Wastin 
1996). This points to the proximity of magnetic order and to possible heavy fermion be- 
haviour. 

In U2Pd2In, which orders antiferromagnetically at TN = 37 K, the U-moments of 1.6/zB 
are oriented along equivalent [1 1 0] directions and form a non-collinear, square-like mag- 
netic structure within the basal plane (Purwanto et al. 1994b; Tran et al. 1996d). The mag- 
netic and crystallographic unit cells are identical, which implies ferromagnetic interplane 
coupling. Studies on a single crystal (Prokes et al. 1996e) reveal that the paramagnetic 
susceptibility X c for magnetic fields H applied along the c-axis is much smaller than for 
fields applied within the basal plane (X ab for HA_c). For both field orientations the suscep- 
tibility above 70 K (fig. 5.99), can be described by a modified Curie-Weiss law with the 
parameters/Xeff = 3.0/zB/U, t}gp = - 1 2 5  K and X0 = 0.9 x 10 -8 m3/molf.u, for nllc, 
and/Zeff = 2.5/XB/U, Op ----- --23 K and X0 = 2.0 x 10 .8 m3/molf.u, for H_l_c. The 
anisotropy energy in the paramagnetic state, which can be estimated from the difference 
between the Op-Values for the two directions, is about 100 K. Below TN, the xab(T) curve 
drops significantly, as is usual in antiferromagnets. On the other hand, X c increases even 
faster than would be expected from the high temperature modified CW behavior. Thus, in 
the low temperature limit, the response for a field perpendicular to the moment directions 
is about three times larger than for a field applied within the basal plane. For the latter 
orientation, however, a spin-flip transition can be achieved in/z0H = 25 T and the magne- 
tization finally reaches higher values in this configuration (fig. 5.100). Finally, experiments 
of Prokes (1997) show that there is a certain anisotropy even within the basal plane, and 
the U-moments can be flipped only if the field is applied along [1 1 0]. The specific heat 
of U2Pd2In, displayed in fig. 5.101. It is dominated by a pronounced magnetic anomaly at 
36 K. In the range above 55 K, the specific heat can be well described by a Debye model 
for the lattice specific heat with a Debye temperature of OD = 185 K assuming that the 
linear coefficient of the electron specific heat equals F0 = 65 mJ/(mol  f.u. 1(2). The effect 
of a magnetic field of 5 T on the temperature dependence of the specific heat is almost 
negligible. This applies also to the low temperature upturn, indicating that its origin is in- 
trinsic. It can be fitted using the additional spin fluctuations term Csf = 8T 3 In T, which 
leads to F = 393 mJ/(molf .u.  K2). The magnetic entropy normalized to 1 mol U equals 
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Fig. 5.99. Temperature dependence of the susceptibility of U2Pd2In measured on a single crystal with magnetic 
fields H applied along the principal crystallographic directions. The dash-dotted lines are fits to the Curie-Weiss 
law mentioned in the text, the full line shows the data obtained on a polycrystal. For HIIc, X weakly decreases 
with increasing field in the low-T limit, as demonstrated by the spread of data in /z0H = 1, 3, and 5 T (from 

above). After Prokes et al. (1996e). 

1.1 R In 2. The p (T) curve shows a distinct maximum at T~, followed by a negative slope 
at higher temperatures. On the low temperature side, the resistivity decreases steeply, and 
no T 2 type dependence could be detected down to T = 150 mK (on the polycrystaUine 
sample). Instead we observed a dependence of the type p ( T )  = po + a  T n , where n = 1.36. 

U2Pd2Sn is an antiferromagnet with TN = 41 K, and displays the highest ordering tem- 
perature of all U2T2X compounds. Above 60 K, the X (T) data can be approximated by 
the Curie-Weiss law with the parameters/Zeff = 2.83/zB/U and Op = - 5 0  K. Its mag- 
netic structure was identified by neutron diffraction to be the same as in U2Pd2In, but the 
ordered moment is higher (2.0#B/U). The V-coefficient of the specific heat is smaller, 
203 mJ/(mol f.u. K2), and no low-T upturn as in U2Pd2In was found. The field necessary 
to induce a moment reorientation is higher comparing to U2Pd2In, and the metamagnetic 
transition was observed between 40-50 T (Fukushima et al. 1995). Unlike U2Pd2In, the 
p ( T )  dependence of its Sn analogue is flat above TN (Purwanto et al. 1994b). U2Pd2Sn, 
unlike all other U2T2X compounds (but similar to numerous analogues of rare earths com- 
pounds) can give rise to a substantial off-stoichiometry with excess of Pd and a corre- 
sponding defficiency of Sn. It was found that the excess Pd atoms occupy a split position 
around the replaced Sn position, which leads to a new structure type (Mirambet et al. 
1994; Chevalier et al. 1997). At room temperature, the U-U spacing within the basal plane 
is slightly smaller than that along the c-axis. Therefore this compound seems to contra- 
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Fig. 5.100. Magnetization curves of U2Pd2In measured at T = 4.2 K on a fixed powder (polycrystal) and oriented 
powder. The lines represent data taken with continuous field sweeps. After Prokes et al. (1996e). 
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Fig. 5.101. Temperature dependence of the specific heat (C/T vs. T plot) of U2Pd2In and U2Pd2Sn. The lines 
represent the non-magnetic background approximated by Debye curves. After Purwanto et al. (1994b). 
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dict the rule about U-moment directions mentioned above. But due to anisotropic thermal 
expansion, the two spacings cross over at T ~ 225 K, and at low T one already has 
d±/dll < 1. This is the situation, at which moments in the basal plane should be preferred 
(d±/dll = 1.002, at T = 300 K, and below TN we obtain d±/dll = 0.993). Further- 
more, the value of d±/dll can be tuned across the critical value 1 by substitution of Pd 
for Sn in this system, because the lattice parameter a decreases whereas c increases with 
increasing Pd content. Thus for the limiting case we obtain d±/dll = 1.078. Although the 
behaviour in the paramagnefic range does not change significantly, TN decreases to about 
13 K for the limit concentration U2Pd2.44Sn0.56 (Mirambet et al. 1994). Neutron diffraction 
showed that not only the U-moments decrease, but also that the type of order changes and 
the direction of the U-moments develops into c-axis orientation (Laffargue et al. 1997). 
U2Pd2.35Sn0.65 forms a collinear structure with a propagation vector q = (0, 0, 1/2). U- 
moments of 0.90//,B oriented parallel to c are ferromagnefically coupled within a basal 
plane, whereas the coupling between neighbor planes is antiferromagnefic. The same mag- 
netic structure is preferred by U2Pd2.25Sn0.75 (d±/dll = 1.045 at T = 300 K, 1.052 at 
T = 1.5 K), but the non-collinear structure of U2Pd2Sn is preserved locally. Its amount 
is, however, reduced by annealing (Laffargue et al. 1997). Ab initio calculations were per- 
formed for U2Pd2In and U2Pd2Sn in order to estimate the changes of resistivity due to 
Fermi surface reconstruction between the ferromagnetic and antiferromagnefic state. The 
latter was taken as collinear for simplicity (Richter et al. 1996). As a consequence of strong 
spin-orbit interaction, the reconstruction can be very dramatic even in cases, in which crys- 
tallographic and magnetic unit cells remain identical, i.e., without a traditional superzone 
gapping effect. In particular, a large drop of the resistivity was predicted (experimental data 
do not exist) for the latter compound with the current along the basal plane. In U2Pd2In 
a weaker negative effect is expected to arise for current along the c-axis. A further step 
is the remarkably successful employment of the Local Spin Density Functional Theory 
allowing for non-collinear arrangements of U-moments (Sandratskii and Kiibler 1995a, 
1996), which lends full credibility to the 5f-band description, accounting both for the mag- 
nitude of U-moments (/XL = --4.21/xB, #S = 2.17/XB, total # = --2.04/~B) and for 
the type of ordering, because the real magnetic structure yields indeed the lowest total en- 
ergy from all possible configurations. Furthermore, one can learn from these calculations 
that for a realistic description both the spin-orbit interaction and the orbital polarization 
(corresponding to the second Hund's rule) must be taken into account. Interestingly, the 
second lowest-energy configuration is the one with a collinear ferromagnetic alignment 
of the U-moments along c, which is only 0.50 mRy/U atom higher than the ground state 
one, whereas the energies necessary to rotate the moments within the basal plane are an 
order of magnitude larger. These energies can be associated with magnetic anisotropy ener- 
gies (originating from exchange interactions), and are much smaller than those deduced for 
many other U compounds. However, calculations of this type are not yet systematic enough 
to be able to judge whether such situation is related to the nearly equal U-U spacings in 
different orthogonal directions. 

Np2Pd2In was found to be ordered with a Np moment of 1.4 #B at T = 4.2 K by 
237Np M6ssbauer spectroscopy (Peron et al. 1993), whereas the spectra taken at T = 45 K 
show no magnetic hyperfine splitting. The onset of magnetic ordering was detected by the 
appearance of magnetic hyperfine splitting at T = 18 K (Colineau 1996). Np2Pd2Sn shows 
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Fig. 5.102. Temperature dependence of the specific heat (C/T vs. T plot) of U2Pt2In and U2Pt2Sn. After Havela 
et al. (1994d). 

a weakly T-dependent electrical resistivity. The upturn at low T can be associated with AF 
ordering below TN = 18 K (Pereira et al. 1995), which is manifest also as a maximum in 
X (T) (Pereira et al. 1995), and as the onset of magnetic hyperfine splitting in the 237Np 
M6ssbauer spectra. In the low T limit, the magnetic hyperfine splitting corresponds to 
/~Np ~--- 1.2/ZB (Sanchez et al. 1995). 

U2Ir21n is probably weak paramagnet. Reliable susceptibility data could not be ob- 
tained because of considerable contamination by ferromagnetic UIr (Havela et al. 1995b). 
U2Ir2Sn, similar to UzPt2Sn, shows a deformation of the U3Si2 structure type, which can 
be described as its superstructure with doubling of the c-axis (Gravereau et al. 1994a; 
Pereira et al. 1994). The U atoms do not form linear chains, but form zig-zag chains 
along the c-axis. This leads to a reduction of the shortest U-U spacing within the basal 
plane, which becomes therefore significantly smaller that the U-U spacing along the 
zig-zag chain. Moreover, the T-atoms show an alternating displacement out of the origi- 
nal T-X planes. The susceptibility is relatively weakly temperature dependent, but above 
T = 100 K it can be well described by a modified Curie-Weiss law with a relatively small 
effective moment/Zeff ~ 1.73/ZB/U, (~p ~ - - 1 0 0  K ,  and X0 = 1.6 × 10 -8 m3/molf.u. 
(Havela et al. 1995b). Preliminary data on a single crystal (Pereira 1996) point to a weak 
maximum in x (T)  for H[[c around T = 40 K (X = 8.8 × 10 -8 m3/molf.u, in the 
maximum, 8.5 x 10 -8 m3/molf.u, at T = 5 K). The susceptibility is smaller for Hlla 
(4.4 x 10 -8 m3/mol f.u. at T = 5 K) which is consistent with the shortest U-U link within 
the basal plane. The existence of the susceptibility maximum, as well as the enhanced value 
F = 130 mJ/(mol f.u. K 2) (Havela et al. 1995b; Kindo et al. 1995), point to an important 
contribution of spin fluctuations, which is corroborated by a typical p (T) dependence with 
saturation above T = 200 K (Nakotte 1994). 

One of the most prominent features of U2Pt2In is the low temperature upturn in C/T vs. 
T (fig. 5.102). When approximated by T 2 In T term it leads to y = 830 mJ/(mol  f.u. K 2) 
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(Havela et al. 1994d). The absence of any sharp anomaly in the specific heat (down to 
T = 1.2 K) or in other bulk data lead to a classification of this compound as spin fluctuator. 
The X (T) data obtained on a polycrystal are described by a modified Curie-Weiss law 
above T = 100 K with the parameters/~eff = 2.4/ZB/U, Op = --106 K, and X0 = 1.0 × 
10 -8 m3/mol f.n. In the low-T range the data deviate towards higher values and X reaches 
23 × 10 -8 m3/molf.u, in the 0 K fimit. This upturn is not dependent on magnetic field 
in the Tesla range, the high field experiment at T = 4.2 K showing a certain tendency to 
saturation in fields above 20 T, while reaching a relatively large magnetization (0.72/ZB/U 
in /z0H = 55 T). A comparison of the free- and fixed powder magnetization data shows 
surprisingly no difference (Fukushima et al. 1995). Preliminary data from susceptibility 
studies of a single crystal suggest indeed a relatively weak anisotropy, with higher values 
found for field along the c-axis, where X (T) forms a weak maximum at about 2 K. The 
upturn below T = 100 K seen in the polycrystalline data is found in susceptibility for 
both field directions (Pereira 1996). The p(T) dependence has a broad maximum at T 
80 K and a weak negative slope at higher temperatures (Nakotte 1994; Strydom and du 
Plessis 1996, 1997). For low T (down to 1.4 K) one observes a linear decrease of p with 
decreasing T, which led to the conjecture of non-Fermi liquid behaviour in U2Pt2In. The 
standard aT 2 behaviour is recovered by applying a magnetic field of /x0H = 7.7 T, or by 
a small substitution of Th for U (Strydom and du Plessis 1997). 

U2Pt2Sn is antiferromagnetic below TN = 15.5 K. In the paramagnetic state, the X (T) 
dependence measured on a polycrystal is described by a modified Curie-Weiss law with 
the parameters/Zeff = 2.03/ZB/U, Op ~--- - 3 4  K, and X0 = 2.5 x 10 -8 m3/mol f.u. (Havela 
et al. 1995b). The high value g = 334 mJ/(molf.u.  K 2) (390 mJ/(molf.u.  K 2) obtained 
when extrapolating from the paramagnetic range) and the low value of the magnetic en- 
tropy A S = 0.2 R In 2 are suggestive of strongly itinerant magnetism (Havela et al. 1994d). 
The magnetization at T = 4.2 K shows a metamagnetic transition between 20 and 30 T, but 
even in the highest field applied (35 T) a magnetization corresponding to only 0.5/ZB/U 
atom is reached (Nakotte et al. 1994c). The p(T) curve, is remarkably flat. It displays a 
broad maximum at 30-40 K, followed by a negative slope at the high-temperature side. 
Below TN a weak feature related to gapping is observed (Nakotte 1994). 

Np2Pt2In was found to display ordered Np moments of 1.5/ZB at T = 4.2 K (Peron et 
al. 1993). The onset of magnetic ordering can be associated with a sharp anomaly at T = 
39 K, below which the resistivity increases and saturates without any sign of a decrease 
(Pereira et al. 1996a). This anomaly can undoubtedly be connected with a Fermi surface 
reconstruction due to AF ordering. Np2Pt2Sn was reported to order antiferromagnetically 
at TN = 32 K, but the X(T) data show another possible magnetic phase transition at 
T = 15 K. The upper transition coincides with a marked anomaly in the p(T) curve, 
which is flat above this point, but decreases below this temperature (Pereira et al. 1995). 
237Np M6ssbauer spectroscopy yields Np-moments of 1.5/zB at T = 4.2 K (Sanchez et 
al. 1995). The magnetic hyperfine splitting disappears at T = 39 K, which is somewhat 
higher than the ordering temperature indicated by bulk data (Colineau 1996). 

Of the other compounds, the susceptibility was studied for U2Co2Ga. The susceptibility 
increases weakly with decreasing T from 3.3 x 10 -8 m3/mol at T = 300 K. Details of the 
low temperature behaviour could not be studied because of contamination by ferromagnetic 
UCoGa (Havela 1994). 
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5.4. U3T3X4 compounds 

The compounds U3T3Sb4 and U3T3Sn4 crystallize in the Y3Au3Sb4 structure type (space 
group I43d), with 4 f.u./cell. This structure type can be derived from the Th3P4 structure by 
filling (in some cases uncomplete) interstitials by transition metal T atoms (Dwight 1977). 
A schematic picture of the structure in shown in fig. 5.103. Because the U - U  spacing for 
U3Sb4 is larger than 400 pm (du-u = 0.468 a, a is the lattice parameter given for all 
compounds in the table 5.18), additional expansion of the lattice due to the presence of 
the T atoms in U3T3Sb4 does not affect the electronic structure by increasing the 5f-5f  
overlap. The influence of the hybridization of the 5f states with the transition metal d- 
states dominates, and can partly or completely suppress the magnetic order observed in 
U3Sb4 (ordered below Tc = 146 K). For U3T3Sn4 such comparison is not possible, as the 
reference binary compound U3Sn4 in not formed. Whereas the stannides are metallic with 
either a non-magnetic or an antiferromagnetic ground state, the antimonides are either 
ferromagnetic metals (U3Co3Sb4, U3Cu3Sb4) or non-magnetic semiconductors (as, e.g., 
U3Ni3Sb4 or U3Pt3Sb4) with gaps of the order of 0.2 eV. A general picture of the band 
formation can be obtained from band structure calculations of Th3Ni3Sb4, which show a 
gap formation with a width of 0.36 eV (Takegahara et al. 1990). The valence band consists 
of the Ni-3d states and Sb-5p states. Due to the hybridization of the Ni-3d states and Th-6d 
states, the 6d states are shifted above EF. An analogous situation was found in La3Au3 Sb4 
(Takegahara and Kaneta 1992). 

In some cases the filling of the lattice by the transition metal atoms is not complete and 
the equilibrium T-metal concentration can be much lower as discussed by Endstra (1992), 
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Fig. 5.103. Schematic picture of the cubic structure of the Y3Au3Sb4-type structure in which crystallize U 3T 3X 4 
compounds. 
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TABLE 5.18 

Some basic characteristics of U3T3X4 compounds: 
a - lattice parameter at room temperature, type of ground state (met. - metallic, semi. - semiconducting, AF 
- antiferromagnetic, F - ferromagnetic, SF - spin fluctuator, supercon. - superconducting), TC, N - magnetic 
ordering temperature, Tc - temperature of transition to superconducting state, y - coefficient of the electronic 
specific heat related to 1 molU, and parameters of the Curie-Weiss law describing x(T) in the paramagnetic 
state (/Zeff - effective magnetic moment per U atom, Op - paramagnetic Curie temperature, X0 - temperature 

independent contribution). 

Compound a Type TC, TN, Tc y /Zef f Op X0 Ref. 
(pro) (K) (mJ/(molU K2)) (/~B/U) (K) (10 -8 m3/mol) 

U3Sb 4 911.2 met. 146 3.0 150 0 [1] 
U3FelSb 4 920.7 ?, F 120 2.7 111 [2] 
U3Co3Sb 4 928.4 met.,F 10 69 2.1 12 2.5 [3,2] 
U3Ni3Sb 4 937.7 semi., SF 2 3.0 -61  [3,4] 
Th3Ni3Sn 4 936.3 supercon. 1.4 10.4 a 0.6 [5] 
U3Ni3Sn 4 936.4 met., SF 92 1.8 -58  3.1 [3,4] 
U3Cu3Sb 4 944.5 met., F 88 3.0 98 [3] 

945.1 91 3.39 110 [4] 
U3Cu3Sn 4 952.2 met.,AF 12 380 375 3.34 -13  [4] 

950.5 3.3 -50  [6] 
U3Rh3Sb 4 953.1 ?, F 105 2.4 7.6 [2] 
U3Au3Sn 4 982.4 met.,SF 280 850 3.58 -87  [4] 

981.8 3.2 -90  [6] 
U3Pd3 Sb 4 968.4 semi. 3.58 -98  [4] 
U3Ir3Sb 4 957.2 [7] 
U3Pt3Sb 4 968.3 semi 3.68 -184 [4] 
U3Pt3Sn 4 967.5 met. 94 1.84 -38  5.1 [4] 

a y value per mol Th. 

References: 

[ 1 ] Trzebiatowski (1980) 
[2] Endstra (1992) 
[3] Endstra et al. (1990b) 

[4] Takabatake et al. (1990a) 
[5] Aoki et al. (1992) 

[6] Corsepius et al. (1996) 
[7] Dwight (1979) 

an d  as d e m o n s t r a t e d  in the  u l t ima te  case  o f  U3FelSb4. Thi s  ma te r i a l  orders  f e r r o m a g -  

ne t ica l ly  at  Tc = 120 K (Ends t r a  1992),  w h i c h  is no t  m u c h  d i f fe ren t  f r o m  U3Sb4.  A n  

apprec i ab le  m a g n e t i c  m o m e n t  ( abou t  1 .1 /ZB/U)  and  a s t rong coerc ive  field o f  1.45 T were  

o b s e r v e d  at T = 4 .2  K. 

U3Co3Sb4 u n d e r g o e s  a t r ans i t ion  to the  f e r r o m a g n e t i c  state at  Tc = 10 K. Its m a g n e t i -  

za t ion  does  no t  sa tura te  in  fields up  to 10 T (Ends t ra  et  al. 1990b;  E n d s t r a  1992).  T h e  l inear  

s lope in  h i g h e r  f ields c o r r e s p o n d s  to an  apprec i ab le  suscept ibi l i ty ,  34 × 10 - 8  m 3 / m o l  f.u. 

I t  was  in t e rp re t ed  as b e i n g  due  to a h i g h  m a g n e t o c r y s t a l l i n e  anisot ropy.  B u t  t ak ing  in to  

a c c o u n t  the  smal l  s p o n t a n e o u s  magne t i za t i on ,  o b t a i n e d  b y  ex t r apo la t ing  the  l inear  par t  to 

H = 0 and  po in t i ng  to 0 . 2 / Z B / U  a tom,  an  in t e rp re t a t ion  in  t e rms  o f  w e a k  i t ine ran t  fer- 

r o m a g n e t i s m  seems  m o r e  p laus ib le .  T h e  p a r a m e t e r s  ob t a ined  b y  f i t t ing the  X (T )  data  in  

the  p a r a m a g n e t i c  r a n g e  w i th  a mod i f i ed  C u r i e - W e i s s  law are g iven  in  t ab le  5.18. Surpr is -  

ingly,  n o  a n o m a l y  re la ted  to the  m a g n e t i c  o rder  has  b e e n  f o u n d  in  e lec t r ica l  resist ivi ty.  T h e  
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Fig. 5.104. Temperature dependence of the susceptibility X of U3Ni3Sn4 and U3Ni3Sb 4 (after Endstra et al. 
(1990b)). The inset shows the inverse susceptibility. 

p(T) curve increases from P0 = 180 p.f2 cm through a broad knee and a high-temperature 
linear part with positive lope to p (300 K) = 450 p.f2 cm. Similarly, no trace of a transi- 
tion was found in the specific heat data, yielding y = 69 mJ/(mol U K2). The results of 
NQR experiments at Sb sites correspond to a nearly ferromagnetic material (Ohama et al. 
1993a). 

U3Ni3Sb4 and U3Ni3Sn4 do not order magnetically (Endstra et al. 1990b). The temper- 
ature dependence of the susceptibility for both compounds can be found in fig. 5.104. At 
high temperatures the X (T) dependence of U3Ni3Sb4 can be described by the Curie-Weiss 
law with an effective moment/Zeff = 3.0 ]ZB/U and Op -m- - 6 1  K. Below T ~ 150 K it 
tends gradually to saturation at X0 = 25 x 10 -8 m3/mol. (Note that 1 f.u. contains 3 
U atoms), x (T)  of U3Ni3Sn4 can be described by the modified Curie-Weiss law with 
/Zeff = 1.8/zB/U, ®p = --58 K, and X0 = 3.1 x 10 -8 m3/molf.u, down to about 30 K. 
Below that temperature the susceptibility saturates to X (0 K) = 21.6 x 10 -8 m3/mol f.u. 
(Endstra et al. 1990b). A very dramatic difference between these two compounds is ob- 
served in the electrical resistivity. U3Ni3Sb4 has a large resistivity and displays semi- 
conducting behaviour (similar to Th3Ni3Sb4) with an estimated energy gap of 175 meV. 
The large positive Hall coefficient RI~ points to a p-type semiconductor (Takabatake et 
al. 1990a). On the other hand, U3Ni3Sn4 is metallic and has a very low residual resistiv- 
ity (0.88 ~tf2 cm). At low temperatures (up to 16 K) the resistivity increases as aT e with 
a = 0.234 ~tf2 cm K 2, and saturates at T > 200 K to p = 400 g~2 cm. As expected 
from the appreciable a value, the low temperature specific heat coefficient y is also en- 
hanced (92 mJ / (molU K2)), which contrasts with the low value g = 2 mJ / (molU K 2) 
in U3Ni3Sb4 (Takabatake et al. 1990a). Sb NMR and NQR experiments on U3Ni3Sb4 
(Ohama et al. 1992) show an activation type of behaviour of the inverse spin-lattice relax- 
ation time 1 / T1. This is attributed to varying concentration of the Sb-5p hole concentration 
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under the conditions of strong U-5f to Sb-5p hybridization. Similar experiments on ~ 19Sn 
nuclei in U3Ni3Sn4 show a crossover from the high temperature local moment Korringa 
regime to the low-temperature Fermi liquid regime, in which (1/T1T)f is constant (Ko- 
jima et al. 1992a). The symbol f denotes the part of the spin-lattice relaxation time due to 
f-moments fluctuations. The relaxation rate of the f-moments derived in the high T regime 
(above 120 K) is of the Korringa type h/(kBrf) = 0.82 T + 86 K pointing to a local f- 
moment behaviour. Below T = 100 K it tends to a saturation, and the observation that 
h/(kBrf) = const at low T demonstrates the Fermi liquid behaviour. 

That we deal exclusively with the 5f magnetism in the U3T3X4 compounds is demon- 
strated by the fact that Th3Ni3Sn4 is a weak paramagnet with X ~ 6 x 10 -9 m3/mol f.u. 
and undergoes a superconducting transition at Tc = 1.38 K (Aoki et al. 1992). 

U3Cu3Sb4 is a metallic ferromagnet below Tc = 88 K. The spontaneous magnetization 
corresponds to U moments of 1.5/~B (Endstra et al. 1990b). Above the transition X (T) be- 
haves according to the Curie-Weiss law with/Zeff = 3.0/zB/U and ®p = 98 K. The p (T) 
curve shows a smooth increase without any anomaly reaching p(300 K) = 150 gf2 cm. 
The relatively large value P0 ---- 70 K can be explained by vacancies on Cu sites, corre- 
sponding to a stoichiometry U3Cu~2Sb4, revealed by electron-probe microanalysis. 

U3Cu3Sn4 displays a very pronounced maximum in x (T)  at T = 12 K, which marks 
the transition to the AF state. At this temperature also a )~-type anomaly appears in C~ T 
vs. T. On its low temperature side, C~ T decreases to a minimum at about 6 K and then 
increases again yielding the y-value 380 mJ / (molU K 2) (Takabatake et al. 1990a). A 
detailed study of the low temperature specific heat (Corsepius et al. 1996) showed that C~ T 
reaches a maximum at T = 1.25 K (410 m J/(tool U K 2)) and that C/T is constant below 
0.7 K, corresponding to y = 375 mJ/(mol U K2). p (T) is high and practically temperature 
independent except for a weak increase below 40 K, which becomes steeper below TN. 
No sign of saturation was found down to 4.2 K, where p = 820 txf2 cm. From NMR 
experiments the 63Cu nuclear relaxation rate was obtained, reflecting the relaxation rate of 
the 5f moments. A linear relation of the type h/(kBrf) = 0.086 T + 26 K was observed 
above T = 110 K, which is consistent with local moment behaviour (Kojima et al. 1992b). 

U3Rh3Sb4 could not be obtained free of spurious URhSb (Endstra 1992). Therefore the 
relatively high reported value Tc = 105 K should be taken with caution. The spontaneous 
magnetization at T = 4.2 K corresponds only to about 0.6/zB/f.u. (similar to the Co- 
counterpart). 

The susceptibility of U3Au3Sn4 shows spin fluctuation features (see fig. 5.105), namely 
a deviation from the Curie-Weiss behaviour below T ~ 70 K with a sign of saturation, 
and a subsequent tow temperature upturn (Takabatake et al. 1990a). The C~ T vs. T plot 
shows lower C~ T values at T > 1 K (280 mJ/(mol U 1£2)) than in U3Cu3Sn4, but it shows 
a stronger low-T upturn. The value y = 850 mJ / (molK 2) was obtained by extrapola- 
tion from the mK range (Corsepius et al. 1996). Therefore the value of 280 mJ/(mol K 2) 
(Takabatake et al. 1990a), deduced from the behaviour at higher temperatures, is severely 
underestimated. In the p (T) curve, the knee around T = 35 K is followed by an almost 
flat high-T part. The resistivity decreases to only ~ 550 btf2 cm in the low-T limit, while 
about 650 gf2 cm was found at the room temperature (Takabatake et al. 1990a). The value 
P0 = 495 ~tf2 cm was obtained by extrapolation to T --+ 0 K (Takagi et al. 1993). 119Sn 
NMR measurements proved that the low-T upturn in C(T) is followed by a similar be- 
haviour of the Knight shift and thus is intrinsic. The spin-lattice relaxation rate 1/T1 is 
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Fig. 5.105. Temperature dependence of the susceptibility X and inverse susceptibility 1/X (a) and resistivity p 
(b) of U3Au3Sn4 (after Takagi et al. (1993)). 

practically constant at low T showing thus a deviation from the standard Korringa-type of 
behaviour (Takagi et al. 1993). An interesting substitution study of the U3(CuxAUl-x)3Sn4 
system shows that the maximum in X (T) shifts down to lower temperatures with decreas- 
ing x and survives down to 5% Cu, but probably it marks only a short-range order. This 
is demonstrated by the substantial broadening of the sharp peak in C~ T vs. T found for 
the Cu-compound at 2% Au already (Corsepius et al. 1996). The )/-value is depressed to 
180 m J/(mol U K 2) in the middle of the concentration range. 

U3Pd3Sb4 and U3Pt3Sb4 are non-magnetic and show semiconducting behaviour with the 
low-temperature resistivity reaching an order of magnitude of several f2 m. The magnetic 
susceptibility is Curie-Weiss like at high T (parameters are given in table 5.18). At low 
temperatures it bends to a saturation and reaches X(4.2 K) = 9.9 x 10 -8 m3/mol and 
8.9 x 10 -8 m3/mol U for the Pd and Pt compound, respectively (Takabatake et al. 1990a). 
The fact that the analogous compound Th3Ni3Sb4 is semiconducting, too, means that the 
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gap formation is not related to the 5f states excluding any interpretation in terms of a 
Kondo gap. This is in agreement with the insensitivity of the gap width (kB A ~ 200 K 
between 50 and 150 K) to external pressure, studied for the latter system by (Canfield et 
al. 1992). 

U3Pt3Sn4 is a metallic spin fluctuator with specific heat (y = 94 mJ / (molU K2)) and 
susceptibility parameters (see table 5.18) similar to those of U3Ni3Sn4. The susceptibility 
reaches 30.5 x 10 -8 m3/molf.u, in the low-T limit. 

The large diversity of properties in the U3T3X4 compounds makes it very intriguing to 
pursue further local probe experiments. Photoelectron spectroscopy results (Takabatake et 
al. 1992a) in U3Ni3Sn4 and U3Ni3Sb4 show a standard picture of the Ni-3d states situated 
at about - 2  eV, whereas a broad triangular 5f emission is pinned to EF. The latter is true 
also for the analogous Cu-compounds, in which the maximum of the Cu-3d emission is 
seen around - 4  eV. A large difference was found, however, between the shape of the 3d 
emission. It is broader and asymmetric in U3Cu3Sb4 extending significantly to - 3  eV 
where the Sb-5p emission is expected. This fact points to a stronger Cu-3d and Sb-5p 
hybridization. On the other hand, it is symmetric and much narrower in U3Cu3 Sn4, which 
can be interpreted as being due to 3d localization. This fact was associated also with the 
anomalous shrinking of the lattice parameter in U3Cu3Sb4 compared to U3Cu3Sn4. The 
experimental resolution of these experiments, which is not better that 0.22 eV, did not 
allow to observe the gap in the electron energy spectrum in U3Ni3Sb4. The 4f core level 
spectra of the four compounds (Ejima et al. 1993) display maxima at binding energies 
corresponding to "well-screened" 4f holes in all cases. Except for U3Cu3Sb4, which can be 
thus characterized as the one with the most itinerant 5f states, the spectra of all compounds 
show satellite maxima at higher binding energies. The standard energy difference of about 
7 eV is by 0.5 eV higher in the case of U3Ni3Sb4. As this difference reflects the higher 
energy of the 4f hole screened by the non-f states of ligands, this shift can be, e.g., ascribed 
to the existence of a gap in this material. Practically no difference was found between the 
BIS spectra of these compounds (Ejima et al. 1993). 

The intensity of the emission corresponding to the final state with a well screened 4f 
hole is dominating even in U3Ni3Sb4, which means that some itinerancy of the 5f states 
is preserved. However, inelastic neutron scattering experiment revealed clear crystal-field 
excitations and lack of any quasielastic response, which is more typical for localized 5f sys- 
tems (Rainford et al. 1996). The absence of magnetic ordering can be then understood as 
due to a singlet 5f 2 ground state. Qualitatively, a similar situation was found in U3Pt3Sb4 
(Rainford et al. 1995). On the other hand, the broad quasielastic response extending to 
about 70 meV and the lack of well resolved crystal-field excitations in U3Cu3Sn4 (Rain- 
ford et al. 1996) is well compatible with the moderate heavy-fermion nature of this metallic 
antiferromagnet. Intermultiplet transitions were observed at 370 meV in U3Ni3Sb4 (Rain- 
ford et al. 1996) and at 400 meV in U3Pt3Sb4 (Rainford et al. 1995). For the inelastic 
neutron scattering spectra observed for U3Ni3Sb4 and U3Cu3 Sn4, see fig. 5.106. 

The systematics shows that the occurrence of semiconducting behaviour is restricted 
to the antimonides with Ni, Pd, or Pt only, whereas any increase or decrease of the d- 
occupation produces metallic ferromagnetic state. This evokes the idea that the absence 
of ordering for compounds with T element of that particular transition metal column is 
related to a lack of conduction electrons, i.e., to absence of exchange interaction of the 
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Fig. 5.106. Inelastic neutron scattering spectra of U3Ni3Sb 4 and U3Cu3Sn4, taken at T = 15 K and 20 K, 
respectively, at a time-of-flight spectrometer with 80 meV incident energy. The dots represent the spectra from 
low-angle detectors, the lines are an estimate of the phonon scattering extrapolated from high-angle detectors. 

After Rainford et al. (1996). 

RKKY type. As shown by a substitution study in the system U3(Nil-xCux)3Sb4 (Fujii et 
al. 1992), gap formation is not a very robust effect, as the typical semiconducting behaviour 
disappears gradually but fast, leaving nearly metallic behaviour already for 10% Cu. Ferro- 
magnet ism appears at about 30% Cu, which demonstrates that a certain minimum strength 
of  magnetic (RKKY) interactions is needed to overcome the crystal-field splitting that 
forces the system into a singlet 5f 2 state in pure U3Ni3Sb4. The spontaneous moment  in- 
creases monotonously with increasing Cu content reaching/Zs = 1.5/ZB/U in U3Cu3Sb4. 
Supposing the same type of  anisotropy as in U3Sb4 with an [1 00]  easy magnetization 
direction, we obtain moments  of  1.80/ZB/U, which is compatible with 2.0/ZB/U found in 
U3 Sb4. One should notice the similarities in values of  the paramagnetic Curie temperatures 
and effective moments in the table 5.18. 
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Another possibility to trace out the metal-semimetal transition is the study on the pseu- 
doternary U3Ni3(Sbl-xSnx)4 system, in which the semimetallic behaviour of U3Ni3Sb4 is 
gradually suppressed by Sn substitution (Endstra et al. 1992b), while the spin-fluctuation 
character of magnetism remains. The development of the y-coefficient is non-monotonous. 
At low temperatures an upturn develops in the C~ T vs. T 2 dependence around the 50-50 
concentration, giving rise to y = 255 m J/(mol U K 2) in U3Ni3 (Sb0.5 Sn0.5)4. 

5.5. Compounds with the ThMn12 structure 

The tetragonal body centred structure of the ThMn12-type (space group I4/rnmm), a 
ternary derivative of the BaA14-type (Andress and Alberti 1935), is a common represen- 
tative of an extended family of actinide and lanthanide intermetallic compounds. Since 
some rare-earth compounds with the ThMnl2-type structure exhibited promising magnetic 
parameters for permanent-magnet applications, strong interest has been shown in actinide 
analogues as well. Detailed information on these materials can be found in reviews by 
Li and Coey (1991), Fujii and Sun (1995) and Suski (1996). A schematic drawing of the 
structure is shown in fig. 5.107. The actinide compounds of this structural family can be 
characterized by general formulas AnTxX12-x and AnTxM12-x, respectively (X = A1, Ga, 
Si, M = another transition metal). In all cases the An atoms occupy the "Th" 2a sites. The 
distribution of the atoms of the remaining components over the other three inequivalent 
"Mn" sites (8f, 8i, 8j) depends on the actual composition. 

Despite the enormous experimental effort of researchers of several laboratories perform- 
ing experiments on these materials most of the data have suffered for a long time of rather 
poor quality of samples, which was caused by severe metallurgical difficulties, and this 
has introduced much "information noise". Studies performed on single crystals, which 

Fig. 5.107. Schematic picture of the ThMnl2-type structure. 
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are indispensable to carry out reliable experiments addressing the theoretically predicted 
phenomena, have appeared only in late nineties (Gongalves et al. 1994, 1995a). In numer- 
ous cases, however, polycrystals are still the only available samples. In such cases, e.g., 
comparative magnetization measurements on oriented and random powder samples are 
frequently very helpful in determining the type of anisotropy and estimate the magnetiza- 
tion in the principal crystallographic directions (Andreev and Suski 1992; Andreev et al. 
1992a). Essential magnetic and structure information is given in table 5.19. 

An important effort has finally also been made in the field of theory. Lorenz et al. (1995) 
after the theoretical investigation of the high-Fe content compounds of the ThMn12 family 
proposed non-collinear magnetic structures and spin-glass behaviour. This is the first real 
theoretical excursion into the class of materials for which so many contradictory experi- 
mental results exist. 

5.5.1. AnTxAl12-x compounds 
Structural aspects of materials in this group were discussed by Melamud et al. (1987) 

who have shown that in the REFexAl12_x compounds the Fe atoms occupying the 8i po- 
sitions carry a substantial magnetic moment in contrast to atoms in the other two, i.e., 8f 
and 8j sites where the moments are usually rather small. Investigation of UFexAl12-x com- 
pounds (for x = 4, 5, 6) by means of 57Fe M6ssbauer spectroscopy (Vagizov et al. 1995) 
allowed to determine that in UFe4A18 the Fe atoms reside only on the 8f sites, whereas in 
UFe5AI7 (UFe6A16) the Fe atoms occupy 54, 43 and 3% (58, 35, 7) of 8f, 8i and 8j, re- 
spectively. Generally, AnFexA112 x compounds with x >~ 3 can be synthesized. However, 
UFe~2 does not exist. 

Both ThCr4Al8 and UCr4AI$ are paramagnets with weakly temperature dependent sus- 
ceptibility. Polycrystalline samples of NpCr4Al8 studied by Gal et al. (1987) suffered of 
A1 evaporation during preparation to such an extent that the actual stoichiometry was 
NpCr4A16. 137Np M6ssbauer spectroscopy investigation evidenced ordering of Np mag- 
netic moments below T = 55 K whereas the susceptibility data pointed to TN = 46 K. An 
effective hyperfine field on the 137Np nucleus of 290 T has been determined at 4.2 K which 
points to a Np magnetic moment of 1.3/zB applying the Dunlap-Lander formula (Dunlap 
and Lander 1974). 

The X vs. T of ThMn4Al8 is roughly hyperbolic. However, no magnetic ordering appears 
down to 4.2 K. The room-temperature susceptibility (X300 K = 14.1 x 10 -8 m3/mol) is 
more than an order of magnitude larger than in the Cr analogue and down to 4.2 K it 
becomes enhanced about 3-times (Baran et al. 1987). 

In UMn4AI8 the room-temperature susceptibility is only about 10% higher than in the 
Th counterpart and down to liquid-helium temperature it increases less than twice reach- 
ing only about 70% of the susceptibility value observed in ThMn4A18 (Baran et al. 1987). 
This may be attributed to the antiferromagnetic polarization of Mn and U magnetic mo- 
ments. Down to 1.45 K, however, no sign of magnetic order has been observed by means 
of neutron powder diffraction. UMnxAl12-x alloys exist for various Mn contents in the 
range 3 ~< x ~< 7 (Suski et al. 1995). The lattice volume (including both lattice constants) 
exhibits a linear increase with decreasing x. All compounds are paramagnetic down to 
the lowest temperatures except for UMn3AI9. Here anomalies in the ac and dc suscepti- 
bility around 30 K indicate ferromagnetic ordering at lower temperatures with a very re- 
duced spontaneous moment of approximately 0.08/~B/f.u., which can be estimated from 
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TABLE 5.19 

Some basic characteristics of AnTxX12_ x and AnTxMI2_ x compotmds with the ThMnl2-type structttre: 
Type of ground state (F - ferromagnetic, AF - anfiferromagnetic, P - paramagnetic, PP - Panli paramagnetic), 
NAn,/ZFe - the actinide and iron ordered magnetic moment (determined by neutron diffraction at 4.2 K), TC, N - 

magnetic ordering temperature, a, c - lattice parameters at room temperature. 

Compound Ground NAn /ZFe TC, N Ref. a c Ref. 
state (/ZB) (/ZB) (K) (pm) (pm) 

ThCr4A18 P [1] 
UCr4A18 pa [2] 

NpCr4A18 b AF 

ThMn4A18 P 

UMn4A18 

ThFe4A18 

UFe4A18 

NpFe4 A18 

pa 

AF 

F e 

F f 

UCu4A18 AF 
NpCu4A18 
ThMn3A19 P 
UMn3A19 F 
UMn6A16 P 
UFe5 A17 F 

UFe6A16 Fg 

UFe6Ga 6 F 
UCu4.25A17.75 AF 

UCu4.5A17. 5 AF 
AU g 

AF j 

UCu4.75A17.25 AFJ 
UCu5A17 AFd 

UCu5.25A16.75 AFJ 
UCu5.5A16. 5 P 
UCu5.9A16.1 P 

UCu2Ni2A18 AFJ 

1 . 3  c 5 5  [ 3 ]  

[2] 

0.7 d 147 [41 

0.47 1.08 148 [7,8] 

0.7 c 1.05 d 130 [3] 

0.6 1.1 130 [6] 

30 [9] 

0.08 e - ~ 30 

268 
0.814 261 

3.2 355 
0.917 334 

515 
1 . 6  - 37 

_ 3 0  i 

1.3 - 37 k 

1 . 6 5  - 35 
1.6 - 27 
1.2 - 18 

< 0.25 - 10 

1.04 k 24 

UCu3NiA18 AFJ 1.13 k 26 

[111 
[111 
[111 
[121 

[13] 
[141 

[151 
[16,17] 

[9] 

[131 

[16,17] 
[16,17] 
[16,17] 
[9,16,17] 
[16,17] 
[16,17] 

[18] 

[18] 

901.1 515.1 [1] 
890.7 512.2 [1] 
891.32 510.91 [2] 

893 515 [3] 

896.3 515.0 [1] 

884.9 510.4 [1] 
884.74 509.93 [2] 

884.2 507.6 [5] 
882.7 509.5 [6] 

873.6 504.6 [6] 
874.0 503.6 [8] 

875.9 505.5 [3] 

876 510 [101 

888 511 [11] 

869.2 501.8 [12] 

863.8 498.7 [12] 

h h [15] 

874.6 509.6 [16,171 

872.5 509.0 [16,17] 
870.7 508.3 [16,17] 
869.8 508.1 [16,17] 
868.2 507.1 [16,17] 
868.0 506.2 [16,17] 
868.0 505.8 [16,17] 

872.21 5.1i61 [18] 
872.1 k 5.114 k 

874.91 5.1171 [18] 
874.9 k 5.118 k 
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Compound Ground /ZAn /ZFe TC, N Ref. a c Ref. 
state (/ZB) (/ZB) (K) (pm) (pm) 

UFel0Si 2 F 0.5 [19-21] 837.29 472.69 [23] 
F 1.4 1.85 650 [22-24] 837.00 472.08 [25] 

UCol0Si 2 F 510 [25] 823.61 462.90 [25] 
UCo5FesSi2 F 750 [25] 833.8 464.8 [25] 
UNil0Si 2 P [26] 818.5 468.6 [26] 
UFel0MO 2 F 1.8 0.6 rn 198 [27,28] 848.59 475.08 [23] 
UFel0Re 2 F 340 [29] 854.1 471.4 [29] 

a No magnetic order indicated down to T = 1.45 K within the accuracy of the neutron powder diffraction 
experiment. 

b Due to high A1 weight loses, the actual composition was approximately NpCr4A18 (Gal et al. 1987). 
c Determined from hyperfine field measured on the 237Np isotope. 
d Determined from hyperfine field measured on the 57Fe isotope. 
e Ferromagnetic collinear ordering in the U sublattice, antiferromagnetic coupling in the Fe sublattice (perpen- 

dicular to U moments), Fe moments canted yielding a ferromagnetic component (Paixao et al. 1997). 
f Ferromagnetic collinear ordering in the Np sublattice (ordering below 115 K), antiferromagnetic coupling in 

the Fe sublattice (Gal et al. 1987). 
g Ferromagnetic ordering of Fe moments perpendicular to the c-axis (Ptasiewicz-Bak et al. 1988). 
h Orthorhombic ScFe6Ga 6 structure, a = 854.84, b = 869.14, c = 505.60 (Gon~alves et al. 1996). 
i Temperature above which magnetic reflections in a neutron powder diffraction vanish (Ptasiewicz-Bak et al. 

1988). 
J Antiferromagnetic ordering of the AFI type. 
k A t T  = 1.4K. 
1AtT = 4 2 K .  
m Derived from the saturation magnetization measured on a single crystal along the c-axis. 
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the  m a g n e t i z a t i o n  cu rve  p r e s e n t e d  b y  Susk i  et  al. (1995) .  N o  s ign o f  sa tu ra t ion  is o b s e r v e d  

up  to 14 T w h e r e  the  m a g n e t i c  m o m e n t  r eaches  0 . 2 5 / z B / f . u .  Susk i  et  al. sugges t  tha t  th is  

b e h a v i o u r  ref lects  a c o m p l e x  n o n - c o l l i n e a r  s t ruc ture  a l t h o u g h  a w e a k  i t ine ran t  f e r r o m a g n e t  

w o u l d  b e h a v e  in a s imi la r  manne r .  S ince  ThMn3Al9 shows  n o  ind i ca t i on  o f  m a g n e t i c  or- 

de r ing  d o w n  to the  lowes t  t empera tu res ,  i t  was  c o n c l u d e d  tha t  o rde red  m a g n e t i c  m o m e n t s  

res ide  exc lus ive ly  on  the  u r a n i u m  sites in  UMn3A19 (Susk i  et  al. 1995).  

T h e  t h o r i u m  c o m p o u n d  ThFe4A18 orders  m a g n e t i c a l l y  b e l o w  147 K ( B u s c h o w  and  van  

de r  K r a a n  1978)  w i th  Fe  m a g n e t i c  m o m e n t s  o f  a p p r o x i m a t e l y  0.7/ZB as d e t e r m i n e d  f r o m  
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M6ssbauer data. This compares well with values of Fe magnetic moments in REFe4A18 
compounds. Below Tc ThFe4A18 exhibits noticeable magnetic history effects (only poly- 
crystalline data are available). A broad maximum is observed on the ZFC curve whereas 
the FC curve shows a standard monotonous increase with decreasing temperature and sat- 
uration when approaching the low-temperature limit (Baran et al. 1985). 

The most prominent representative of this family of compounds, UFe4AI8, has attracted 
a special interest. In this material, at least ideally, the Fe atoms form the 8f sublattice 
whereas the other two eight-fold sites 8i and 8j host the A1 atoms. In this configuration the 
U atom is surrounded by a parallelepiped of eight Fe atoms (see fig. 5.107) which implies 
zero molecular field acting on the U atom in case of antiferromagnetic arrangement of the 
Fe moments (Buschow and van der Kraan 1978). Preparation of this material and structure 
and basic magnetic data have been first reported by Baran et al. (1984) and Stepien-Damm 
et al. (1984). The first reports on neutron powder diffraction experiments (Ptasiewicz-Bak 
et al, 1988) claimed magnetic ordering at 150 K only in the Fe sublattice with moments 
of 1.6/xB parallel to the c-axis, in agreement with results of 57Fe Mrssbauer experiments. 
Later on Sch~ifer et al. (1989) proposed an analogous magnetic structure of the Fe sublattice 
with Fe magnetic moment of ~ 1.0/xB but in addition ferromagnetically ordered moments 
of 0.8/xB in the uranium sublattice have been proposed. Gal et al. (1990) analyzed an ex- 
tended set of ac- and dc-susceptibility, neutron diffraction (in zero field and in 3 T) and 
Mrssbauer effects data collected on polycrystals of UFe4A18, NpFe4A18 and ThFe4A18. 
These authors proposed a spin-glass state in these materials below TSG ~ 130 K, 120 K, 
and 110 K, respectively. Note, that the same authors arrived in a similar way to the same 
unusual conclusion on a spin glass state also in another isostructural crystallographically 
ordered ternary compound HoFe4A18 (Gal et al. 1989). Results of the high-field magne- 
tization study on oriented and random powders (Andreev et al. 1992c) were interpreted 
in terms of strong magnetocrystalline anisotropy with the easy-magnetization axis lying 
within the basal plane. The latter conclusion was in strong contradiction with the above 
mentioned results of neutron diffraction experiment. Clear cut experiments have been made 
after the first high-quality single crystals of UFe4A18 became available. The first "puzzle" 
about anisotropy has been solved by magnetization measurements in magnetic fields ap- 
plied along the principal crystallographic directions (Godinho et al. 1995, 1996; Bonfait et 
al. 1996). Results confirmed previous conclusions of Andreev et al. (1992c) that UFe4A18 
is an easy plane (a-b plane) system, i.e., that the hard magnetization axis in this material is 
the c-axis. Magnetization curves measured in magnetic fields along the a-axis show ferro- 
magnetic behaviour below 148 K (yielding 1.9/xB/f.u. in 2 T measured at 4.2 K) and the 
differences between the ZFC and FC curves can be explained by the temperature variation 
of the coercive force (Godinho et al. 1995) which is connected with pinning of narrow 
domain walls. The M vs. T curves (FC and ZFC) are seen in fig. 5.108. Above 200 K, 
the inverse susceptibility vs. temperature increases linearly (Curie-Weiss law) yielding a 
paramagnetic Curie temperature Op of 120 and 80 K for Hlla and Hllc, respectively. The 
common effective moment is 13 #B/f.u. 

Results of neutron diffraction experiments (combined measurements with unpolarized 
and polarized neutrons) on a UFe4A18 single crystal (Paixao et al. 1997) in combination 
with magnetization data provided microscopic information on aspects of magnetism in this 
material, namely: 
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Fig. 5.108. ZFC and FC magnetization for UFe4A18 in magnetic fields H parallel to the a-axis (Godinho et al. 
1995). 

• Commensurate antiferromagnetic ordering occurs in the Fe sublattice with an Fe mag- 
netic moment of 1.08/z]3 at 4.2 K in the basal plane. Symmetry arguments suggest 
weak ferromagnetic component of the Fe sublattice in the c-axis of about 0.3/zB 
which is compatible with a canting angle of 16 ° in zero magnetic field. An ap- 
plied magnetic field causes further canting from the a-axis towards the field direction 
(~  25 ° in 4.6 T at T = 4.2 K). 

• Ferromagnetic uranium magnetic moment of 0.47/z B per U atom are present. These 
are oriented along the b- (or a-) axis• 

These results are schematically expressed in fig. 5.109. The size of the Fe magnetic moment 
is compatible with the value derived from hyperfine field data (Gal et al. 1990). Application 
of magnetic field on this spin arrangement leads to anomalous magnetization curves (see 
fig. 5.110). 

Additional polarized neutron experiment performed in the paramagnetic state revealed 
that the Fe magnetic response is almost isotropic in contrast to the uranium susceptibility 
which is much larger in the basal plane than along the c-axis (Paixao et al. 1997). 

The perpendicular configuration between the magnetic moments in the uranium and iron 
sublattice may provide a reasonable basis for explaining the rather exotic magnetization 
processes and related magnetoresistance phenomena (fig. 5.110) reported by Bonfait et 
al. (1996) and Godinho et al. (1996) and measured on the same single crystal. Also the 
magnetoresistance measurements performed on a single crystal in magnetic fields up to 
16 T (Bonfait et al. 1995) revealed strong anisotropy of the magneto-transport phenomena. 

Only polycrystalline samples of NpFe4Al8 were studied. The samples were probably 
deficient in A1 due to evaporation during the preparation procedure, similar to NpCr4A18 
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Fig. 5.109. Magnetic structure of UFe4A18 in /z0H = 4.6 T. Data from Paixao et al. (1997). 

(Gal et al. 1987) mentioned above. Since not only 57Fe but a l s o  237Np is a suitable Mrss- 
bauer isotope, Mrssbauer spectroscopy provided very important information on this ma- 
terial (Gal et al. 1987). Besides, also neutron powder diffraction experiments have been 
performed in zero field (Gal et al. 1987; Schiller et al. 1989) and in non-zero magnetic 
field (Sch~fer et al. 1991). Based on results of these experiments and considering the clear 
results obtained on UFe4A18 single crystals (Godinho et al. 1995, 1996; Bonfait et al. 
1996) and the very similar ordering temperature of the Fe moments, one may tentatively 
suppose that the antiferromagnetic ordering of the Fe sublattice is also similar in all three 
compounds ThFe4A18, UFe4A18 and NpFe4AI8 (and assume an analogous ferromagnetic 
ordering of the moments in the An sublattice in the latter two compounds). The interpre- 
tation of these three crystallographically ordered ternary materials in terms of spin-glass 
systems as suggested by Gal et al. (1990) is most probably incorrect. It should be noted that 
pronounced magnetic history effects cause frequently a strong temptation to use such ex- 
otic approaches to interpret ordinary phenomena caused by a strong domain-wall pinning 
in highly anisotropic materials as the uranium intermetallics. 

All the UFexA112-x compounds, which were reported to form in the composition range 
3.2 ~< x ~< 4.8, are ferromagnetic. The concentration dependence of the saturation magne- 
tization is non-monotonous showing a minimum for x = 4 (Baran et al. 1986; Andreev et 
al. 1992c). In case of UFe6Al6 neutron powder experiments (Ptasiewicz-Bak et al. 1988) 
suggest ferromagnetic ordering only of the Fe magnetic moments (3.2/zB at 4.2 K) per- 
pendicular to the c-axis. 

UCu4÷xAl8-x alloys attracted extraordinary interest due to their heavy-fermion features. 
UCu4AI8 was originally reported to order antiferromagnetically below 30 K (Baran et al. 
1986) and to show an enhanced y-value of about 100 mJ/(molK 2) (Drulis et al. 1989). 
A detailed metallurgical investigation performed by (Geibel et al. 1990a) showed that 
UCu4+xA18-x has a wide homogeneity range for 0.1 ~< x ~< 1.95. The unit cell becomes 



MAGNETISM OF COMPOUNDS OF URANIUM 211 

(a) 

2 

1 

0 

-1 

-2 
0 

I L 

H II a-axis 6 ° ~ . .  
...... o_~.._o_.o~ ~ ;~ 
M / I  b-axis / ~ __ _ ""o~o 

_ ~ ~ /  M II a - ~ i s  

I I 

1 2 g 

i~o H IT) 

280 

E 270 

C :L 
--- 260 % 

250 

I • 

' ' H / / a - a x i s  , , * ' ' . .  

~/ " " , ~ : , : : - ~ ' " ' , .  

II a-axis 
I I I I 

-3 -2 -1 0 1 2 3 

(b) ~o H (T) 
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Bonfait et al. (1996). 

gradually compressed (both in the a- and the c-direction) with increasing Cu content. Sus- 
ceptibility and resistivity measurements pointed to gradually decreasing N6el temperatures 
from 42 K for x = 0 (Geibel et al. 1990a) to 10 K for x = 1.5 (Krimmel et al. 1992a) 
whereas the samples with x /> 1.5 showed no indication of magnetic order. The ura- 
nium magnetic moment collapses in this region as can be seen in table 5.19. This collapse 
is accompanied by a progressive evolution of the heavy-fermion state as documented by 
the increasing y-value from 100 mJ/(mol  K 2) for x = 0.1 through 400 mJ/(mol K 2) for 
x = 0.125 to 800 mJ / (mo lK  2) for x = 0.195 (Steglich et al. 1990a, 1990b). The devel- 
opment of a pronounced negative slope of the p vs. T curve in the vicinity of the critical 
composition for magnetism has been interpreted in terms of a Kondo lattice (Geibel et 
al. 1990a). A similar approach to the understanding of results of magnetization, specific- 
heat, resistivity, and NMR and NQR studies has been presented by Nishioka et al. (1996) 
and Kontani et al. (1997). Inelastic neutron scattering experiments (Krimmel et al. 1997) 
show that in contrast to Ce heavy-fermion systems the line width of the quasielastic re- 
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sponse does not scale with the Kondo temperature derived from bulk measurements. On 
the other hand, the line width becomes reduced with the expected increasing hybridiza- 
tion. This result creates doubts about the interpretation of the system as a Kondo lat- 
tice. 

Suski et al. (1992a) have shown that UFexCu4_xAI8 solid solutions of the ThMnl2- 
type structure form in the whole concentration range. Measurements of the magnetization 
performed on polycrystals do not allow to reach a straightforward conclusion on the evo- 
lution of behaviour of these materials. Indications of the existence of solid solutions of the 
UNix Cu4_xAls-type and some resistivity data on these materials can be found in reports of 
Suski et al. (1985), Drulis et al. (1989), and Suski et al. (1997). For two such compounds, 
UCu2Ni2A1 and UCu3NiA1, a neutron powder diffraction study revealed a type I antiferro- 
magnetic structure of the U magnetic moments (1.04 and 1.13/ZB, respectively) below TN 
(= 24, 26 K, respectively). The structure consists of ferromagnetic (0 0 1) planes with U 
moments oriented along the c-axis (Andr6 et al. 1997). 

The results of studies of NpCu4Al8 reported by Gal et al. (1987) are rather controversial. 
Whereas  237Np Mtssbauer spectroscopy points to an ordered Np magnetic moment of 
1.5/ZB, the neutron powder diffraction experiment suggests only 0.5/zB. This discrepancy 
was explained in terms of only slow paramagnetic moment relaxation rather than magnetic 
ordering (Gal et al. 1987). 

Due to a similar stoichiometry, we include here also UFe6Ga6 although it is crystal- 
lizing in another structure (orthorhombic ScFe6Ga6-type). This compound is ferromag- 
netic below 515 K and exhibits a spontaneous magnetization (free-powder) of l 0.5/ZB/f.u. 
(Gongalves et al. 1996). 

5.5.2. UTloSi2 and UTloT~ compounds 
UFeloSi2 exhibits ferromagnetic ordering below 650 K as indicated by ac susceptibil- 

ity measurement on a single crystal (Gon~alves et al. 1995a) which is in agreement with 
previous results on polycrystals (Berlurean et al. 1989; Suski et al. 1989). Results of a 
magnetic anisotropy study made on aligned powders (Andreev et al. 1995g) have been 
later confirmed by single-crystal measurements (see below). Using X-ray diffraction ex- 
periments, Andreev et al. (1995g) have also determined the magnetostriction constants as: 

or,0 ~,2 c~,2 )~,0 = 2.14 × 10 -3, )~2 = 6.07 × 10 -3, )~l = --0.4 × 10 -4, )~2 • --0.9 x 10 -4 

and )~×,2 = -0 .9  × 10 -4. Also the sublattice magnetizations were studied by Andreev et 
al. (1993b) by magnetization measurements made on aligned powders of UFel0-xAlxSi2 
solid solutions, from which the existence of U magnetic moments of approximately 0.5/zB 
has been determined. By magnetization measurements made on UFel0Si2 single crystals 
Estrela et ai. (1995) confirmed the uniaxial anisotropy in this material and determined a 
saturation magnetization of 19.5/zB/f.u. along the c-axis, which is the easy magnetization 
direction. This value is considerably larger than 16.4/zB/f.u. derived from magnetization 
studies of oriented powders (Andreev et al. 1992a, 1995g). When the field is applied along 
the magnetically hard a-axis, a first order transition is induced around 3 T above which the 
a-axis magnetization curve rapidly joins the c-axis magnetization curve and saturates, as 
can be seen in fig. 5.1ll .  The anisotropy constants K1 = 38.5 × 106, K2 = -16.1 × 106 
and/(3 = 3.9 x 106 erg/cm 3 were determined from the magnetization curves using the 
formula (Asti 1990): 
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HMs = 2K1Mss + 4K2 \ M s ]  + 6K3 M s  ' (5.14) 

suitable for uniaxial systems, where H is the applied magnetic field, Ms the spontaneous 
magnetization, and M L the magnetization perpendicular to the c-axis. The critical field 
is hardly dependent on temperature up to 250 K in agreement with previous studies of 
oriented powders (Andreev et al. 1995g), from which the following values were obtained 
/z0Hc = 2 . 7 T a t 4 . 2  K, K] = 30 × 106 , K2 = - 9  × 106 erg/cm 3. The values of 
the anisotropy constants indicate an important role of the U magnetic moments in the 
magnetism of this material. Comparison of the saturation magnetization of UFel0Si2 with 
the values of the non-magnetic rare-earth analogues YFel0Si2 (Li et al. 1991; Andreev et 
al. 1992a) and LuFe 10Si2 (Li et al. 1991; Suski et al. 1992b) allowed Estrela et al. (1995) to 
reach conclusions about the occurrence of ferromagnetic interactions between the uranium 
and the iron sublattices and to estimate the U moment to be equal to 1.4/zB. This value 
is, however, considerably larger than 0.5/zB previously reported by Andreev et al. (1992b, 
1993b). The presence of a magnetic moment on the uranium sites in UFel0Si2 has been 
indicated already by van Engelen and Buschow (1990) who reported an enhanced polar 
Kerr effect in this material in comparison with the rare-earth counterparts. 

Berlureau et al. (1991) have found that UFel0Si2 and UCol0Si2 are characterized by 
different occupation of the crystallographic sites by transition-metal and silicon atoms. In 
both compounds silicon is distributed between the 8f and 8j sites in different proportions: 
(i) for UFeloSi2, 75% of the silicon atoms are in 8f site and 25% in the 8j site; (ii) for 
UCol0Si2, nearly all the silicon atoms (> 90%) are in the 8f site. UColoSi2 becomes 
ferromagnetic below 510 K (Berlureau et al. 1991). By a study of aligned powders of 
UCol0Si2 Andreev et al. (1995h) observed a strong uniaxial magnetic anisotropy in this 
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material with K1 = 3.3 MJ/m 3 at 4.2 K. Waerenborgh et al. (1997) studied UFel0Si2 by 
57Fe M6ssbauer spectroscopy in the temperature range 5-643 K (Tc = 640 K). These 
authors confirmed a preferential occupation of the 8f site by Si atoms and shown that the 
hyperfine field Bhf follows for T < Tc a relation: 

Bhf(T) ( T )  3 
1 - Ds (5.15) 

Bhf(O) ~CC " 

The Curie temperature of the U(Felo-xCox)Si2 solid solutions increases with increasing 
x up to a maximum Tc = 750 K for x ~ 5-6 (Berlurean et al. 1991; Suski et al. 1991) and 
then it slowly decreases. The 57Fe MSssbauer spectroscopy study indicates that the Co and 
Fe atoms are not randomly distributed over the 8f, 8i and 8j sites (Berlurean et al. 1991). 
Magnetic domain structures in polycrystalline UFel0Si2 and UCol0Si2 and their changes 
throughout the whole hysteresis cycle were studied by (Wyslocki et al. 1990). A similar 
study has been made also on UFe9A1Si2 and UFe6A16 (Wyslocki et al. 1995, 1996). The 
spontaneous magnetostriction in UFel0Si2 and UCol0Si2 (Andreev et al. 1991; Andreev 
and Zadvorkin 1997) was studied by X-ray diffraction. It was proposed to have two con- 
tributions, one attributed to the exchange interaction within the transition-metal (Fe or Co) 
sublattice and the other ascribed to an inter-sublattice (Fe/Co 4=> U) interaction. When Ni 
is substituted for Fe in the UFew-xNixSi2 system the ordering temperature decreases. The 
results of a combination of magnetization and 57Fe M6ssbauer effect measurements led to 
the conclusion that only iron contributes to the magnetic ordering observed at lower tem- 
peratures. It was shown that the substitution of Ni for Fe results in a strong preferential 
occupation of the 8f site by Ni. The effects of substitutions of Cr for Fe and Sn for Si 
were studied by Suski et al. (1996) and no visible effect on Tc has been observed for a 
10% substitution. A change of the anisotropy has been revealed in UFew-xAlxSi2 around 
x = 2 as inferred from magnetization and 57Fe MSssbauer studies (Andreev and Suski 
1992; Andreev et al. 1993a; Vagizov et al. 1993c). The conclusion that the anisotropy 
in these compounds is determined by two components, in particular by a large uniaxial 
contribution from the uranium and Fe 8i sites and by a basal-plane contribution of the Fe 
8f sublattice, was principally right, as was later confirmed by single-crystal investigations 
(Paixao et al. 1997). 

UNiwSi2 does not show long-range magnetic order down to the lowest temperatures and 
exhibits an enhanced y-value of approximately 100 mJ/(mol K 2) (Suski et al. 1993). 

The temperature dependence of the magnetization of UFeloMO2 indicates ferromagnetic 
ordering in this material below 198 K (Suski et al. 1989; Gon~alves et al. 1995a, 1995b). 
X-ray diffraction analysis (Gon~alves et al. 1995b) confirmed that the Mo atoms are ran- 
domly distributed in the 8i positions. 57Fe M6ssbaner spectra collected below Tc show a 
distribution of hyperfine fields from 0 to 20 T which can be attributed to different local 
surroundings of Fe atom which is compatible with X-ray data. Magnetization measure- 
ments performed on a single crystal clearly indicated strong magnetocrystalline anisotropy 
which, in contrast to UFel0Si2, is not uniaxial. Estrela et al. (1997) propose "basal plane 
anisotropy" but the considerable spontaneous moment measured also along the c-axis (the 
main signal is measured along a) points to a multi-axial anisotropy and indicates the possi- 
bility of a canted magnetic structure. Estrela et al. (1997) analyzed the magnetization data 
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in comparison with data obtained for YFe~0Mo2 (Christides et al. 1993), and estimated the 
size of the ferromagnetically coupled moments on uranium sites (,~ 1.8/ZB) and iron sites 
(0.6/~B). 

Ferromagnetism below 340 K is reported for UFeloRe2 by Gueramian et al. (1991). 

5.6. UT2X3 compounds 

The prominent representatives of this group are UNi2A13 and UPd2A13, discovered in 1991 
as heavy fermion superconductors with antiferromagnetic order of the U-moments at low 
temperatures (Geibel et al. 1991a, 1991b). Further members are heavy fermion UPd2Ga3, 
and similar compounds with heavier actinides. They crystallize in the hexagonal structure 
of the PrNi2A13 type (space group P6/mmm), which is a structure derived from the CaCu5 
structure by replacing 3 of the Cu atoms by A1 (see fig. 5.112). It consists of U-T basal 
plane sheets with Al(Ga) interlayers, but the U-U spacing within the sheet is always larger 
than that along the c-axis. This crystal structure is typical also for numerous compounds 
with rare-earth elements, and their investigation (Higashi et al. 1993; Mulder et al. 1995) 
showed an imperfect occupation of the T sublattice or other possible types of a smail 
atomic disorder. This can account for a strong sensitivity of the electronic properties to 
off-stoichiometry and to details of the heat treatment. Basic crystallographic and magnetic 
information on 1:2:3 compounds can be found in table 5.20. 

Both UPd2A13 and UNi2A13 are antiferromagnetic, UPd2Al3 has higher ordered moment 
and higher ordering temperature of 14.4 K (Geibel et al. 1993). Powder neutron diffrac- 
tion experiments showed the ordered moment to be equal to (0.85 + 0.03) #B/U (Krim- 
mel et al. 1993a). The magnetic structure corresponds to a wave vector q = (0, 0, 1/2) 
with U-moments perpendicular to the c-axis. Although a second, incommensurate, mag- 
netic phase was reported in (Krimmel et al. 1993a), its existence has not been confirmed 
in latter neutron experiments on a single crystal (Krimmel et al. 1993b). Unlike the Nrel 
temperature, the critical temperature of superconductivity is strongly sample dependent, 

Fig. 5.112. Schematic picture of the hexagonal structure of the PrNi2A13 type in which crystallize AnT2X 3 
compotmds including the UT2X 3 materials. 
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TABLE 5.20 

Some basic characteristics of U 1T2X 3 compounds: 
a, c - lattice parameters at room temperature, TN - magnetic ordering temperature, Tc - 

temperature of transition to superconducting state. 

Compound a (pm) c (pm) TN (K) Tc (K) Ref. 

UPd2A13 536.5 418.6 14.4 2,0 [1] 
NpPd2A13 539.1 419.6 38(42) [2,3,4] 
PuPd2A13 540.2 419.4 [2] 
UNi2A13 520.7 401.8 4.4 1.1 [1] 
NpNi2A13 522.2 399.5 23 [2] 
UPd2Ga 3 530.15 851.12 a 13 [5] 
UNi2Ga 3 516.61 403.63 [6] 
UNi3Ga 2 500.40 410.55 [6] 
UCu3A12 514.02 414.72 [7] 
UCu3.sAll. 5 509.0 415.9 [8] 

a Unit cell doubled. 

References: 

[1] Geibel et al. (1993) 
[2] Seret et al. (1995) 
[3] Zwirner et al. (1993) 

[4] Hiess et al. (1997b) 
[5] Stillow et al. (1995) 
[6] Zelinsky et al. (1995) 

[7] Nakotte et al. (1994e) 
[8] Nakotte et al. (1996d) 

varying with a slight off-stoichiometry and/or heat treatment of single crystalline samples 
between 1.5 K and 2.0 K (Sato et al. 1994). The best results can be obtained with about 
1% excess of A1, accounting probably for losses due to evaporation in the melting pro- 
cess. The study of polycrystals (Schank et al. 1994) showed that superconductivity is lost 
completely, e.g., for UPdaA12.97. Although magnetic properties are strongly anisotropic, 
the upper critical field/z0Hc2 = 2.5 T is only weakly dependent on the direction of the 
applied magnetic field (Sato et al. 1992a). A later detailed study made with another sam- 
ple showed that/z0Hca = 3.9 T for HIIc is reduced to 3.1 T for Hlla (Sato et al. 1997). 
The intimate connection of the superconductivity and the heavy fermion character of the 
electronic structure is manifest in the huge jump of the specific heat C, scaling with F Tc, 
F = 140 mJ/(mol K 2) (Geibel et al. 1991b) at Tc. The unconventional superconductivity 
has been deduced from NMR experiments, pointing to an anisotropic energy gap with line 
nodes and d-wave pairing (Kitaoka et al. 1995). 

The magnetic susceptibility (see fig. 5.113) is strongly anisotropic. For H±c, a broad 
maximum between 30 and 40 K is followed by a Curie-Weiss behaviour on the high tem- 
perature side. Its analysis yields the values ,/-£eff ~ -  3.2/zB/U and ~gp = - 5 5  K. The 
response for H[Ic is weaker both in magnitude and in the temperature dependence, al- 
though it can also be tentatively fitted to the CW law with parameters #eft ---- 3.0 #B/U 
and Op = - 3 0 0  K (Grauel et al. 1993). A similar character but somewhat different values 
(/Zeff = 3.6/zB/U in both geometries, and Op = - 3 3  K for H_l_c and -215  K for HIIc 
were reported by de Visser et al. (1992). The N6el temperature is reflected only as a weak 
anomaly, similar to, e.g., URueSi2. Although the field dependence of the susceptibility, 
resistivity, and other bulk properties with HZc show a sequence of anomalies in the low 
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Fig. 5.113. Temperature dependence of the susceptibility of UPd2A13 and UNi2 A13 measured on single crystals 
with magnetic field applied along the principal crystallographic directions. 

field range (below 5 T), single crystal neutron diffraction reveals in this area only effects of 
re-population of those equivalent antiferromagnetic domains of the (1 0 0) type that have 
moments perpendicular to the field direction. But rotation of moments within the basal 
plane could not be excluded (Kita et al. 1994; Paolasini et al. 1994). 

The field definitely causes the magnetic moments to turn towards the field direction - 
it can be associated with the metamagnetic transition at 18 T for H_Lc (de Visser et al. 
1992; Oda et al. 1994). The response for H IIc is linear up to 35 T (fig. 5.114). The fact that 
the magnetization in high fields corresponds to about 1.7/ZB/U, which is the value twice 
as large as the low-field moment obtained from the neutron diffraction experiment, points 
to a significant increase of the U-moments at the transition. The metamagnetic transition 
involves also as a large drop of the electrical resistivity. It is more pronounced for current 
along c sensing the AF coupling in the ground state, as shown in fig. 5.115 (de Visser et 
al. 1993). The temperature dependencies of the electrical resistivity for both i IIc and i_Lc 
are characterized by broad maxima between 50 and 100 K, usually taken as a fingerprint 
of spin fluctuations, and show a negative slope at higher temperatures (fig. 5o116). The 
magnetic ordering temperature correlates with a weak anomaly on the low-T side in both 
cases (Sato et al. 1992a). The N6el temperature decreases weakly with external pressure, 
while Tc is practically unaffected (Bakker et al. 1993b; Wassilew et al. 1994; Link et al. 
1995). 

The coexistence of magnetic ordering (with sizeable U magnetic moments) and super- 
conductivity opened a discussion on how much the heavy quasiparticles form Cooper pairs 
related to the electrons giving rise to magnetic moments. The fact that magnetism is not 
affected by the onset of superconductivity while they coexist on a microscopic scale was 
shown primarily by the invariable internal-field distribution in zero external magnetic field 
(Amato et al. 1992a; Uemura and Luke 1993). On the other hand, the nearly isotropic 
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Fig. 5.114. Magnetization curves of UPd2A13 measured at T = 4.2 K on a single crystal with magnetic field 
applied along the principal crystallographic directions. Data compiled from references mentioned in the text. 
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Fig. 5.116. Temperature dependence of the resistivity of UPd2A13 measured on a single crystal with current i 
along the principal crystallographic directions. The inset shows in more detail the behaviour around the magnetic 

phase transition After Sato et al. (1992a). 

changes of the ~t+-Knight shift below Tc, which were attributed to dipolar fields originat- 
ing from magnetically polarized U-ions (while the bulk magnetism is anisotropic) seem to 
point to the existence of two sub-systems. One 5f local-moment sub-system is responsible 
for most of the magnetic features. The other is a heavy-quasiparticle sub-system, roughly 
isotropic, responsible for the enhanced y-value, and for superconductivity (Feyerherm et 
aL 1994). 

l°5pd NMR and NQR experiments (Matsuda et al. 1997) show only weak coupling of 
the Pd 4d states to the 5f states, which is in good agreement with magnetization density 
study using polarized neutron diffraction (Paolasini et al. 1993). The lack of induced Pd 
moments can be understood as a consequence of the directionality of U-U bonds and/or 
as a consequence of reduced overlap of the respective states in electron energy spectrum. 
The first explanation is corroborated by the strong anisotropy of the U-moments within the 
basal plane, which suggests that the charge density is mainly concentrated along the c-axis, 
where nearest U-U links are found. 

Another information coming from l°spd and 27A1 NMR and NQR is that the spin-lattice 
relaxation rate 1/T1 decreases in the superconducting state as T 3, which indicates the 
occurrence of an anisotropic superconducting gap. A consensus about the type of pairing 
has not been reached yet, speculations appear about the d- or s-wave pairing type (Kyogaku 
et al. 1992, 1993; Kitaoka et al. 1995; Kohori et al. 1995). 

The dual nature of the 5f states led to an explanation of bulk magnetic properties on the 
basis of crystal field effects assuming a tetravalent U-state (Grauel et al. 1992, 1993). A fin- 
gerprint of 5f localized states was found also in neutron scattering experiment, in which 
some of the features were tentatively identified as crystal-field excitations, occurring in 
parallel with a quasielastic response, which is a standard type response in 5f-band systems 
(Krimmel et al. 1996). 
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On the other hand, electronic structure calculations assumed itinerant character of the 
5f states (Sticht and Kiibler 1992; Sandratskii et al. 1994; Kntpfle et al. 1996). These 
calculations are in good agreement both with results of photoelectron spectroscopy ex- 
periments showing undoubtedly the 5f emission at EF (Ejima et al. 1996; Takahashi et 
al. 1996) and dHvA experiments (Inada et al. 1994), which make the existence of crystal 
field phenomena questionable. The latter show clearly the presence of heavy-mass states at 
EF. Also elastic properties miss any anomaly related to crystal-field effects (Matsui et al. 
1994). 

UNi2AI3 with a somewhat smaller unit cell volume than UPd2A13 orders antiferromag- 
netically below TN = 4.5 K and the magnetic order coexists again with superconductivity 
below Tc ~ 1 K (Geibel et al. 1991a; Amato et al. 1992b). Metallurgical difficulties exist 
due to peritectic formation from the melt and UA12 (Schank et al. 1994). Therefore the in- 
formation is not so complete as for the Pd-case. Its magnetic structure has been identified 
as a longitudinal spin-density wave with propagation vector (1/2 4- r, 0, 1/2), z = 0.110, 
with small U-moments (0.24 4- 0.10)/ZB polarized in the basal plane (Lussier et al. 1994). 
Neutron studies in magnetic field (Lussier et al. 1997) show that anomalies seen in fields of 
several Tesla (Modler et al. 1994) have to be attributed to re-population of equivalent mag- 
netic domains. Unlike the previous compound, a strong depression of both Tc and TN has 
been found with increasing pressure, but the value F = 120 mJ/(mol K 2) remains invari- 
able (Wassilew et al. 1994; Steglich et al. 1996). In the paramagnetic state, the magnetic 
susceptibility with the field along the basal plane is higher and shows a broad maximum 
around T = 120 K, whereas TN is seen as a sharp kink (fig. 5.113). For the field along c, 
a weakly temperature dependent response similar to UPd2A13 was observed (Mihalik et 
al. 1997; Sato et al. 1997). No metamagnetic transition has been observed on a powder 
sample in fields up to 35 T (Nakotte et al. 1994d). 

Electronic structure calculations show that the 5f-d hybridization is stronger with Ni 3d 
states than with Pd-4d states, making the 5f states more delocalized in UNi2A13 than in 
UPd2A13. 

Studies of the quasiternary system U(Pdl-xNix)2A13 show that TN first increases with 
increasing Ni concentration reaching a maximum TN = 17 K at x = 0.4, and then de- 
creases steeply towards the Ni end. The superconducting transition decreases fast with 
increasing doping concentration from both sides and superconductivity is suppressed at 
less than 5% Pd in UNi2A13 or 12% Ni in UPd2A13 (Schank et al. 1993). As shown by 
Ghosh et al. (1993), Pd can be substituted by Pt up to 50%, which leads to the decrease 
of both lattice parameters, whereas TN stays approximately constant. The absence of su- 
perconductivity was proved for 10% Pt down to T = 0.5 K. Dilution of the U-sublattice 
in UPd2A13 by Y, Pr, Gd, Th, or La leads to a depression of TN (Geibel et al. 1994). 1% 
of Gd doping in UNi2A13 leads to a complete suppression of TN (Schank et al. 1994). For 
higher dopant concentration a weak ferromagnetism is established around U05La0.sPd2A13 
(Sakon et al. 1995). On the contrary, Th-doping in UPd2A13 and UPd2Ga3 (du Plessis et 
al. 1997; Dalichaouch and Maple 1994) seems to lead to the development of non-Fermi 
liquid features. 

UPd2Ga3 melts also incongruenfly, and crystallizes in a hexagonal superstructure 
of the PrNi2A13 type, denoted as BaB2Pt3 type, with a doubled c-parameter (Stillow 
et al. 1995). It orders antiferromagnetically at TN = 13 K, no superconductivity has 



MAGNETISM OF COMPOUNDS OF URANIUM 221 

been observed down to 50 mK. It is a moderately heavy-fermion materials with g = 
230 mJ/(mol  K2). Powder neutron diffraction experiment revealed a magnetic structure 
equivalent to UPdzA13, i.e. with AF coupled moments in adjacent ferromagnetic U basal 
plane sheets. The U-moments of 0.50/xB are parallel to the basal plane (Mentink et al. 
1996b). A metamagnetic transition was detected in 16 T (Mentink et al. 1996b). The dilu- 
tion study between UPd2A13 and UPdzGa3 (Stillow et al. 1997d) shows that the PrNizA13 
structure is preserved to 80-90% Ga. The superconductivity is lost for low Ga content 
already (< 25%), whereas the ordering temperature varies only weakly. 

In contrast to the U-counterpart, NpPd2AI3 (Zwirner et al. 1993) is not superconducting, 
but magnetic order was detected by 237Np M6ssbauer  spectroscopy below 38 K. In the 
ordered region three different magnetic Np sites with different occupation were detected 
pointing to a modulated magnetic structure. The maximum hyperfine field/X0Hhf = 360 T 
points to a Np moment of 1.67/XB. The isomer shift value +10 mm/s  relative to NpAI2 
locates NpPdzA13 in the vicinity of the Np 3+ charge state, and this assumption is con- 
sistent with the effective moment//Jeff = 2.65/xB/Np observed in the x (T)  measure- 
ment (Hiess et al. 1997b),/-/Jeff = 2.75 IZB corresponding to the free-ion 5f 4 configura- 
tion. The same value of the electric field gradient below and above the magnetic phase 
transition points to Np moments oriented along the c-axis. This fact was confirmed by 
neutron diffraction experiment (Hiess et al. 1997b), that revealed another phase tran- 
sition at T = 25 K, which can be associated with a drop in resistivity (Seret et al. 
1995). An incommensurate structure with a propagation vector q = (1/3, 1/3, 1/2 - r) ,  
where r = 0.14, is stable above this temperature, and converts suddenly, but not en- 
tirely, to the commensurate structure with q = (1/3, 1/3, 1/2). Thus the two mag- 
netic structures are apparently coexisting at low T (Hiess et al. 1997b). It could not 
be specified yet whether these different q values belong to different parts of the sam- 
ple, or if they account for two Fourier components of a single complicated structure. 
In the latter case an interesting analogy could be found between the twotold charac- 
ter of electronic states in UPd2A13. In NpPd2A13 the incommensurate structure per- 
sists probably to the lowest temperatures due to the Kondo effect or similar f-moment 
instability, because a tendency to form an equal-moment structure prevails in regular 
cases. Thus the occurrence of the commensurate structure with squaring-up features 
can be felt as due to the more localized part of the 5f spectral density (Hiess et al. 
1997b). 

An anomaly of the electrical resistivity at T = 23 K was interpreted as a magnetic phase 
transition in NpNi2Al3. PuPd2Al3 is probably non-magnetic (Seret et al. 1995). 

Similar to other substitutions in the U-sublattice, also Np doping reduces TN to about 4 K 
in U0.vNp0.3Pd2A13 (Seret et al. 1995). The Np moment deduced f r o m  237Np M6ssbauer 
spectroscopy is for lower Np concentrations smaller than the U-moment (0.2-0.4/xB/Np), 
and not aligned along the c-axis as in NpPdzA13. For x larger than 0.3 it increases in 
magnitude and rotates towards the c-axis. 

Other types of U T 2 X  3 ternaries preserve smaller or larger randomness in site occu- 
pation keeping the isotypism with the CaCu5 structure. A thorough structure analysis of 
the U(Nil-xGax)5 system (Zelinsky et al. 1995) shows that the single-phase region of 
the CaCu5 structure is very broad extending from UNi4Ga to UNieGa3. For the Ni-rich 
side up to UNi3Ga2 no Ga atoms enter the Ni-sites (in the U-Ni  basal planes). The re- 
maining sites in Ni-Ga inter-layers are statistically occupied by Ni and Ga atoms. When 
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decreasing the Ni concentration one does not reach the isotypism with the PrNi2A13 struc- 
ture, but the occupation of both types of sites becomes almost random. Furthermore, the 
large flexibility of this structure allows a large U deficiency (up to 17%) leading to vacan- 
cies in the U-sublattice and to an orthorhombic distortion of the crystal structure. Mag- 
netic characteristics of all compounds show spin-fluctuation features with a typical broad 
maximum in X (T) at 50-60 K and Curie-Weiss law, with an appreciable effective mo- 
ment (3.3-4.0/ZB/U) and a large negative 69p (typically ( - 1 0 0 ) - ( - 2 0 0 )  K), at high tem- 
peratures. A cusp in x (T)  at lower temperatures was found only for U15Ni40Ga45 and 
Ut6.sNi40Ga43.5 (at T = 23 and 26 K, respectively). Because of suppression of these 
features in field of 0.2 T it is not clear whether they point to an antiferromagnetism, or 
whether they are a spurious effect. For the latter compound, a weak feature at T = 30.5 K 
was found in specific heat. At low T, the value y = 110 mJ/(mol U K 2) can be deduced, 
and this value is only very weakly dependent on magnetic field. 

An analogous structure (and probably also analogous magnetic properties) was found 
by neutron diffraction for UCu3AI2, studied in single-crystal form (Rauchschwalbe et al. 
1985). As expected for U-atoms co-ordinated in chains along the c-axis (du-u = c, the 
values given in table 5.20), the c-axis direction is the hard magnetization direction. In the 
C(T) curve for Hlla one observes a broad rounded maximum at about 10 K. The high- 
temperature Curie-Weiss behaviour yields the parameters/Zeff = 3.35/ZB, @p = --101 K. 
The magnetic response in the c-axis direction is much weaker. Although it can be again 
approximated by Curie-Weiss law with/~eff = 3.55/ZB/U, its asymptotic temperature 
is --314 K. The suppression of spin fluctuations in magnetic fields (oriented along c) is 
demonstrated in a magnetization experiment at T = 4.2 K, which shows a weak S-shape 
of M(H) starting be low/z0H = 15 T. In a field of 35 T, a magnetization correspond- 
ing to /z  = 1.0/XB/U is achieved, whereas for HIIc it is only 0.3/zB/U. Another single 
phase sample that can be prepared in the U(Cul-xAlx)5 system was UCu3.sAll.5 (Nakotte 
et al. 1996d). Its susceptibility is similar to UCu3A12, but at low-T a dominating upturn 
overwhelms the maximum, which develops into a weak shoulder. Both compounds display 
an increase of C~ T with decreasing T below about 6 K, yielding the extrapolated value 
y ~ 400 mJ/(mol  K 2) for T --+ 0. A weak maximum in C~ T vs. T appearing at T = 8 K 
brings back the idea about possible magnetic ordering. In UCu3.sAll.5, the increase of C~ T 
is logarithmic below T = 6 K. This, together with the resistivity scaling as p ~ T 2/3, led 
to a discussion in terms of non-Fermi liquid theories (Nakotte et al. 1996d). 

5.7. UTXn compounds 

5.7.1. Pnictides UTX2 (X = P, As, Sb, Bi) 
The UTX2 pnictides with X = P, As, Sb and Bi listed in table 5.21 have been synthesized 

so far. These compounds crystallize in structure types, which are closely related to struc- 
tures of their UXz counterparts (see fig. 5.117). The majority of members of this group 
adopts the ZrCuSiAs-type structure with space group P /nmm (Johnson and Jeitschko 
1974) which can be considered as a filled ZrSiS structure (Stepien-Damm et al. 1987). 
An exception is represented by UCuP2 which is isotypic to SrZnBi2 (Gordier et al. 1974). 
The latter can be described as a filled UGeTe-type (space group I4/mmm).  As one can see, 
similar to the CaBezGe2 and ThCr2Si2 structures typical for UTzX2 compounds also the 
ZrCuSiAs and SrZnBi2 structure types in which the UTX2 pnictides are formed consist of 
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TABLE 5.21 

Some basic characteristics of various UTX 2 compounds: 
Type of ground state (F - ferromagnetic, AF - antiferromagnetic, P - paramagnetic with temperature dependent 
susceptibility, SF - spin flnctuator), WTP - paramagnet with weak temperature dependence of susceptibility,/z U 

- the U ordered magnetic moment (determined by neutron diffraction at T = 4.2 K), TC, N - magnetic ordering 
temperature, Ttr - temperatures of other magnetic phase transitions (in the ordered state), Anis. - easy magneti- 
zation direction (determined by neutron diffraction and/or magnetization measurements on single crystals), space 

group, structure type, a, c - lattice parameters at room temperature. 

Compound Ground /z U TC, N Ttr Anis. Ref. Space Str. a c Ref. 
state (/~B) (K) (K) group type (pm) (pm) 

UCoP 2 

UCuP2 
UFeAs 2 
UCoAs 2 
UNiAs2 

UCuAs 2 
UPdAs2 
UNiSb2 
UCuSb 2 
UNiBi 2 
UCuBi 2 

U4Cu4P7 
UFeSi2 i 
UCoSi 2 
UNiSi 2 
UPtSi 2 
UCrC 2 

P4 /nmm ZrCuSiAs a 381.2 929.3 [1] 

F 0.98 b 75 IIc [2] I 4 /mmm SrZnBi~ 380.3 1852.3 [3] 
P4 /nmm ZrCuSiAs 395.8 917.6 [1] 

F 144 [1] P4 /nmm ZrCuSiAs 395.3 903.7 [11 
AF 228 [3] P4 /nmm ZrCuSiAs 395.3 915.0 [3] 
AF d 1.85 e 195 [4] 395.1 913.8 [4] 

F 1.27 b 133 IIc [2] P4 /nmm ZrCuSiAs 394.8 953.3 [3] 
AF f 1.69 g 235 IIc [5] P4 /nmm ZrCuSiAs 398.7 949.3 [5] 
AF 174 [1] P4 /nmm ZrCuSiAs 431.6 910.4 [1] 
F 102 [1] P4 /nmm ZrCuSiAs 431.2 964.0 [1] 
AF 166 [1] P4 /nmm ZrCuSiAs 447.0 907.3 [1] 
AF 51 15 [1] P4 /nmm ZrCuSiAs 452.6 937.6 [1] 
AF 1.1,2.2 h 146 Hc [6] I4 /mmm unique 380.3 3495.4 [7] 

WTP [81 CeNiSi2 [8] 
SF [8] CeNiSi2 [8] 
F 1.16J 95-100 [8,9] CeNiSi 2 [8] 
F 85-86 [9,10] CeNiSi 2 [9] 
P [11] [12] 

a The tetragonal ZrCuSiAs-type structure (Johnson and Jeitschko 1974) can be also described as a filled ZrSiS 
type (Stepien-Damm et al. 1987). The term "filled" refers to the intercalation of planes of transition metal 
atoms into the unit cell of UP 2 (generally UX2) (Kaczorowski 1992). 

b Derived from magnetization data in magnetic field along the c-axis (easy magnetization direction). 
c The tetragonal SrZnBi2-type structure (Gordier et al. 1974) can be described also as a filled UGeTe type. 
d AFI (antiferromagnetic type I slructure) (Fischer et al. 1989). 
e Magnetic moment at T = 7.5 K. 
f Antiferromagnetic IA type (+  + - - + + . . . . .  ) stacking of ferromagnetic U-moment basal-plane layers). 
g Magnetic moment at T = 8.7 K. 
h Antiferromagnetic structure consisting of two inequivalent magnetic uranium sites/ZU1 = 1.1/ZB and/~U2 = 

2.2/z B with a complex coupling: +#U1,  +/~U2, -/zU2, -/zU1, - # U l ,  -/zU2, +/zU2, +/ZUl within one unit 
cell of U4Cu4P 7 (Burlet et al. 1994b). 

i Defected structure, actual composition was UFe0. 8 Si 2 (Kaczorowski 1996). 
i Determined from magnetization data obtained on a polycrystal (Kaczorowski 1996). 

References: 

[1] Kaczorowski (1992) [5] Murasik et al. (1990) [9] Geibel et al. (1990b) 
[2] Kaczorowski et al. (1991a) [6] Kaczorowski et al. (1990) [10] Sato et al. (1992b) 
[3] Zolnierek et al. (1986) [7] Noel et al. (1987) [11] Vomhof et al. (1993) 
[4] Fischer et al. (1989) [8] Kaczorowski (1996) [12] Jeitschko and Behrens (1986) 
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Fig. 5.117. Schematic drawing of crystal structure types adopted by the UTX2 (X = R As, Sb, Bi) com- 
pounds: (a) SrZnBi2-type, (b) ZrCuSiAs-type, (c) U4Cu4PT-type In the latter case also the magnetic structure is 

visualized. 

stacking of (0 0 1) uniatomic layers of U, T and X atoms. Due to intimate structure relation 
we also include here the compound U4Cu2P7 (No61 et al. 1987), which can be considered 
as a partly defect UTX2 compound with the composition UCuP1.75. The crystal structure 
of this compound is build up of one UCuP2 unit cell, which has one of the phosphorus sites 
only half filled, sandwiched between two UCuAs2-type cells mutually inverted to maintain 
the body centred symmetry. The unit cell of this structure accommodates two formula units 
and it is considerably elongated along the c-axis. 

Two 1:1:2 phosphides are known. Only the structural information given in table 5.21 is 
known for UCoP2 so far (Kaczorowski 1992). UCuP2, the second example is, on the other 
hand, the most thoroughly studied member of the UTX2 pnictide family. 

UCuP2 orders ferromagnetically below 75 K (Kaczorowski et al. 1991a). Strong lattice 
softening (~  7%) in the vicinity of the magnetic phase transition has been revealed by 
acoustic measurements of the c33 and ¢44 elastic constants (Kaczorowski et al. 1993b). 
The ordering temperature is not affected by external hydrostatic pressures up to 1 GPa 
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Fig. 5.118. Magnetization curves measured on UCuP2 (a) and UCuAs 2 (b) single crystals with field H along 
the c-axis at different temperatures (at T = 4.2 K the relevant first-quadrant hysteresis loop is shown) and 

perpendicular to the c-axis at T = 4.2 K. Data taken from Kaczorowski et al. (1991a). 

which points to rather localized uranium moments  in this compound (Kaczorowski  et al. 
1989). This picture is, however, not corroborated by the low value of  magnetic entropy of  
1.2 J / ( m o l K ) ,  which is much lower than R In 2 (B6hm et al. 1993). The magnetization 
in the ordered state is anisotropic with the easy-magnetization direction along the c-axis 
(see fig. 5.118(a)). By applying the formula (valid for case of  uniaxial anisotropy with the 

easy-magnetizat ion direction along the c-axis): 

H 2K1 2K2M± 
- -  + -  ( 5 . 1 6 )  

M ± - - M  2 M4s 
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on the magnetization data at T = 4.2 K (H is applied magnetic field, Ms the spontaneous 
magnetization, M± the magnetization perpendicular to the c-axis), the value of K1 ---- 9 × 
105 J /m 3 has been determined. The second anisotropy constant turned out to be negligible. 
An anisotropy field of 13 T has been derived (Kaczorowski et al. 1991a). As can be seen 
from the evolution of magnetization curves in fig. 5.118(a), the character of magnetization 
process changes substantially around 40 K. Below this temperature considerable hysteresis 
emerges and the magnetization curves become rectangular which can be attributed to the 
onset of pinning of narrow domain walls at low temperatures. When considering UCuP2 
in terms of localized magnetism one can be surprised by the value of magnetic moment 
of 0.98/zn which can be ascribed to uranium atoms. The fact that this value is so much 
reduced with respect to the U 3+ (3.20/ZB) or U 4+ (3.27/ZB) free-ion moments has been 
attributed by Kaczorowski et al. (1991a) to the effect of splitting of the uranium ground 
state multiplet due to a crystal field potential. This explanation applies also for the reduced 
values of the effective moment derived from the anisotropic susceptibility presented in the 
same work. 

The electrical resistivity shows a small negative slope in the paramagnetic range (up to 
600 K) and a precipitous decrease below Tc. The ordering temperature is clearly marked 

by a Fisher-Langer-type anomaly in the temperature derivative of the resistivity (Kac- 
zorowski et al. 1991a). The high temperature (up to 1000 K) resistivity behaviour has been 
discussed in terms of the Kondo formula by Korner et al. (1989), and Kaczorowski and 
Schoenes (1990). Results of optical reflectivity studies of UCuP2 single crystals Fumagalli 
et al. (1988a, 1988b) classify this material as a semimetal with only a low free carrier 
contribution (< 0.2 carriers/f.u.) to the optical conductivity. The maximum Kerr rotation 
of 1.6 degrees at 0.8 eV, has been found by magnetooptic measurements (Fumagalli et 
al. 1988b). Thermal conductivity studies were performed by Mucha et al. (1992). Also 
Hall-effect measurements point to a low concentration of carriers (Korner et al. 1989). 

Rather scarce information is available in case of UFeAs2 and UCoAs2 (Kaczorowski 
1992). Both compounds crystallize in the primitive tetragonal ZrCuSiAs-type structure. 
No magnetic studies were done on the former material, whereas ferromagnetism below 
144 K without further specification has been reported in the same source. 

Antiferromagnetism in UNiAs2 below 228 K has been reported by Zolnierek et al. 
(1986). The position of the susceptibility maximum was considered as the transition tem- 
perature whereas the maximum of O(xT)/OT may be located around 220 K by closer 
inspection of the susceptibility data. Antiferromagnetism of type I (AFI) at low tempera- 
tures has been confirmed by means of neutron powder diffraction. The uranium magnetic 
moment of 1.85/z~ is parallel to the c-axis and remains almost constant up to 150 K. The 
magnetic intensity of the (1 0 0) reflection falls abruptly at 195 K which has been claimed 
to be the N6el temperature of UNiAs2 (Fischer et al. 1989). Nevertheless, the magnetic 
(1 0 0) intensity presented by Fischer et al. (1989) does not vanish at this temperature, but 
about 20% of the low-temperature value persists up to about 220 K where it disappears. 
Further neutron-scattering effort is desirable to confirm the type of magnetic ordering in 
the temperature interval 195-220 K. 

UCuAs2 is a ferromagnet which is in many aspects analogous to UCuP2 (see above). This 
applies for the magnetization shown in fig. 5.118, the magnetic anisotropy (Kaczorowski 
et al. 1991a), the negligible response of the ordering temperature to external pressure (Kac- 
zorowski et al. 1989), the specific heat (B6hm et al. 1993), the electrical resistivity (Korner 
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et al. 1989; Kaczorowski and Schoenes 1990), the optical and magnetooptical properties 
(Fumagalli et al. 1988a; Schoenes et al. 1989), the thermal conductivity behaviour (Mucha 
et al. 1992), and finally also to the elastic properties in the critical temperature region 
for magnetic ordering (Kaczorowski et al. 1993b). Nevertheless, it should be noted that 
UCuAs2 exhibits a much higher Curie temperature (133 K), spontaneous U magnetic mo- 
ment (1.27/ZB), magnetic anisotropy field (70 T in contrast to 13 T in UCuP2) and coercive 
force at T = 4.2 K (~  0.9 T) than UCuAs2 and it also has a nearly 3-times larger magnetic 
entropy (3.1 J/(molK)). 

UPdAs2 orders antiferromagnetically with the IA-type of magnetic structure. It involves 
the + + - - -t- + . . . . .  type stacking of ferromagnetic basal plane layers consisting of 
U moments (/zg --- 1.69/XB at 8.7 K) oriented parallel to the c-axis. TN = 235 K, above 
which the intensity of relevant magnetic reflections vanishes. This value coincides well 
with the temperature of the maximum of 0 (X T) /0  T, whereas the susceptibility maximum 
appears at 240 K (Murasik et al. 1990). 

Only very basic information derived from magnetization behaviour of polycrystalline 
samples is available on antimonides and bismuthides. UNiSb2, UNiBi~ and UCuBi2 ex- 
hibit a maximum in the temperature dependence of the susceptibility at 174, 166 and 51 K, 
respectively. These temperatures were considered by Kaczorowski (1992) as N6el temper- 
atures. A side susceptibility maximum in case of UCuBi2 observed at 15 K may point to 
an additional magnetic phase transition between two antiferromagnetic phases. 

UCuSb2 similar to pnictide and arsenide analogues orders ferromagnetically below 
106 K (Kaczorowski 1992). The type of hysteresis loop at 34 K, although measured on 
a polycrystal, provides further arguments for the close similarity with UCuAs2. 

U4Cu4P7 forms in a special crystal structure build up of one UCuP2 unit cell, which has 
one of its phosphorus sites only half filled, sandwiched between two UCuAs2-type cells 
mutually inverted to maintain the body centred symmetry. The unit cell of this structure 
accommodates two formula units and it is considerably elongated in the c-axis (Noel et 
al. 1987). This compound orders antiferromagnetically below 146 K where the suscep- 
tibility along the c-axis shows a maximum (Kaczorowski et al. 1990) and above which 
the magnetic reflections of neutron diffraction vanish (Burlet et al. 1994b). The magnetic 
structure consists of ferromagnetic basal-plane layers with magnetic moments oriented 
along the c-axis. Two types of ferromagnetic sheets, one with uranium magnetic moments 
/zu1 ---= 1.1/zB and the other with/zu2 = 2.2/XB (at T = 4.2 K) are coupled along the 
c-axis in the scheme +/xul, nt-//,U2, --/£U2, --/Lgl, --/ZU1, --//'U2, "~/£U2, "~'/ZUl within one 
unit cell of U4Cu4P7 (Burlet et al. 1994b), i.e., magnetic and chemical unit cells are equiv- 
alent. The size of uranium magnetic moments reflects two different ionic states of uranium, 
U 3+ (2.2/xB) and U 4+ (1.1/ZB) (Burlet et al. 1994b). The latter moment is considered to 
be induced, as in the case of UP2 (Amoretti et al. 1984), and it diminishes with increas- 
ing temperature much faster than the Brillouin type temperature variation of the moment 
on the U 3+ sites, as can be seen in fig. 5.119 (Burlet et al. 1994b). The susceptibility is 
strongly anisotropic above 80 K. The c-axis response shows a pronounced maximum lo- 
cated at TN whereas the basal plane signal mimics the Curie-Weiss behaviour with a 
negative paramagnetic Curie temperature. Below 80 K, the susceptibility in both direc- 
tion follows the same temperature dependence which is roughly an extension of the high- 
temperature basal plane dependence. The anisotropic magnetism in U4Cu4P7, especially 
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Fig. 5.119. Temperature dependence of the normalized magnetic moments /z(T) /#(4 .2  K) on the two uranium 
sites U 1 and U 2 in U4Cu4P 7 (Burlet et al. 1994b). 
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Fig. 5.120. Temperature dependence of the electrical resistivity p measured on a U4Cu4P 7 single crystal with 
current i parallel and perpendicular to the c-axis. Data from Schoenes et al. (1992b). 

the anisotropy in coupling of magnetic moments, is clearly reflected in the electrical re- 
sistivity behaviour (Kaczorowski et al. 1990; Schoenes et al. 1992b), which is shown in 
fig. 5.120. The c-axis resistivity is nearly constant in the temperature interval between 160 
and 300 K. It starts to increase with cooling below 160 K. This upturn becomes pronounced 
especially below TN, yielding a sharp minimum of the temperature derivative Op/OT at 
134 K. The resistivity reaches a maximum (~  550 txf2 cm) around 50 K and than it falls 
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rapidly to 340 ~tg2 cm at T = 4.2 K (Budet et al. 1994b). On the contrary, for current in the 
basal plane, an increasing resistivity with increasing temperature over the whole tempera- 
ture range up to 1000 K has been observed (Schoenes et al. 1992b). The anomaly at 136 K 
(which is somewhat lower than TN) in the form of a knee, where the temperature derivative 
Op/0 T shows a sharp maximum, mimics the behaviour of a ferromagnet. Such anisotropic 
resistivity is characteristic for a certain class of uranium antiferromagnets which consist of 
ferromagnetic layers coupled antiferromagnetically in the direction perpendicular to these 
layers. 

5.7.2. Other UTX2 compounds 
Several UTSi2 compounds have been synthesized so far, all adopting the orthorhombic 

CeNiSi2-type crystal structure (for lattice parameters see table 5.21). Incongruent melt- 
ing prevents easy crystal growth. Therefore only polycrystalline compounds UTSi2 (T ---- 
Fe, Co and Ni) were studied by magnetization, magnetic susceptibility electrical resistiv- 
ity and magnetoresistivity measurements (Kaczorowski 1996). UFeo.tSie is a paramagnet 
down to lowest temperatures with weakly temperature dependent susceptibility, especially 
at higher temperatures, UCoSi2 resembles spin fluctuation systems, whereas UNiSi2 or- 
ders ferromagnetically below 95-100 K, which has been observed also by Geibel et al. 
(1990b), with an ordered magnetic moment of 1.16/ZD/f.u. However, we should note that 
the negative derivative of the resistivity above Tc used as an argument for interpretation of 
this material in terms of the Kondo lattice model is a rather common feature of numerous 
uranium intermetallics. This evolution of magnetic properties throughout the series reflects 
the weakening of the 5f-3d hybridization in this respect. 

Geibel et al. (1990b) and Sato et al. (1992b) have shown that UPtSi2 orders ferromagnet- 
ically. The electrical resistivity has quite a typical temperature dependence for ferromag- 
nets with narrow 5f-band at EF. It is almost flat above Tc followed by a dramatic decrease 
with decreasing temperature below Tc. The magnetization curve measured at 4.2 K reveals 
a rather small spontaneous moment of about 0.6/zB/f.u. and no saturation in fields up 
to 8 T. Further research of UTSi2 and a possible extension to the germanides is desirable 
when compared with their rare-earth analogs (Pelizzone et al. 1982; Francois et al. 1987; 
Malaman et al. 1990). 

5.7.3. UTGa5 compounds 
These compounds crystallize in the tetragonal HoCoGas-type structure (P4/mmm - 

Dlh). As seen in fig. 5.121, this structure is build by combining structural units of the 
AuCu3 and PtHg2 types. Structural parameters are given by Grin et al. (1986), and Noguchi 
and Okuda (1992). Magnetic properties of the whole series were first studied by Hiebl et 
al. (1987) followed by more specific studies of some individual compounds (Noguchi and 
Okuda 1992, 1993; Sechovsky et al. 1992d). Due to metallurgical difficulties, all mea- 
surements were performed only on polycrystals. The available data are concentrated in 
table 5.22. 

Only UNiGas, UPdGa5 and UPtGas, the compounds with the end members of each 
transition-metal series, show anomalies in the temperature dependence of susceptibility. 
These may be considered as marking the onset of antiferromagnetism below 85.5, 50 and 
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Fig. 5.121. Schematic drawing of the tetragonal crystal structure of UTGa 5 compounds (from Kojima et al. 
(1992b)). 

26 K, respectively. This picture is corroborated for the former two compounds by ob- 
served anomalies in the temperature dependence of the specific heat around the proposed 
TN (Sechovsky et al. 1992d; Noguchi and Okuda 1992, 1993). For UNiGa5, an additional 
argument is provided by an anomaly in the p vs. T curve characteristic for an antiferro- 
magnetic transition (Noguchi and Okuda 1992, 1993). The susceptibility above TN may 
be roughly approximated by a modified Curie-Weiss law with very large negative val- 
ues of ®p = - 6 7 7  K, - 3 1 6  K, and - 2 3 6  K, respectively. Although these values seem 
to be physically unreasonable, one may tentatively argue that the decreasing tendency of 
the sequence reflects the expected reduced 5f-ligand hybridization, which nevertheless re- 
mains very strong. Neutron powder diffraction studies of UPdGa5 at 9 K failed to detect 
any considerable magnetic intensity, which has led to the conclusion of uranium magnetic 
moments being smaller than 0.5/zB (Sechovsky et al. 1992d). Note that the inter-uranium 
spacing in these compounds ranges from 423 to 434 pm, which practically excludes the 
role of direct 5f-5f  overlap in the delocalization of 5f magnetic moments. This means that 
we probably deal with antiferromagnetic ordering of strongly reduced magnetic moments 
as a consequence of the strong hybridization of the uranium 5f electrons states with va- 
lence states of the ligands. Close similarity of the crystal structure and magnetic properties 
of these antiferromagnets with the behaviour of UGa3 (Buschow and van Daal 1972) points 
to the important role of the hybridization with the Ga 4p states. The considerable effect of 
the 5f~t (transition metal) hybridization is, on the other hand, manifest by the property 
development with respect to the nature of the transition metal component in the frame of 
Koelling's picture (Koelling et al. 1985). 
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TABLE 5.22 

Some basic characteristics of UTGa 5 compounds: 
y - coefficient of the electronic specific heat, type of ground state (AF - antiferromagnetic, PP - Pauli paramag- 
netic, SF - spin fluctuator), TC, N - magnetic ordering temperature, Ttr - temperatures of other magnetic phase 

transitions (in the ordered state), a, c - lattice parameters at room temperature. 

Compound y Ground TC, N Ttr Ref. a c Ref. 
(mJ/(mol K2)) state (K) (K) (pm) (pm) 

UFeGa 5 
UCoGa 5 

UNiGa 5 

URuGa 5 
U2 RuGa8 
URhGa 5 
UPdGa 5 

UOsGa 5 
UIrGa 5 

UPtGa5 

PP 
10 PP 

AF 87 
30 AF 85.5 
37 PP 
57 SF 

40 

AF 33 
42-49.6 AF 50 30 

PP 
PP 
AF 26 

6.8 

[1] 426.1 673.4 [2] 
[1] 423.57 672.78 [2] 
[3,4] 423.3 672.3 [3[ 
[1] 423.7 678.5 [2] 
[3,4] 423.1 677.4 [3] 
[5,1] 431.2 680.0 [2] 
[5] 428.8 1106.2 [5] 
[1] 429.9 680.0 [2] 
[1] 432.1 686.2 [2] 
[61 
[1] 431.8 681.3 [2] 
[1] 431.7 674.5 [2] 
[6] 
[1] 434.1 681.3 [2] 

References: 

[1] Hiebl et al. (1987) 
[2] Grin et al. (1986) 

[3] Kojima et al. (1992b) 
[4] Noguchi and Okuda (1993) 

[5] Schonert et al. (1995) 
[6] Sechovsky et al. (1992d) 

The remaining UTGa5 compounds are weak paramagnets with an only slightly temper- 

ature dependent susceptibility in a wide temperature region between 2 and 100 K (Hiebl 

et al. 1987). The very broad bump on the x ( T )  curve around 600 K observed for the 

compounds with Co, Rh and Ir is reminiscent of spin fluctuators with a characteristic tem- 

perature of several hundred K. No feature is observed in the temperature dependence of 

susceptibility of the Fe, Ru and Os containing counterparts although they exhibit approxi- 

mately twice as high )~ values (around 2 × 10 -8 m3/mol)  with respect to the previous triad 

of compounds. From table 5.22 one can see that the antiferromagnets exhibit somewhat 

enhanced )/-values (/> 30 mJ/ (mol  Ke)), in contrast to the values measured for the para- 

magnets (~< 10 mJ/ (mol  K2)). These values are for uranium intermetallics unexpectedly 

reduced, which is most probably due to the fact that a substantial portion of the 5f states 

has been removed from EF as a result of an extended 5f-ligand hybridization. 

Using measurements of the susceptibility, specific heat and resistivity, Noguchi and 

Okuda (1993) studied the evolution of magnetism between the antiferromagnet UNiGa5 
and the paramagnet UCoGa5. The N6el temperature becomes rapidly reduced when Co is 

substituted for Ni in U(Nil-xCox)Ga5 and any sign of antiferromagnetism is practically 

lost for x > 0.3. The critical concentration of x ~ 0.3 is confirmed by the observed 

maximum in the concentration dependencies of the low-temperature susceptibility and the 

Sommerfeld coefficient (Noguchi and Okuda 1993). 
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Due to their structural similarity with UTGa5 compounds,  we include here also a note on 
U2TGa8 compounds. Structural information on these materials has been given by Grin et 
al. (1988) and Daams et al. (1991). In the former paper also some basic magnetic data can 
be found. Susceptibili ty and specific-heat measurements both on URuGa5 and U2RuGa8 
were presented by Schonert  et al. (1995). Both compounds are weak paramagnets,  however 
the latter one exhibits a clear but broad maximum around 40 K, which may be signs of  spin- 
fluctuation phenomena. Consistently, the )/-value of  U2RuGa8 is considerably enhanced 
(57 mJ / (mo l  K2)) with respect to the 1-1-5 analogue (37 mJ / (mol  K2)). 

5. 7.4. Other UTXx compounds 
UNiGa3 (table 5.23) crystallizes in the BaNiSn3-type type structure of  the space group 

I4mm (Zolnierek and Mulak 1995). This material  exhibits a sharp peak in the X vs. T curve 
at 34 K. This peak and a resistivity maximum at 37 K were attributed to the onset of  antifer- 
romagnetic ordering (Zolnierek and Szulc 1992; Zolnierek and Zaleski  1992). Takabatake 
et al. (1993) determined the N6el temperature as 39 K. A neutron diffraction investiga- 
tion (Zolnierek and Mulak 1995) revealed a simple antiferromagnetic structure of  type I. 
Free-powder  magnetization data collected up to 35 T show the onset of  a metamagnetic 
transition above 5 T, but poor saturation even in the highest applied fields. The magneti-  
zation at 35 T amounts to 1.06/xB/f.u. The law of approach to saturation would yield a 
saturation magnetization of  roughly 1.3/zB/f.u.,  a value comparable to that of  UNiGa (see 
section 5.1.1). The high field magnetization behaviour resembles materials with a non- 
collinear magnetic structure. 

UNiGa4 (table 5.23) has been synthesized and studied in polycrystal l ine form by Ta- 
kabatake et al. (1993). The crystal structure, however, has not been resolved so far. The 
susceptibility shows a huge and quite narrow peak around 42 K, which seems to be a 

TABLE 5.23 
Some basic characteristics of some UTXn compounds: 

Type of ground state (AF - antiferromagnetic, /z U - the U ordered magnetic moment (determined by neutron 
diffraction at 4.2 K, TN - magnetic ordering temperature, Anis. - easy magnetization direction (determined by 
neutron diffraction and/or magnetization measurements of single crystals), space group, structure type, a, c - 

lattice parameters at room temperature. 

Compound Magn. TN #U Anis. Ref. Structure Space a c Ref. 
order (K) (/ZB) type group (pm) (pro) 

UNiGa 3 AF a 37 1.66 IIc [1] BaAI 4 I/4mm 414.3 979.1 [2] 
AF 39 (1.06) b [3] BaA14  I/4mm 415.3 978.6 [3] 

UNiGa4 AF 42 (0.73) b [3] unknown [3] 

a (AFI) Antiferromagnetic structure type I. 
b Measured in/z0H = 30 T on a free powder sample (Takabatake et al. 1993). 

References: 

[1] Zolnierek and Mulak (1995) 
[2] Zolnierek and Sztdc (1992); Zolnierek and Zaleski (1992) 
[3] Takabatake et al. (1993) 
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clear indication of antiferromagnetism. Also the metamagnetic transition measured on a 
free-powder sample around about 3 K corroborates the conclusion on antiferromagnetism. 
The hysteresis of this transition is very large (amounting approximately 5 T). The linear 
dependence of the magnetization, with a considerable slope above the transition up to 35 T, 
and the relatively low magnetization value at the ultimate field (0.73/zB/f.u.) strongly 
suggest that the antiferromagnetic coupling is not destroyed even at 35 T and an additional 
metamagnetic transition yielding the final alignment of U moments can be expected at even 
higher fields. 

5.8. UT2X compounds 

The large number of compounds of the UT2X stoichiometry, X = In, Si, Ge, Sn, Pb, and 
Sb, comprises several structure types offering a large variety of structural characteristics. 
Those with X = In and some with X = Sn and X = Pb are formed in the cubic Heusler type 
structure, which shows, though, a proclivity to an orthorhombic distortion or to a structural 
disorder (to the CsC1 structure type). In several cubic compounds a tendency to form a 
deficient structure UT2-aX has been described. 

Heusler 1-2-1 compounds are related to the 1-1-1 compounds of the Heusler type. 
Their crystal structure of the MnCu2A1 type (space group Fm3m) is characterized by filling 
the vacancies in the Heusler 1-1-1 compounds by extra transition metal atoms (fig. 5.122). 
This affects strongly the electronic properties because of better conditions for 5f-d hy- 
bridization, and although the U-U spacing becomes larger than 450 pm, the majority of 
the compounds are paramagnets. An important role is definitely played by the number of 
transition-metal ligands of U atoms, which is eight in this structure. Essential information 

Fig. 5.122. Schematic drawing of the MnCu 2 Al-type crystal sa'ucture. 
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TABLE 5.24 

Some basic characteristics of UT2X compounds: 
a, b, c - lattice parameters at room temperature, type of ground state (AF - antiferromagnetic, SF - 
spin fluctuator, WP - weak paramagnet), TN - magnetic ordering temperature, y - coefficient of the 

electronic specific heat. 

Compound a b c Type TN g Ref. 
(pm) (pm) (pm) (K) (mJ/mol K2)) 

UNi2Sn 645.9 WP - 50 [1-3] 
UNi2In 650.1 WP - 45 [3] 
UPd2In 680.4 AF 22 200 [4] 
UAu2In 696.9 AF 61 60 [5,6] 
ThAu2In 707.0 2 [5] 
UPd2Pb 685 AF 35 98 [7] 
ThPd2Pb 688 [7] 
UPdl.85Sn 677.1 AF(SG) 28 55 [8] 
UPd2Sn 997.9 458.8 689.2 SF - 80 [9,10] 
UCo2Sn 940.3 432.4 661.1 WP [11,12] 
URh2Sn 979.2 437.5 696.4 SF [11,12] 
UAu2Sn a 696.3 SF 220 [6] 

700.2 [13] 
UAu2Sn b 470.4 920.8 AF 13.8 290 [13] 
UCu2Sn 445.9 871.2 AF 16.6 60 [14] 
UPt2Sn 455.0 902.1 AF 60 17 [14,6] 

455.5 899 
UNi2Ga 420.6 838.5 WP 62 [15] 
UAu2A1 768.3 723.9 537.0 AF 25 102 [14] 
UPd2Ga 731.5 704.1 541.2 AF 39 172 [151 

a Cubic modification. 
b Hexagonal modification. 

References: 

[1] Endstra et al. (1990c) 
[2] Drost et al. (1993) 
[3] Takabatake et al. (1990b) 
[4] Takabatake et al. (1989) 
[5] Besnus et al. (1988) 

[6] Zolnierek (1988) 
[7] Seaman et al. (1996) 
[8] Stillow et al. (1997c) 
[9] Marezio et al. (1988) 
[10] Rossel et al. (1986) 

[11] Gravereau et al. (1994b) 
[12] Mirambet et al. (1995b) 
[13] Maeda et al. (1996) 
[14] Takabatake et al. (1992b) 
[15] Takabatake et al. (1993) 

r ega rd ing  s t ruc tura l  and  m a g n e t i c  charac ter i s t ics ,  and  the  e l ec t ron ic - spec i f i c -hea t  coeffi-  

c i en t  t '  is c u m u l a t e d  in t ab le  5.24. 

O n e  o f  the  e x a m p l e s  d o c u m e n t i n g  this  t e n d e n c y  is UNi2Sn, w h i c h  is n o n - m a g n e t i c ,  

a l t h o u g h  the  c o m p o u n d s  U N i S n  and  U z N i z S n  are m a g n e t i c a l l y  ordered .  T h e  de ta i l ed  

c o m p a r i s o n  (Bour6e  et  al. 1994) shows  tha t  a l t h o u g h  the  m i n i m u m  U - N i  d i s t ance  is 

no t  m u c h  d i f fe ren t  w i th  r e spec t  to U N i z S n ,  they  have  on ly  four  and  six nea re s t  Ni  l ig-  

ands ,  respect ively .  U N i z S n  can  b e  cha rac t e r i zed  as a w e a k  p a r a m a g n e t  w i th  X300 K = 

1.6 x 10 -8  m 3 / m o l  (Ends t r a  et  al. 1990c).  B e t w e e n  210  and  240  K a s t ruc tura l  p h a s e  t ran-  

s i t ion  in to  an  o r t h o r h o m b i c  s t ruc ture  (Dros t  et  al. 1993)  occurs ,  w h i c h  is a c c o m p a n i e d  b y  

an  inc rease  o f  X to a b o u t  3 x 10 -8  m 3 / m o l  (fig. 5 .123) .  T h e  t rans i t ion  leads  a lso to an  
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Fig. 5.123. Temperature dependence of the magnetic susceptibility X of UNi 2 Sn. After Endstra et al. (1990c). 

200 

A 

E 180 

=I. 
160 

140 
I I 

0 1 O0 200 300 

T (K) 

Fig. 5.124. Temperature dependence of the electrical resistivity p of UNi2Sn. After Endstra et al. (1990c). 

increase of the resistivity, which shows a rather flat behaviour both above and below the 
transition and has even an increasing tendency below T = 100 K (fig. 5.124). As seen later, 
this type of resistivity behaviour is very common in this group of compounds, and could be 
attributed, e.g., to atomic disorder. However, the conclusions of neutron diffraction (Drost 
et al. 1993) point more to a Ni deficiency (5-10%) as the origin of the disorder, being com- 
pensated by UNi4Sn formation, leaving vacancies on the Ni sites. A single crystal study 
yields the stoichiometry UNi1.87Sn (Waerenborgh et al. 1996). An interesting information 
on the dynamics of the structural phase transition is provided by ll9Sn M6ssbauer spec- 
troscopy (Mulder et al. 1996). An extraordinary broadening of the spectral line width in 
the transition region suggests a thermally excited domain walls motion on the characteristic 
M6ssbauer time scale. 
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UNieln is reported to exist in the cubic Heusler structure only in as cast form, whereas 
annealing at 980°C leads to decomposition. It is a weak paramagnet with temperature 
independent X ~ 1.3 × 10 -8 m3/mol and moderate F = 45 mJ / (mo lK  2) (Takabatake et 
al. 1990b). 

UPd2In exhibits heavy fermion behaviour (~, = 200 mJ/(mol K2)) and antiferromag- 
netic ordering below TN = 22 K (Takabatake et al. 1989). Similar to UNi2Sn, it undergoes 
a structural phase transition of the first order type near T = 180 K. The p(T) dependence 
is rather fiat, increasing from P300 K ~ 140 Ixf2 cm to 165 ~tf2 cm in the maximum corre- 
sponding to TN. On the dominating negative slope one can distinguish a small step at the 
structural transition. Compared to the weak resistance effect, the impact on the thermoelec- 
tric power is much more dramatic, pointing to a Fermi surface reconstruction. A noticeable 
step occurs also in X (T) with decreasing T at the transition. The X (T) data, which follow 
the Curie-Weiss law for both crystal structures. The effective moments and paramagnetic 
Curie temperatures are estimated as 3.78/ZB/U, --307 K, and 3.16/-tB/U and -111  K 
above and below the structural transition, respectively. The maximum in x(T) at about 
20 K confirms the AF ground state, which can be affected by a field. For /z0H = 26 T a 
spin-flop transition was observed (Takabatake et al. 1989). 

The maximum in the p(T) curve disappears at a hydrostatic pressure 3 kbar, which was 
interpreted as a loss of magnetic ordering (Kurisu et al. 1992). Furthermore, the pressure 
leads apparently to a decrease of the critical temperature of the structural phase transition. 
At the beginning up to 3 kbar the pressure derivative is - 4  K/kbar, but it is much smaller 
in higher pressures, - 0 . 7  K/kbar. The coincidence of the disappearance of the magnetic 
ordering with the abrupt change of the pressure derivative of the structural phase transi- 
tion can be taken as indication of close relation of the 5f magnetism and the structural 
properties. 

No structural transition appears in UAu2In. It orders antiferromagnetically below TN = 
61 K. x (T)  follows CW law with parameters #elf = 3.52/ZB/U and Op = - 2 7 0  K. 
Specific heat experiments yield the moderate value of F = 60 mJ/(mol K 2) (Besnus et 
al. 1988; Zolnierek 1988). p(T) shows a maximum at TN and a negative slope at higher 
temperatures (Besnus et al. 1988; Zolnierek 1988). When the U-sublattice is diluted by Th 
or Y, the values of C~ T per U atom increase monotonously up to the lowest U concentra- 
tion examined. Thus, the value C/T = 720 mJ/(mol U K 2) is reported for U0.1Y0.9Au2In 
(Besnus et al. 1988). The maximum in X (T) shifts rapidly to lower temperatures with U- 
lattice dilution and in the 30--40% Y range one obtains only a plateau instead of maximum, 
and no anomaly related to a magnetic phase transition is seen in the specific heat. X-ray 
diffraction displays no additional reflections belonging to the Heusler structure (claimed to 
be weak even for the pure UAu2In) in this concentration range. This means that the system 
develops into a disordered structure (CsC1) with increasing substitutional disorder. In the 
dilution limit (10% U) the system still behaves in a Curie-Weiss way, preserving the value 
of the U effective moment and reducing markedly only the absolute value of Op to - 8 4  K. 
No magnetic ordering has been detected down to 0.15 K (Besnus et al. 1988). 

UPd2Pb is antiferromagnetic as deduced from the sharp cusp in X (T) at TN = 35 K 
(Seaman et al. 1996). In the paramagnetic range, x(T) follows a modified Curie-Weiss 
law with parameters #elf = 2.77/XB/U, Op = --50 K, and X0 ~ 8 x 10 -9 m3/mol. Low- 
T specific heat data yield F = 98 mJ/(mol K2). The electrical resistivity is nearly constant 
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at high temperatures but decreases below T = 100 K. TN is manifest as a small kink at 
35 K. 

UPd2Sn has probably the orthorhombically distorted Heusler structure (space group 
Pnma), similarly to UNi2Sn. But other b.c.c.-related structures could not entirely be ex- 
cluded, because the X-ray powder diffraction experiment was not able to determine the 
occurrence of a possible disorder in occupation of the Pd and Sn lattice sites (Marezio 
et al. 1988). The x ( T )  data follow the Curie-Weiss law with the parameters /£eff = 

3.18/zB/U and Op = - 7 7  K. Below T = 10 K, the x (T)  curve tends to saturate to 
X0 ~ 18 × 10 -8 m3/mol. The p(T) curve nearly saturates above T = 100 K. At low 
temperatures, it follows approximately a quadratic temperature dependence, all pointing 
to the influence of spin fluctuations. The specific heat in the C~ T vs. T 2 representation is 
linear below T = 5 K only, where it yields y = 80 mJ/(mol K2). Subtraction of the spe- 
cific heat data of isostrucmral ThPd2Sn showed that the non-linearity can be interpreted 
as being due to an extra contribution of approximately Schottky type with maximum at 
T ~ 10 K (Rossel et al. 1986). The cubic Heusler structure is, however, preserved for 
the Pd deficient UPd1.85Sn, which undergoes magnetic ordering at T = 28 K (Stillow et 
al. 1997c). Below a maximum in X (T) found at this temperature a pronounced difference 
between data obtained in the field-cooled and zero-field-cooled regime develops, which 
points to an influence of atomic disorder producing a strong spin disorder. This is reflected 
in an anomalous C~ T vs. T dependence (yielding y = 41 mJ/(mol K2)) and in the p.+SR 
data, showing only an increase of the relaxation rate without any spontaneous precession 
in the ordered state. 

The effect of spin fluctuations can be traced out also in UCo2Sn and URh2Sn, which 
show the same type of orthorhombic distortion as, e.g., UPd2Sn (Gravereau et al. 1994b). 
Although the distortion leads to a shortening of certain U - U  links, they are still well above 
the Hill limit (the smallest value is du-u in UCo2Sn, 378.1 pm), and it seems obvious 
that the situation of the 5f band is predominantly determined by the 5f--d hybridization. 
As noticed by Mirambet et al. (1995b), du-co in UCo2Sn is even smaller than in the very 
compact cubic Laves phase UCo2. This compound was classified as a weak paramagnet 
with X ~ 3 x 10 -8 m3/mol. On the other hand, URh2Sn shows a Curie-Weiss behaviour 
above T ~ 100 K, with/Zeff = 3.12/xB and Op = - 2 0 0  K. At low T it saturates to 
X0 ~ 13 x 10 -8 m3/mol. Also the p(T) dependence shows spin fluctuation features, 
saturation above T = 100 K, and a T 2 dependence with a large slope at low temperatures. 

UAu2Sn has two allotropic modifications. It was originally reported as a cubic Heusler 
phase (Zolnierek 1988), but annealing at T = 800°C led to the hexagonal structure of 
the ZrPt2A1 type (fig. 5.125). In this structure, the U atoms form a triangular lattice with 
an U - U  spacing equal to the lattice parameter a given in table 5.24. The structural phase 
transition was found at T = 820°C (Maeda et al. 1996). The hexagonal modification is 
antiferromagnetic. The Nrel temperature shows up as a sharp peak in X (T) at T = 13.8 K 
(fig. 5.126). The Curie-Weiss law is obeyed in the paramagnetic range down to T = 30 K, 
with ]~eff = 3.15/zB/f.u. and O p  = --101 K. The cubic phase has practically identical/Zeff, 
but Op is much more negative ( - 2 2 4  K). At low temperatures, it exhibits a weak broad 
maximum at T = 17 K and finally a weak upturn reaching X ~ 6 x 10 -8 m3/mol. Thus 
it can be classified as spin fluctuator. The similarly flat p (T) curves for both modifications 
(fig. 5.127) were attributed to a crystallographic disorder of the Sn and Au atoms, which 
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Fig. 5.125. Schematic drawing of the ZrPt2Al-type crystal structure. 
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is supported by a similar feature in ThAu2Sn. For both modifications, the p(T) depen- 
dence in UAu2Sn has a weak negative slope at high temperatures. The cubic modification 
has generally lower p and its highest value (180 p.f2 cm) is reached in a broad maximum 
centred around T ~ 40 K. The hexagonal one has a sharper maximum at temperature cor- 
responding to TN, and another anomaly appears at T = 7 K. A counterpart of this feature is 
seen also in the low temperature specific heat (fig. 5.128). It marks definitely another phase 
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Fig. 5.129. Temperature dependence of the magnetic susceptibility X of UCu2Sn, UAu2A1, UPt 2 Sn (after Taka- 
batake et al. (1992b)). 

transition, related perhaps to a change of the magnetic structure. A noteworthy feature of 
the specific heat is also the high C~ T value 290 mJ/(mol K 2) seen still at T ---- 1.3 K, but a 
possible magnetic contribution due to frustration of the U magnetic moments (which may 
be induced by the crystallographic disorder) or due to short range order cannot be excluded. 
The cubic modification has a somewhat lower value C~ T = 220 mJ/(mol K2). Structural 
considerations, especially the reduction of the number of nearest Au ligands and the larger 
U-Au distance in the hexagonal modification, can explain that the cubic modification is 
less magnetic due to the stronger 5f-d hybridization (Izawa et al. 1996). 

The hexagonal structure of the ZrPt2A1 type is adopted also by several other UT2X 
intermetaUics. UCu2Sn is antiferromagnet with TN showing up as a pronounced cusp at 
T = 16.6 K (fig. 5.129). The Curie-Weiss behaviour of the susceptibility in the paramag- 
netic range yields/Zeff = 3.36/ZB/U and top = - 8 9  K (Takabatake et al. 1992b). The high- 
field magnetization experiment displays a spin flop transition at 23.5 T. The p(T) curve 
shown in fig. 5.130 is nearly constant between 100 and 300 K, reaching 300 ~t~2 cm. The 
increasing tendency at lower temperatures leads to a very pronounced sharp peak related 
to TN (Pmax ~ 400 IXf2 cm), which can be attributed to a substantial Fermi surface gap- 
ping, and finally p (T) decreases with a high slope. The specific heat (fig. 5.131) displays 
a sharp ).-type anomaly at TN. The magnetic entropy was estimated as R In 2 (Takabatake 
et al. 1992b). y = 60 mJ / (mo lK  2) was deduced from the low-temperature behaviour. 
A high-pressure resistivity study showed that the gap properties do not change with pres- 
sure, whereas TN is slightly depressed by -0 .096  K/kbar (Kurisu et al. 1993, 1995). 

UPt2Sn (figs 5.129-5.131) shows a Curie-Weiss behaviour at high temperatures with 
/Zeff ~--- 3.61/ZB and tOp = --220 K (Zolnierek 1988; Takabatake et al. 1992b). At 
T = 60 K, the X (T) curve turns up abruptly and finally saturates at a low-temperature 
value X0 = 10.2 x 10 .8 m3/mol. The transition at 60 K is manifest also in the specific heat 
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(Takabatake et al. 1992b), and as a broad knee also in the p (T) curve, which saturates grad- 
ually to p ~ 250 ~ 2  cm at high temperatures (Zolnierek 1988; Takabatake et al. 1992b). 
The low value g = 17 mJ / (mol  K 2) (Takabatake et al. 1992b) is exceptional among UTzX 
compounds.  The pressure sensitivity of  TN has a similar magnitude as in UCu2Sn, but is of  
opposite sign (dTN/dp) = 0.090 K / k b a r  (Kurisu et al. 1995). A ]]9Sn NMR study points 
to an antiferromagnetic structure leading to a cancellation of  the transferred magnetic hy- 
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perfine field on the Sn atoms, which are located in atomic layers between two U layers. This 
means that the adjacent U layers are coupled antiferromagnetically to each other. From the 
anisotropy of the Knight shift one can deduce that the c-axis susceptibility is higher in the 
overall temperature range, and that the upturn in the X (T) curve below T = 60 K is mainly 
due to variations of the susceptibility with field along this direction. The 195pt NMR signal 
disappears in the ordered state (Kojima et al. 1993). Takabatake et al. (1992b) attributed the 
difference in properties of UPt2Sn comparing to UCu2Sn mainly to much stronger 5f-d hy- 
bridization, because the nearest neighbour distance between U and T atoms is 3.5% smaller 
in UPt2Sn. This fact is in agreement with 119Sn Mrssbauer spectroscopy results (Wiese et 
al. 1997), which display rather large quadrupole splitting (compared with UCu2Sn), which 
cannot be explained by crystal lattice variations only. Similarly, the additional anomalous 
increase of the quadrupole splitting below TN cannot be accounted for by a weak reduction 
of the volume observed at TN, but should be a fingerprint of stronger hybridization of the 5f 
and Pt electronic states. The type of the magnetovolume anomaly corresponds to a positive 
pressure dependence of TN. 

UNi2Ga is a weak paramagnet with a broad maximum in X (T) data at T = 32 K 
(Xmax ~- 3.4 x 10 -8 m3/mol, X300 K = 2.1 x 10 -8 m3/mol) and a moderate ?/-value of 
62 mJ / (mo lK  2) (Takabatake et al. 1993). Ga NMR and NQR studies seem to show that 
the moderate susceptibility enhancement is localized at the centre of the Brillouin zone 
(Ohama et al. 1993b). 

UAu2A1 (figs 5.129-5.131) forms an orthorhombic structure (Takabatake et al. 1992b), 
different from that of, e.g., UPd2Sn. It is the structure of the YPd2Si type, which is the 
superstructure of the Fe3C structure (Jorda et al. 1983). U atoms form a zig-zag chain along 
the a-axis with a U-U spacing of 403 pm. It is an antiferromagnet with the susceptibility 
following the Curie-Weiss law with parameters/Zeff = 2.96/ZB/U and Op = - 9 7  K above 
TN = 25 K. Below this temperature the X (T) curve bends abruptly and tends to saturation 
at X0 ~ 13 × 10 -8 m3/mol. The resistivity increases weakly with decreasing temperature 
down to TN (Pmax ~ 230 p.f2 cm), and then decreases abruptly without any sign of Fermi 
surface reconstruction. The specific heat shows an enhanced value y = 102 mJ/(mol K 2) 
(Takabatake et al. 1992b). 

UPd2Ga is known as an antiferromagnet below TN = 6.5 K, with an enhanced y-value 
of 172 mJ/(mol K 2) (Takabatake et al. 1993). 

5.9. Other ternary compounds 

5.9.1. U3T4Si4 and U3T4Ge4 
U3Cu4Ge4 and U3Cu4Si4 crystallize in the orthorhombic structures of the Gd3Cu4Ge4 

type (the former) and the U3Ni4Si4 type (the latter) with the space group Immm. The U- 
atoms occupy two different crystallographic sites (Kaczorowski et al. 1997). As shown by 
Hovestreydt et al. (1982), these structures are closely related to each other and can be con- 
sidered as inter-grown segments of A1B2 and BaA14 types, pointing thus to a close relation 
of these compounds to UCu(Si,Ge) on one side and UCuz(Si,Ge)2 on the other side. 

Above 150 K, X (T) in U3Cu4Ge4 is well described by the Curie-Weiss law with Neff 
3.19/zB/U and the positive Op = 40 K. Magnetization in the ferromagnetic state, which 
sets in at Tc = 71 K, corresponds to 0.9/xB/U atom (Pechev et al. 1996). Kaczorowski et 
al. (1997) reported somewhat different data, from which the Curie temperature Tc = 67 K 
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has been deduced. The X (T) data were fitted by a modified Curie-Weiss law, which yields 
Op = 74 K,/Zeff = 2.72/zB/U, and X0 = 0.63 × 10 -8 m3/mol. The electrical resistivity 
is very high (700 Ixf2 cm) and practically constant in the paramagnetic range. Below a 
sharp kink at Tc it decreases down to p0 = 40 ~tf2 cm. Below T = 25 K it displays an 
exponential term, which can be attributed to the existence of magnons with an anisotropy 
gap (Kaczorowski et al. 1997). 

U3Cu4Si4 undergoes an AF transition at TN = 135 K (Kaczorowski et al. 1997), but 
another magnetic phase transition occurs at T = 70 K. The presence of spontaneous mag- 
netization at low temperatures could mean that the ground state is ferromagnetic, but pro- 
nounced magnetic history phenomena and a very low magnetization together with a high 
slope of the M(H) dependence point more to a canted magnetic structure with glassy 
features. This seems plausible in the context of a certain randomness in the occupation 
of the Cu and the Si sites, as detected by the X-ray analysis. Dominating ferromagnetic 
interactions are also the reason for the large positive (~gp value (see table 5.25). A statisti- 
cal occupation of the lattice sites is demonstrated also in the p(T) dependence, which, in 
comparison with U3Cu4Ge4, remarkably flat (P0 = 130 p, f2 cm, P300 K = 200 ~tf2 cm). 
The resistivity reflects the upper transition as a typical P-AF transition accompanied by a 
Cr-like anomaly, but the lower transition is not manifest at all. 

5.9.2. UsT4XI3 (X = Ge or Sn) 
A large number of compounds of general formula M3T4X13 (M = Y, Sc, Ca, Sr, Th, 

and lanthanides, X = Si, Ge, Sn), crystallize in the cubic Yb3T4Ge13 structure type or 
its tetragonally distorted derivative. U3T4Ge13 compounds were described for T = Ru, 
Os, Rh, and Ir (Lloret et al. 1988). U30s4Ge13 and UsRu4Ge13 were found to be non- 
magnetic (Lloret 1988; Lloret et al. 1988). For the Os compound, the X (T) dependence 
follows a modified Curie-Weiss law with parameters given in table 5.25. Above room 
temperature (data collected up to 500 K) one can use also a simple Curie-Weiss law with 
/Zeff = 3.24/zB/U. A similar analysis made for the Ru-compound yields 2.86 #B/U. The 
saturation of the X (T) dependence below T = 7 K, if intrinsic, can be understood as a 
spin fluctuation effect. The p(T) dependence for U3Ru4Ge13 has a common transition- 
metal form showing only a weak tendency to saturation in the high-temperature range, 
but increasing slightly below 10 K (Lloret 1988). Crystal structures of U3Rh4Ge13 and 
Uflr4Gels undergo an unspecified distortion of the cubic structure (Lloret 1988; Lloret et 
al. 1988). The X (T) data of both compounds at high temperatures shows a character similar 
to that at the previous two materials, but the values of Op are positive. Below T = 15- 
17 K, U3Ir4Ge13 shows ferromagnetic ordering with a small spontaneous magnetization 
corresponding to about 0.2/zB/U. U3Rh4Ge13 is antiferromagnet with a sharp maximum 
in X (T) at TN = 22 K. As indicated by the positive Op, AF interactions are weak, and a 
two-step metamagnetic process can be observed in fields 2-4 T. The magnetization of the 
high-field state corresponds to 0.4/zB/U. 

From stannides only U3Rh4Sn13 has been investigated (Mirambet et al. 1993b). Its crys- 
tal structure is cubic, similar to the rhodium stannides with divalent or tetravalent M el- 
ements (Eu 2+, Yb 2+, Ca 2+, Sr 2+, Th4+), whereas normal trivalent rare earths form the 
distorted structure type. This compound melts incongruently. For its synthesis an anneal- 
ing at 800°C was used. The U-U spacing is far above the Hill limit. The fact that U-Rh and 
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U-Sn spacings are larger than in URh3 and USn3 points to a weak 5f-ligand hybridization. 
The X (T) dependence shows a high temperature modified Curie-Weiss law with parame- 
ters given in table 5.25. The kink in x (T)  at T = 18 K points to AF ordering. The p(T) 
curve is flat above about 100 K and progressively decreases at lower temperatures. AF or- 
dering is manifest as a shoulder centred at 18-22 K. The magnetic phase transition is seen 
also as a small but distinct anomaly at T = 17.5 K in the specific heat. The enhanced value 
y = 225 mJ / (molU K 2) demonstrates heavy fermion character of U 3 R h 4 S n l 3  . Further 
transport properties (Hall effect, thermopower) point to a Fermi surface reconstruction at 
TN (Aoki et al. 1993b). 

5.9.3. UTSi3 
One can obtain the UTSi3 compounds by replacing one of the transition metal layers by 

a Si layer in the ThCr2Si2 type compounds, which is though possible only for a limited 
number of cases. For uranium the only case is UIrSi3, which is in agreement with the fact 
that Ir silicides are the only ones that can accommodate the smaller rare earth atoms (Zhong 
et al. 1985). In the X (T) curve of UIrSi3 studied up to T = 600 K (Buffat et al. 1986) one 
can distinguish two important features. These are a sharp maximum at T = 42 K, which 
marks the AF phase transition, and the onset of a weak spontaneous magnetization below 
T = 35 K. However, the low value of Ms = 0.03 #B/U reached in the low-temperature 
limit means that it can be due to a ferromagnetic impurity. The 1/X vs. T dependence is 
linear above T = 250 K yielding the CW parameters given in table 5.25. A metamagnetic 
behaviour can be traced down to about 30 K. At lower temperatures the critical metam- 
agnetic field exceeds 6 T, the maximum field available in the experiment, p(T) shows a 
tendency to saturation at high temperatures, whereas it drops strongly below T = 42 K, 
forming thus a kink at TN. 

5.9.4. U2T15Si2 and U2T15Ge2 
Unlike thorium, uranium does not form compounds of the 2-17 stoichiometry with late 

transition metals. However, similar to the 1-12 compounds, stable U-compounds can be 
obtained by partial replacement of the transition metal by Si or Ge. Originally two com- 
pounds of this type were reported to crystallize in the hexagonal Th2Ni17 structure type 
(space group P63/mmc), namely U2Fel3Si4 and U2Fe15Ge2 (Berlureau et al. 1989). The 
latter compound becomes ferromagnetic below Tc = (505 4- 10) K, which is lower than 
the value in, e.g., UFeloSi2. But the saturation magnetization is higher already at room 
temperature (22.7/zB/mOl at T = 300 K), and this value further increases to 25.5/zs/mol 
at T = 4.2 K. Single-crystal magnetization measurements at T = 4.2 K (Shiokawa et al. 
1994) yield a spontaneous magnetization as high as 27.5/zB/f.u. The a-axis is the easy- 
magnetization direction, but the anisotropy field does not exceed 6 T. A more detailed 
crystallographic study undertaken later (Berlureau et al. 1993) shows that in the Si case 
the range of stability is limited by the concentrations U2Fe12.sSi4.5 and U2Fe13.7Si3.3. Tc 
decreases with increasing Si concentration and reaches 430 K and 525 K, respectively. 
The study revealed furthermore that the U atoms substitute for "dumbbell" dimers of Fe 
atoms inducing a progressive disorder with increasing Si content. For U2Fe13.TSi3.3 the 
substitutions are partially ordered, whereas a statistical distribution of such substitution 
was found in U2Fe12.5Si4.5, which means a transition to another structure type (Gd2Fe17, 
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P6/mmm). On the other hand, the variations in composition in the U2Fel7-xGex system, 
which are possible within the range x = 2-3 (only x = 2.5 is found in as-cast samples), 
lead to modifications in the occupancy of the Fe and the Ge sites, whereas the U-sublattice 
remains intact (Chevalier et al. 1996b). The highest Tc = 540 K was found for x = 2.5. 
The spontaneous magnetization decreases with increasing Ge content. U2ColsGe2 has an 
even higher Curie temperature about 600 K, but the magnetization is lower. The saturated 
moment corresponds to 14.2/zB/f.u. at T = 4.2 K (Shiokawa et al. 1994; Chevalier et al. 
1996b). Tc could be still enhanced by decreasing the Ge contents up to Tc ----- 735 K in 
U2Co15.7Gel.3, which is the stability limit in the U2Col7-xGex system. The other limit, 
U2Co14.0Ge3.0 has a Tc of 315 K only (Chevalier et al. 1996b). The spontaneous moment 
corresponds then to only 5.8/zB/f.u., which points to a strong reduction of the Co moments 
due to shorter mean Co-Co spacing. A further increase of Tc could be obtained by opti- 
mization of the Fe/Co ratio within the solid solution U2Cols-xFexGe2, where a maximum 
of 750 K can be found around 40% Fe (Shiokawa et al. 1994). U2Co15Si2 was found to 
become ferromagnetic below Tc = 590 K (Berlureau 1991), U2NilsGe2 was reported as 
non-magnetic at room temperature (Shiokawa et al. 1994). Magnetic properties in this type 
of compounds are, similar to 1:12 compounds, clearly dominated by the behaviour of the 
3d sublattice. The role of the 5f states is unclear until now. Indirect evidence, as higher Tc 
in U2Fel5Ge2 than in rare-earth RE2Fel7 , point to a role of the 5f states in the exchange 
interactions. 

5.9.5. U4T13Si9 and U4T13Ge9 
Other ternary silicides and germanides with the general formula U4T13X9 were  prepared 

with T = Rh or Ir and these were studied together with rare-earth analogs (Verniere et 
al. 1995). The systematics shows that their occurrence excludes mutually the occurrence 
of RT3X2 compounds with a CaCus-related structure. They crystallize in a complicated 
orthorhombic structure Pnmm with 3 different crystallographic U-sites. The X (T) data in 
U4Ir13Si9 show an AF transition at TN = 18 K and possibly another transition at lower 
temperatures. U4Ir13Ge9 studied by AC susceptibility only displays anomalies at T = 
25 K and 7 K. The parameters of the modified Curie-Weiss type behaviour are shown in 
table 5.25. 

An analogous metallurgical situation can be found for the system U2CulT-xAlx crys- 
tallize the rhombohedral structure of the Th2Zn17 type. However, the large homogene- 
ity range 5 ~< x ~< 10 classifies this system more as a pseudo-binary system (albeit 
without boundary binaries), and such compounds do not fall into the scope of this chap- 
ter. The reader is referred to the report of Pietri e t a | .  (1997) and the references cited 
therein. 

5.9.6. U4T7X6 
Although the range of stability of the 1-2-2 compounds is very large, in several few 

cases (as URu2Ge2) the compounds of this type could not be synthesized. This led to 
the discovery of U4Ru7Ge6 and other materials (Akselrud et al. 1978; Francois et al. 
1985), which crystallize in the cubic structure of the U4Re7Si6 type (space group Im3m). 
These compounds are stable only if components allow for a fitting of the lattice param- 
eter so these can fall into a rather restricted range (Higgins et al. 1997). The structure 
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is derived from AuCu3 structure, in which the Si and part of the Re atoms are ordered 
in Cu positions, while the remaining Re atoms occupy sites which were interstitial in 
the AuCu3 structure. U4Ru7Ge6 orders ferromagnetically at Tc = 6.8 K and has small 
ordered moment of 0.2/zB/U. The 1/X vs. T dependence is strongly non-linear. The 
value/Zeff = 2.54/ZB/U was derived at high temperatures (Lloret et al. 1987). A spe- 
cific heat study yields F = 109 nd / (m o l U  K 2) and small magnetic entropy up to the 
transition of 0.11 R In 2 (Mentink et al. 1991). The p(T) curve reaches a value of about 
330 p.f2 cm in the maximum at room temperature. A subsequent weak decrease is followed 
up to T = 500 K. On the low-temperature side, the resistivity decreases progressively 
and drops at Tc. The large value du-u  = 586.4 pm is in conformity with the suggested 
concentrated Kondo lattice character, but the generally strong 5f--4d hybridization can be 
an argument why an explanation in terms of weak band ferromagnetism should not be 
dismissed. U4Os7Ge6 is non-magnetic. X (T) increases with decreasing temperature and 
reaches a value of about 5.2 x 10 -8 m3/molU in the low-temperature limit. The elec- 
trical resistivity behaviour resembles that of a transition metal with a substantial posi- 
tive slope at high T (Lloret et al. 1987). Np4RuzGe6 was found to be non-magnetic at 
T = 4.2 K by 237Np M6ssbauer spectroscopy (Jeandey et al. 1996). Experiments made in 
magnetic fields show magnetic splitting corresponding to a local susceptibility at Np site 
of 3.0 × 10 -8 m 3/mol Np. The X (T) data show a Curie-Weiss behaviour with low ~eff and 
large negative Op (see table 5.25) at high temperatures (Wastin 1997). Below T = 100 K 
one finds that the susceptibility values saturate to 4.2 × 10 -8 m3/(molNp),  which can 
be taken as being in an agreement with the M6ssbauer data. The p(T) curve decreases 
progressively below T = 60 K and saturates to 110 p.f2 cm in the low-temperature limit. 
The high-temperature flat part corresponds to 190 p.f2 cm. The low temperature resistivity 
scales as aT 2 with the moderate value a = 0.06 ptf2 c m K  -2 (Wastin et al. 1996b). The 
behaviour of Np4Ru7Ge6 can be understood as being due to spin fluctuations. From Tc 
compounds, U4Tc7Si6 was reported to order antiferromagnetically at TN = 25 K (Wastin 
1991). 

5.9. 7. U2Ptl5Si7 and substitutions 
A new group of materials with the 2-15-7 stoichiometry was discovered by Geibel et 

al. (1990b). It crystallizes in the f.c.c, structure, which is supposedly a ternary ordered 
derivative of the Th6Mn23 structure type. U2Pt15Si7 displays no magnetic phase transition, 
but the susceptibility reaches about 220 × 10 -8 m3/mol in the low-temperature limit. The 
resistivity decreases strongly below T = 40 K, whereas it the p(T) curve tends to a satura- 
tion when approaching the room temperature. The specific heat shows the moderate value 
of Y = 100 mJ/(mol  U K2). Guha et al. (1996) studied details of the low-temperature be- 
haviour of pure U2Ptl5Si7 and the influence of Ni, Co, Ge, or Th substitutions. The study 
showed that C~ T vs. T displays a shoulder at T = 7 K, which shifts to lower temperatures 
with increasing Ni substitution, forming a rounded maximum below T = 2 K for the limit 
concentration U2PtllNi4Si7. On the other hand, Co substitution leads to suppression of 
this anomaly and a regular specific heat behaviour with V ~ 50 mJ/(mol U K 2) was found 
in UzPtl3Co2Si7. Ni substitution suppresses monotonically the large susceptibility values, 
which were, however, found to be field dependent. Magnetization measurements reveal a 
substantial tendency to saturation. 
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5.9.8. U2 T3X4 compounds 
U2T3Ge4 compounds with T = Nb and Ta have been found to crystallize in an or- 

thorhombic structure, which is an ordered variant of the SmsGe4 structure type with space 
group Pnma (Le Bihan et al. 1994). U2Nb3Ge4 is a ferromagnet with the appreciable 
Tc = 130 K and spontaneous moment corresponding to 0.7/zB/U at low temperatures. 
A similar behaviour was found for U2Ta3Ge4, which has a lower T¢ value (105 K) and 
a higher moment of 0.95/z•/U. The X (T) dependence can be described by a modified 
Curie-Weiss law in both cases, the parameters are given in table 5.25. 

For other actinide compounds of the An2T3X4 type, two different monoclinic struc- 
ture types have been identified. All compounds with T = Mo crystallize in the U2Mo3Si4 
structure type (Le Bihan and NoEl 1995, and references given by these authors). The com- 
pounds with T = Tc crystallize in the Np2Tc3Si4 type (Wastin 1991). They share the same 
space group P21/c. The environment of the actinide atoms is similar in both structure 
types, the Mo variety is somewhat more compact. U2Mo3Si4 and U2Mo3Ge4 were re- 
ported to be non-magnetic and to have spin fluctuation features (Le Bihan and NoEl 1995). 
At high temperatures a modified Curie-Weiss law was found for the X (T) data with param- 
eters shown in table 5.25. Below T = 50 K, the X (T) curve tends to saturation reaching 
X(0 K) ~ 7.4 x 10 -8 m3/mol in U2Mo3Si4. The characteristic temperature marking the 
deviation from the modified Curie-Weiss law is lower for U2Mo3Ge4 (25 K), and the 
value of X(0 K) is higher (16.1 x 10 -8 m3/mol). This tendency, together with a higher 
/Zeff/U atom and a less negative ®p can be associated with the somewhat higher U - U  
spacing in the Ge-compound. One should note that this parameter is in the critical range 
of the Hill limit. Accordingly, a large negative ®p, a lower saturated susceptibility value 
(X (0 K) ~ 5.0 x 10 -8 m3/mol), and a higher characteristic temperature of the deviation 
from the modified Curie-Weiss law (80 K) was found for U2W3Si4, where dw-u is very 
small as can be seen in table 5.25 (Le Bihan and NoEl 1995). The only known magneti- 
cally ordered representative of this class of compounds is U2 V~ Ge4, which is ferromagnetic 
below Tc = 60 K. Its magnetization at T = 5 K corresponds to 0.68/z~3/U, but a participa- 
tion of V moments can not be excluded (Le Bihan and NoEl 1995). However, a comparison 
with the magnetic properties of rare-earth based RE2Mo3Ge4 compounds (formed gener- 
ally in the SmsGe4 structure), for which magnetic ordering temperatures do not exceed 
10 K and the type of ordering is antiferromagnetic (Le Bihan et al. 1996a) points to a dom- 
inant role of the 5f moments and to a strong ferromagnetic 5f-5f  exchange interaction in 
the magnetically ordered U-compounds of this type. 

5.9.9. Ue T3Si5 and U2 T3Ge5 compounds 
An2T3 Sis compounds crystallize in several different structures derived from the tetrag- 

onal ThCr2Si2 structure type (Braun 1984; Chabot and Parth6 1985). U2Co3Si5 is or- 
thorhombic (space group Ibam). It was classified as non-magnetic Kondo system (Pi- 
raux et al. 1993). To our opinion the anomalies in x (T)  and especially in p(T), which 
shows a sharp maximum at T = 15 K, could be well understood in terms of an an- 
tiferromagnetic transition. U2T3Si5 with T = Fe, Ru, Rh, and Os are formed in the 
Lu2Co3Si5 structure type, derived from the U2Co3Si5 type and showing a monoclinic dis- 
tortion (space group C2/c). U2Fe3Si5 is a weak paramagnet with temperature independent 
X0 ~ 6.3 x 10 -8 m3/mol (Hickey et al. 1990). U20s3Si5 shows a x (T)  behaviour fol- 
lowing a modified Curie-Weiss law above T = 80 K with parameters given in table 5.25. 
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Fig. 5.132. Magnetic susceptibility X vs. temperature T for U2Rh3Si 5 (after Becker et al. (1997)). The inset 
shows the inverse susceptibility. 

At lower temperatures a plateau followed by a weak upturn point to the importance of 
spin fluctuations. The p(T) curve displays a broad knee around T = 50 K followed by 
saturation on the high-temperature side (Hickey et al. 1990). 

The x (T)  curve of U2Ru3Si5 forms a broad maximum at T = 15 K reaching X ~ 
12.6 x 10 .8 m3/mol f.u., which is followed by the Curie-Weiss type of behaviour on the 
high-temperature side (Hickey et al. 1990; Piranx et al. 1993). The parameters are given 
in table 5.25. A maximum in the range 20-30 K was found also in the p(T) dependence. 
A negative dp/dT was found both at high temperatures (above the maximum) and in the 
low-temperature limit (below T = 5 K). Low-temperature specific heat measurements 
yield y = 72 mJ / (molU K2). 

In the case of U2Rh3Sis, a sharp cusp in the X (T) dependence marks the onset of AF or- 
der (fig. 5.132). At high temperatures, the X (T) data are accounted by the Curie-Weiss law 
with parameters given in table 5.25. The p (T) dependence is flat at high temperatures and 
drops abruptly at TN without any maximum (fig. 5.133). The low-temperature part can be 
described using an exponential term deduced for the electron-magnon scattering, which 
yields the width of the gap in the magnon spectrum as A ~ 67 K. The thermoelectric 
power coefficient S changes its sign at TN from positive at high-temperatures to negative 
at low-temperatures (Piranx et al. 1993). A more detailed analysis of the low temperature 
properties (Becker et al. 1997) shows details of the apparently first order magnetic phase 
transition. The resistivity, which is about 300 gf2 cm above TN, drops by a factor of 65 
below TN. The pronounced drop in the X (T) data and the large peak in the specific heat 
(fig. 5.134) associated with TN and corresponding to a magnetic entropy of S = R In 2 led 
to the conjecture that U2Rh3Si5 is a two-level system with two crystal-field singlets in the 
ground state and an exchange-induced magnetic ordering. Neutron-diffraction experiment 
(Feyerherm et al. 1997) revealed an equal-moment non-collinear magnetic structure with 
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Fig. 5.133. Electrical resistivity related to the resistivity at T = 300 K, R/R (300 K) vs. temperature T for 
U2Rh3Si 5 (Becker et al. 1997). The inset shows the low temperature detail of the same dependence. 

/zu ~ 1.8/xB. The temperature dependence of thermal expansion is strongly anisotropic 
as can be seen in fig. 5.134 (Takeuchi et al. 1997). There are discontinuities in All (T)/li 
at 25.7 K of opposite sign in the a and b directions while the c-axis changes step-like. 
As a result a large volume change is derived. The magnetization along the b-axis exhibits 
a sharp temperature dependent metamagnetic transition where the induced U-moments 
switch from 0.1 to 1.7/xB. The huge anisotropy is reflected in the fact that in fields per- 
pendicular to the b-axis no metamagnetism is observed up to 30 T. The magnetization 
response in the a- and the b-axis is weak and linear yielding only about 0.15/zB in the 
maximum field (Takeuchi et al. 1997). The thermoexpansion and magnetization anomalies 
were related by Takeuchi et al. (1997) to first-order transitions of strongly coupled spin and 
quadrupole orderings. 

A dilution study between U2Ru3Si5 and U2Rh3Si5 shows the onset of magnetic order at 
about 25% Rh. TN reaches a maximum of 10 K at 35% Rh and then drops again around 
50% Rh, suggesting a change of magnetic structure type. At higher Rh concentrations TN 
increases linearly up to TN = 25 K in U2Rh3Si5 (Chevalier et al. 1995). Neutron diffraction 
has shown indeed that the magnetic structure of U2(Ru0.65Rh0.35)3 Sis is different from that 
in U2Rh3Si5 and that it consists of collinear U-moments (0.63/zB). The type of stacking 
is similar in both structures, i.e., the moments in the distorted U-planes are ferromagneti- 
cally coupled, whereas the inter-plane coupling is antiferromagnetic (Chevalier et al. 1994, 
1995). 

The last group of the An2T3 Sis compounds adopts the primitive tetragonal structure of 
the Lu2Fe3Si5 type (space group P4/nmc). From these compounds U2Tc3Si5 was reported 
to show an AF transition at TN = 11 K. The high temperature modified Curie-Weiss law 
yields parameters given in table 5.25. 

The sample prepared with a nominal composition U2Co3Ge5 was indexed as tetrago- 
hal without detailed specification of the structure type (Hickey et al. 1992). A subsequent 
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Fig. 5.134. (a) Specific heat Cp vs. temperature T for U2Rh3Si 5 (full dots) and Th2Rh3Si 5 (dashed line). After 
Becket et al. (1997). The inset shows the magnetic entropy in the temperature dependence. (b) Thermal expansion 
A l i / l  i vs. temperature T along three orthogonal axes (quasiorthorhombic notation used, aA_bc), and resulting 

relative volume change (shown with off set - 1  x 10-4). After Takeuchi et al. (1997). 

detailed study of the crystal structure showed that in fact one was dealing with a mate- 
rial with the composition U3Co4GeT, which crystallizes in a structure that can be viewed 
as inter-grown blocks of the CaBe2Ge2 and AuCu3 structure types. The resulting struc- 
ture is tetragonal with the space group I4 /mmm (P6ttgen et al. 1995). Below T ~ 20 K, 
the X (T) data show a spontaneous magnetization corresponding to 0.3-0.4/ZB/U atom 
(Hickey et al. 1992). On he other hand, the low temperature decrease of the magnetization 
in the field-cooled regime points to a non-collinear arrangement of the U-moments. The 
ordering temperature shows up as a pronounced specific-heat anomaly at T ---- 20.5 K. 
The specific heat data yield a y-value of 110 mJ / (molU K 2) (P6ttgen et al. 1995). The 
p(T) curve shows a broad knee around T ~ 100 K followed by a gradual saturation at 
higher temperatures. A shoulder around the magnetic ordering temperature is more typi- 
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Fig. 5.135. Magnetization curve on a single crystal of U2Rh3Si5, measured at T = 4.5 K with field H along 
orthogonal axes a, b, and c, a±bc. After Takeuchi et al. (1997). 

cal for antiferromagnets, which points to a complicated magnetic structure (Hickey et al. 
1992). The ordering temperature was confirmed by AC susceptibility measurements on the 
sample with the U3Co4Ge7 composition (P6ttgen et al. 1995). 

5.9.10. U2TSi3 and U2TGa3 compounds 
Numerous ternary uranium transition metal silicides U2TSi3 (T = Mn, Fe, Co, Ni, Cu, 

Ru, Rh, Pd, Os, Ir, Pt, Au) crystallize in structures related to the hexagonal A1B2-type 
structure, while U2CuSi3 adopts the tetragonal structure of ot-ThSi2. Originally the transi- 
tion metal atoms were supposed to be randomly distributed on the silicon positions (Kac- 
zorowski and NoEl 1993; P6ttgen and Kaczorowski 1993). The formation of the A1B2- 
structure ternaries can be understood on the basis of USil.67, which leaves some B-sites 
of the A1B2 structure vacant. Those can be filled by T atoms, which can substitute ulti- 
mately about one ten of Si atoms. Thus, as shown for some ternary lanthanide silicides, 
the homogeneity range spans RE T0.5-0.7 Sil.7_1.5 (Kaczorowski and Noel 1993; Nakotte 
et al. 1996b and references given by these authors). However, a detailed X-ray and electron 
diffraction work showed that for the case of U2RuSi3 a new type of ordered ternary deriva- 
tive appears (P6ttgen et al. 1994) with doubled a-parameter, in which Si and Rn atoms 
are not located in the same plane. Such superstructure was found also for U2MnSi3 and 
U2OsSi3 (Chevalier et al. 1996a). On the other hand, in an other superstructure the peri- 
odicity is doubled in [0 0 1] direction only. This leads to orthorhombic symmetry (Pmmm) 
and results in U-positions, one purely Si-position, and one position occupied randomly 
by Si atoms and transition metal atoms. Such structural variety was found in the case of 
U2RhSi3, and a weak tendency to such preferential occupation was indicated for U2PdSi3, 
too (Chevalier et al. 1996a). 
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U2FeSi3 has a non-magnetic ground state. X (T) follows a modified Curie-Weiss law 
down to 50 K with parameters given in table 5.25. A weak saturation tendency is followed 
by a low-T upturn (Kaczorowski and NoEl 1993; Chevalier et al. 1996a). Very similar 
properties magnetic properties were found also in U2RuSi3 and U2OsSi3 (Chevalier et al. 
1996a). 

Several other U2TSi3 materials studied fill now show clear ferromagnetic characteris- 
tics, although both magnetic-history phenomena (difference in M(T) for the field-cooled 
and zero-field-cooled regimes) and certain features in AC susceptibility data led to an in- 
terpretation in terms of spin glass or re-entrant spin glass behaviour, induced by the crys- 
tallographic randomness (Kaczorowski and NoEl 1993). However, to our view, such effects 
are obtained typically in the case of narrow domain wall ferromagnets, and are rather com- 
mon for a broad class of U magnetics without any randomness. The weakest ferromagnetic 
properties were found in UeCoSi3 with Tc = 10 K. As in the following cases, the mag- 
netization curve at low-T does not saturate. The magnetization in /z0H = 3 T reaches 
0.28 IxB/U, whereas the remanence corresponds to 0.05/zB/U only. 

A somewhat higher Tc value (25 K) and a magnetization reaching 0.67/zB/U in 
/z0H = 3 T was found in U2NiSi3 (Kaczorowski and Norl 1993). The transition around 
100 K can be most probably attributed to a spurious phase, because the @p value is much 
lower (see table 5.25). The X (T) curves obtained on a single crystal (Schr6der et al. 1995) 
display the same planar anisotropy type as in isostructural UGa2 (Andreev et al. 1979) and 
USil.67 (Sato et al. 1992c). The/Zeff values determined for H]]c and H±c are identical 
(2.75/xB/U), whereas the difference in Op values (see table 5.25) amounts to 76 K. Neu- 
tron diffraction data (Schrrder et al. 1995) confirm that this compound is ferromagnet with 
/zu = (0.6 -t- 0.1)/zB. The resolution limited width of Bragg peaks means that the coher- 
ence length ~ is larger than 30 nm, which excludes the spin glass conjecture. Moreover, 
the neutron depolarization in the ordered state points to the existence of ferromagnetic 
domains. Only bulk magnetic data are known for U2RhSi3 (Chevalier et al. 1996a). The 
magnetization reaches 0.45/zB/U at T = 4.2 K, the parameters of the modified Curie- 
Weiss law are shown in table 5.25. In U2PdSi3, a rather broad cusp at T = 15.5 K was 
found by AC susceptibility measurements. The M(H) dependence is also uncommon for a 
ferromagnet. It is almost linear in low fields, then slowly saturates up to/z0H = 2 T, show- 
ing no remanence and practically no hysteresis (Chevalier et al. 1996a). This behaviour led 
to a conjecture about glassy state, caused by to the random Si-Pd distribution. A weak fer- 
romagnetism with magnetization of 0.22/XB/U in moll = 2 T at T = 4.2 K was reported 
for U21rSi3 (Chevalier et al. 1996a). 

The same type of anisotropy as in the Ni-compound exists in U2PtSi3, which becomes 
ferromagnetic below Tc = 8 K (Sato et al. 1991, 1992c). The effective moment found in a 
single crystal is much lower than in the Ni-compound (see table 5.25). It is not possible to 
determine ordered moments of uranium from the low-temperature magnetization curves, as 
the M(H) dependencies shows strong negative curvature in fields up to 9 T. The remanence 
in fields along the basal plane corresponds to about 0.25/zB/U. The specific heat experi- 
ments do not show any sharp transition. This and the high )/-value (200 mJ/(mol U K2)) 
led to the conclusion of weak itinerant character of the magnetism in this compound. 

U2CuSi3 crystallizes in the tetragonal structure of the ot-ThSi2 type. Similar to other 
U2TSi3 compounds it undergoes ferromagnetic ordering and reaches a magnetization of 
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0.52/xB/U in Ix0H = 3 T (Kaczorowski and No61 1993). Other parameters are shown in 
table 5.25. 

U2CuGa3 was originally reported to form also in the A1B2 structure type (Tran et al. 
1993). However, detailed neutron diffraction experiments (Tran et al. 1995c) revealed a 
superstructure leading probably to the LuzCoGa3 (or alternatively EuzRhSi3) structure 
type, both having the space group P63/mmc (Gladyshevskii et al. 1992). A cusp in the 
x(T) curve at T = 15 K is reminiscent of an AF transition, but no sign of magnetic 
order was seen in the low-temperature neutron diffraction. Based on significant magnetic 
history phenomena, speculations as to a spin glass origin of the maximum in the X (T) data 
were made. A hexagonallattice with AF interactions can indeed yield frustration necessary 
for spin-glass effects, but unlike ternaries with random occupation of the boron sites (all 
silicides mentioned above), the structure types envisaged for UzCuGa3 are true ordered 
ternaries with lack of randomness. Therefore the interpretation in terms of long-range AF 
order with frustrated structure and small moments (/xu < 0.3 #B) is to our opinion a more 
plausible one. 

U2TGa3 compounds with T = Ru, Rh, Ir, Pd, and Pt, were found to form in the or- 
thorhombic CaCu2 structure, as found also for UTGe and UTSi (Tran 1996). A very flat 
p(T) behaviour characteristic for all of them except for UzRuGa3 (p0/p300 I~ ~ 0.5) is 
indeed suggestive of a statistical occupation of the Cu sites. All the compounds are mag- 
netically ordered (Tran 1996). For more details see table 5.25. Ferromagnetism dominates 
for a T metals with less filled d-shell (Rn, Rh, Ir). From magnetization measurements 
spontaneous moments of 0.9 ~B/U, 0.4 ~B/U, and 0.6/xB/U, respectively, were estimated. 
U2PdGa3 is antiferromagnetic, which is probably also the case of UzPtGa3, in which the 
apparent ferromagnetic transition between 70 and 80 K, introducing a weak spontaneous 
moment, is probably due to a small amount of spurious UPtGa. 

5.9.11. U2T3AI9 and U2T3Ga9 
4 compounds with T = Rh and Ir were synthesized in the orthorhombic structure of 

the Y2Co3Ga9 type (space group Cmcm). They order antiferromagnetically between 7.5 K 
(U2Ir3Ga9) and 35 K (U2Rh3AI9). For details see table 5.25 and the report of Buschinger 
et al. (1997). 

5.9.12. Borocarbides 
A large interest in rare-earth based borocarbides, in which superconductivity coexists 

with magnetic ordering, led to the synthesis of several isotypic Th and U compounds, sum- 
marized in table 5.25. Their tetragonal structure of the LuNi2B2C-type is considered as 
a filled version of the body-centered ThCr2Si2 structure, in which C atoms are inserted 
into the layer of Lu atoms (Siegrist et al. 1994). Two U-borocarbides have been success- 
fully synthesized (Takabatake et al. 1994). UNi2B2C is antiferromagnet with a rather high 
value of TN (218 K) where a pronounced cusp in the X (T) curve is observed. Below TN, 
the susceptibility decreases markedly and reaches about 1.5 x 10 -8 m3/mol in the low- 
temperature limit. The high-temperature part is accounted for by the Curie-Weiss law, with 
parameters given in table 5.25. 

A somewhat lower ordering temperature (185 K) and ferromagnetic order was found 
in URh2B2C (Takabatake et al. 1994). The spontaneous magnetization at T = 4.2 K 
corresponds approximately to 0.52/zB/U. The two compounds were not found to be 
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superconducting. Their p (T) dependencies are practically identical up to 100 K, showing a 
pure quadratic increase with the rather small coefficient a = 0.0033 p_f2 c m K  -2 and P0 ~ 
3 p£2 cm. The ordering temperatures are manifest in both cases as a standard kink (more 
pronounced in case of URh2B2C) without any sign of a maximum. The high-temperature 
parts increase monotonously reaching 180 gf2cm for URh2B2C and 145 ~tf2 cm for 
UNi2B2C, both at T = 300 K. The absence of any exponential term in the low-temperature 
resistivity behaviour points to an Ising-like magnetism with moments along the c-axis and 
a high anisotropy disabling collective spin excitations (magnons). Geometrical consider- 
ations lead us to assume that the high ordering temperatures (exceeding even those of 
UT2X2 compounds) are due to strong U - U  coupling within the basal plane, where the 
inter-uranium spacing is about the Hill limit (see table 5.25). On the other hand, the spac- 
ing along c is much larger (~  500 pro) which implies that the c-axis coupling is weaker. 

Two ThT2B2C compounds were found superconducting, namely ThPt2B2C (Tc = 
6.7 K) and ThNi2B2C (Tc = 6.5 K), whereas for the Rh-compound no superconductiv- 
ity was found down to 1.3 K (Takabatake et al. 1994). 

5.9.13. UNi4B 
This compound crystallizes in the hexagonal CeCo4B structure and orders antiferro- 

magnetically below TN = 20 K (Mentink et al. 1993). The crystal structure, derived 
from the binary CaCu5 type, is characterized by a short U-U-spacing du-u  = 348 pm 
along c, whereas the inter-uranium spacing within the hexagonal basal planes is equal 
to a = 495.2 pm (see table 5.25). The unique magnetic structure (Mentink et al. 1994) 
consists of two U sub-systems, one forming a true three-dimensional anfiferromagnefic 
structure, the other, involving 1/3 of U atoms, forms linear ferromagnetic chains along 
c, which remain free down to lowest temperatures due to geometrical frustration (see 
fig. 5.136). Such unusual situation affects seriously the bulk properties. The magnetic 

/ i \  o / \ o / ', o / _ _ . 

Fig. 5.136, Magnetic structttre of hexagonal UNi4B projected on the basal plane. The magnetic U-layers are 
ferromagnetically stacked along c. The thin solid lines represent the magnetic unit cell (after Nieuwenhuys ct 
al. (1995)). The U-moments indicated by (1) and (2) located in the centre and in between the magnetic vortices 

(thick lines) form ferromagnetic linear chains along c. 
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Fig. 5.137. Electrical resistivity p vs. temperature T for a single crystal of UNi4B. The current i was applied 
along c. The solid line represents the fit mentioned in the text. After Mentink et al. (1995a). 

susceptibility (Mentink et al, 1993) follows the Curie-Weiss law at high temperatures 
for Hllab-plane. Below TN a broad maximum develops in low fields around T = 7 K 
(Xmax ~ 32 x 10 -8 m3/mol in /z0H = 0.5 T), which can be suppressed in higher fields 
making the cusp at TN more apparent. The susceptibility for HILc, which is clearly the 
hard magnetization direction, is weak (~  5 x 10 -8 m3/mol) and weakly T-dependent 
(Mentink et al, 1993). The easy-plane anisotropy is demonstrated also by magnetization 
measurements at T = 4.2 K. While the response to field along c is weak and linear, the 
field along a or b can induce a sequence of metamagnetic (spin-flop) transitions. The high- 
est transition occurs at 19.8 T, and is followed by a gradual saturation tendency, attributed 
to the paramagnetic chains, which was traced up to # 0 H  = 52 T (Mentink et al. 1993, 
1995b). The estimated saturated magnetization of 1.2/ZB/U corresponding to U-moments 
obtained for the ordered sub-system by neutron diffraction (Mentink et al. 1994), suggests 
that the magnitude of all U-moments is equal in the high-field limit. The electrical resis- 
tivity p is strongly anisotropic, reflecting the ferromagnetic coupling along c and leading 
to a simple temperature independent resistivity for current i along c. Below TN, p starts to 
decrease, as in a ferromagnet. For i Ilab-plane, p is much higher (about 250 p, f2 cm com- 
pared to about 100 ~tf2 cm at room temperature for the previous geometry), and increases 
weakly with decreasing T (Mentink et al. 1993). In both geometries, the resistivity starts 
to fall rapidly below T = 5 K (figs 5.137 and 5.138). For illc, it was well described as- 
suming p = AT °A1 + BT 2. The second term was attributed by Mentink et al. (1995a) to 
spin wave excitations within the AF network, the first term to an increase of the correla- 
tion length with decreasing temperature in the one-dimensional chains. The temperature 
dependence of the specific heat shows a pronounced )~-type anomaly at TN in zero field 
(fig. 5.139). The C~ T vs. T curve increases with decreasing temperature below 5 K, lead- 
ing to the large value g ~ 470 mJ/(mol K2). This upturn, attributed to 1D excitations in 
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Fig. 5.138. Electrical resistivity p with current i perpendicular to c vs. temperature T for a single crystal of 
UNi4B. The inset shows a low-temperature detail. After Mentink et al. (1995a). 
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Fig. 5.139. Temperature dependence of the specific heat (in the C~ T vs. T representation) for a single crystal of 
UNi4B, measured in zero field (open circles) and in/z0H = 16 T applied along the b-axis (full circles). After 

Mentink et al. (1997b). 

the chains, is suppressed by a magnet ic  field ( H  [rb), which also shifts down the N6el tran- 

sition. A possibi l i ty  of  Kondo compensa t ion  of  U - m o m e n t  in the 1D chains  by the Kondo 
effect arising due to the geometr ical  frustration was suggested by Lacroix et al. (1996). 

UCo4B forms in the same structure type but  remains  paramagnet ic  arid shows spin fluc- 
tuat ion features. The high- temperature  part o f  the X (T)  data follows modified Cur ie -Weiss  
law (parameters are given in  table 5.25) and saturates be low about  100 K on level o f  
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8 x 10 -8 m3/mol (Nakotte et al. 1993c). The low temperature upturn seen below T = 20 K 
is probably extrinsic; The magnetization studied at T = 4.2 K shows a weak S-shape with 
an inflection around/z0H --- 30 T, although no clear tendency to saturation was observed 
up to 50 T, where magnetization corresponding to 0.65/zB/U was found on a free-powder 
sample (Nakotte et al. 1993c). The C/T vs. T dependence shows a weak upturn below 
T = 5 K, which can be described by the additional logarithmic term (eq. (3.3)) yield- 
ing a value of V = 62 mJ/(molK2).  The p(T) data follow a quadratic power law below 
T = 14 K, with the coefficient a = 0.0152 p.f2 c m K  -2. A gradual resistivity saturation at 
T > 100 K is consistent with the spin-fluctuation picture. 

5.9.14. Other borides 
A large variety of  ternary actinide borides is described in the excellent review of Rogl 

(1991), dealing primarily with structures and phase equilibria, but including also infor- 
mation on magnetic properties. For the fundamental research of the electronic structure, 
the group of monoborides UT3Bx has been very important. It is based on cubic com- 
pounds of the UT3 type, in which B atoms occupy interstitial positions in the centre of 
the unit cell. The B concentration can vary between 0 and 1 which enables to tune the 
5f-localization probably mainly by expanding the lattice. These systems were reviewed 
already by Sechovsky and Havela (1988). Of later works, a single-crystal study of the 
strongly anisotropic spin fluctuator URu4B4 (Mentink et al. 1992) deserves a special atten- 
tion. 

5.9.15. Carbides 
From the large family of U ternary carbides, only a small fraction has been studied 

including their magnetic properties. One example is UAI3C3, which crystallizes in a com- 
plicated hexagonal structure (space group P63/mmc) determined for ScA13C3 (Gesing et 
al. 1992 and references given by these authors). The modified Curie-Weiss law observed 
above T = 30 K leads to parameters given in table 5.25. A maximum in the susceptibility 
at T = 11 K marks probably the onset of AF ordering. A pronounced hysteretic meta- 
magnetic transition with critical field around 1.5 T leads to a high-field magnetization of 
0.27/ZB/U at T = 5 K. As described by Gesing et al. (1992), the A1 carbides are charac- 
terized by strong A1-C covalent bonding. Despite the short A1-A1 spacings, there is little 
or no A1-A1 interaction, which leads to a non-metallic character of materials fike A14C3. 
Similar bonding characteristics can be expected for UA13C3, the structure of which can be 
deduced from the binary carbide by inserting U basal plane layers. Thus there is a high U -  
U coordination within each layer, each U-atom has six U neighbors at 339 pro, whereas the 
inter-layer U - U  spacing is about 870 pm. Therefore we can expect a weak AF inter-layer 
magnetic coupling, which can be broken in moderate magnetic fields. Of the other carbides, 
a majority belongs to weak paramagnets, e.g., UCrC2, UCr4C4, UV~4C4, and U5Re3C8, 
studied by Vomhof et al. (1993). U2NiC3 is antiferromagnetic below TN = 52 K. Further 
information can be found in the report of Vomhof et al. (1993) and references given therein. 
One of the most prominent ternary U carbides is U2PtC2, known as an exotic supercon- 
ductor with the enhanced value F = 75 mJ / (molU K 2) (Meisner et al. 1984). Its magnetic 
susceptibility is weakly temperature dependent, increasing from 1.9 x 10 -8 m3/mol U at 
T = 150 K to 2.8 × 10 -8 m3/molU at T = 4 K (Meisner et al. 1984). Its supercon- 
ductivity below Tc = 1.47 K was discovered already in 1969 (Matthias et al. 1969). The 
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critical temperature Tc is reduced by pressure (OTc/i~p = - 5 3  mK/kbar). The super- 
conductivity is rapidly suppressed by small substitutions of Os or Ir for Pt (Killer et al. 
1994), which leads to a strengthening of the magnetic correlations manifest in the strong 
low-temperature upturn in the X (T) and C/T(T) curves. The terminal phases UeIrC2 and 
UeOsC2 are non-magnetic (for basic data see table 5.25). 

5.9.16. Phosphides and arsenides 
U2 Cu4As5 crystallizes in the body-centered tetragonal structure (space group I4/mmm). 

U-atoms form square-lattice layers (intra-layer du-u --- 399 pro), whereas individual U 
layers are separated by as many as five non-magnetic layers. The co-ordination is similar 
as in UCuAs2 (see section 5.7.1), and similar to that compound a covalent Cu-As bond- 
ing and ionic U-As bonding can be considered. The prominent feature in the temperature 
dependence of the susceptibility is a pronounced cusp at T = 189 K, marking the AF 
transition. At high T, a modified Curie-Weiss law with parameters given in table 5.25 was 
observed for a powder sample. There is a shallow minimum at T ~ 150 K followed by a 
weak increase and saturation in the low-temperature limit. The electrical resistivity studied 
on a single crystal has a metallic character. Above TN, the p(T) curve is flat (on a level 
of 220 ~tf2 cm) and shows a weak negative slope. TN is marked as a pronounced decrease, 
gradually tending to saturation with a very low residual value (/9o = 4 ~tf2 cm). The resis- 
tance shows thus features typical of an antiferromagnet, and we thus can speculate about 
the ferromagnetic nature of intra-plane coupfing. This is corroborated by the high positive 
value Op = 168 K, pointing to a dominance of ferromagnetic coupling. 

UMn4P2 crystallizes in the tetragonal structure of the ZrFe4P2 type. It shows two AF 
transitions, ascribed to the ordering of the Mn (at 125 K) and U (22 K) sublattice (Jeitschko 
et al. 1990). 

The structure of phosphide U3Ni3.34P6 (space group P4/mmm) consists of alternating 
slabs of AuCu3 and ThCr2Si2 structures (Ebel and Jeitschko 1995), leading to two differ- 
ent U-sites. Neutron diffraction shows that two types of ferromagnetic basal-plane U-layers 
are coupled antiparallel leading to ferrimagnetic ordering below T = 139 K (Reehuis et 
al. 1996). The U-moments are equal to (1.4 4- 0.1) #B and (1.6 4- 0.2)/zB, and are aligned 
along c, as expected for the shorter spacing du-u = 382 pm within each layer. The differ- 
ent temperature variations of the magnetization in each sublattice can explain the compli- 
cated non-monotonous M(T) dependence in the ordered state, leading to a compensation 
point at T = 130 K. 

The quaternary oxiphosphide UCuPO crystallizes in the tetragonal ZrCuSiAs structure 
type (space group P4nmm). It displays a relatively high AF ordering temperature 220 K. 
For details see table 5.25 and the report of Kaczorowski et al. (1994). 

One of the most thoroughly studied ternary U-phosphides is UFe4Pj2. It crystallizes 
in the body-centered cubic structure with space group Ira3 (Jeitschko and Braun 1977), 
leading to a large spacing du-u  = 673 pm. Unlike superconducting LaFe4P12 and other 
rare-earth and Th isotypes displaying a metallic behaviour, only CeFe4P12 and UFe4P12 
show a semiconducting character of the electrical resistivity. The value of the resistivity 
at low temperatures is 6-7 orders of magnitudes larger than the value at room temperature 
(Meisner et al. 1985; Torikachvili et al. 1987), which points to a hybridization gap. Specific 
heat and magnetization measurements revealed ferromagnetic ordering at Tc = 3.15 K 
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(Torikachvili et al. 1986), which classifies UFe4P12 as a ferromagnetic superconductor. 
A magnetization corresponding to a moment of 1.2/ZB/U was achieved at T = 1.9 K in a 
field of 3 T. High pressure studies (Guertin et al. 1987) show a relatively strong increase of 
Tc (compared to NdFe4Plz) with OTc/Op ,,~ 0.26 K/kbar. 

5.9.17. Sulfides and selenides 
U3Cu2S  7 and U 3 C u 2 S e  7 crystallize in a hexagonal structure with space group P63. For 

details see the report of Daoudi et al. (1996a). Whereas the sulfide can be classified as spin 
fluctuator on the basis of susceptibility data, the selenide shows a cusp attributed to AF 
ordering at T = 13 K. 

5.9.18. Hexagonal Laves phases with early d-metals 
Although U-binaries with close packed structures of the Laves phase type are formed 

only for late transition metals starting from the Mn column, compounds with Mo and Cr 
can be stabilized in the hexagonal Laves phase structure MgZn2 if the transition metal 
is partly replaced by Si. This leads to a statistical distribution of Si and transition-metal 
atoms. Materials with an extended stability range around U4Mo5Si3 and U4Cr6Si2 were 
synthesized by Le Bihan et al. (1996b). The compounds behave as weak paramagnets due 
to very small du-u. 

5.9.19. Chevrel phases 
From ternary molybdenum chalcogenides containing U, U0.82Mo6Se8 was identified as 

a weak ferromagnet below T ---- 25 K. For further information see the report of Daoudi et 
al. (1996b). 
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1. Introduction to magnetic recording 

Information has been stored throughout history. It started with cuneiform and cave- 
paintings a long time ago using primitive technologies. Perhaps the oldest example of a 
recorded transition of magnetization can be found in the magnetic rock formation situated 
on the bottom of the Atlantic Ocean (Cox et al. 1967). 

Nowadays, information storage plays a major role in our society by using advanced 
technologies and production methods to produce recording apparatus for audio, video and 
data applications. 

In 1888 an original method for recording sound signals was published by Oberlin Smith 
(Smith 1888). He described how a thread of cotton or silk covered with small particles (the 
medium) could record and play. In August 1898 Valdemar Poulsen invented his Telegra- 
phone which he demonstrated at the World Fair in Paris in 1900 (Poulsen 1890). This first 
working magnetic recording apparatus was honoured with the Grand Prix. 

1.1. Introduction to storage technologies 

This early invention has been evaluated to the present high quality and very compact mag- 
netic recording products. Magnetic recording technology is continuing to evolve at a rapid 
pace resulting in longer playing times and more data being stored in ever decreasing vol- 
umes. It includes: audio, video and data storage applications in the form of tapes, floppy 
and hard disks in products such as digital video recorders, digital camera recorders, au- 
dio equipment, electronic games, video telephones, fax machines and personal organizers. 
Magnetic recording technology has an excellent future growth potential. Market require- 
ments include continued reduction in the peripheral device size and power consumption 
while maintaining an exponential increase in capacity with time. This trend will continue 
in the future because science and technology still have enough room for increasing densi- 
ties with high recording performance using smaller volumes. More data in smaller volumes 
for a lower price is one of the goals of the storage manufacturers. In addition they continue 
to improve the speed, reliability, and throughput. 

Information can be recorded by applying a variety of principles. In fig. 1.1 an overview 
is given of the various principles such as the human brain, cryoelectric, semiconductor, and 
the various applications of magnetic and optical storage. 

The various types of storage are given in the relation capacity vs. average access time. 
Different types of storage technologies are for instance: solid state memories, magnetic 

hard disk memories, magnetic tape, magnetic floppies, optical disks and tapes (write once 
or rewritable - WORM). A kind of storage hierarchy can be drawn based on access time 
and cost per byte (e.g., Hoagland and Monson 1991). In fig. 1.2 such a hierarchy is pre- 
sented. 
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Fig. 1.1. Capacity as a function of access t ime for various storage principles. 

Semiconductor memories are very fast (about 20 times that of most of the disk drives), 
they are expensive but interact directly with the processor in a mass storage system. This 
memory is volatile (needs a power supply at all times to maintain its contents) while the 
magnetic disk and tape are non-volatile. Although the access rate is very fast and the ca- 
pacity very high this type of memory is still very expensive. Depending on the application 
one should use a specific type of recording. Although disk drives offer access times of a 
few milliseconds they are cheaper and standard in PC and laptop applications. The remov- 
able storage is the floppy disk but it is envisaged that even removable hard disks can take 
this over. Magnetic tape recording is used if the application of low-cost off-line storage is 
allowed. 

Optical technology is growing day by day. A compact disk can store 650 Mbytes and 
has a very low price. For other applications in which fewer copies of the disk are required a 
number of CD-ROM recorders are on the market at a much higher price. A relatively new 
type of optical digital video disk (DVD) will be available very soon and can store up to 17 
gigabytes. 
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Fig. 1.2. Hierarchy for various storage technologies. 

In the future we can expect many new applications in storage technologies. One of the 
most important ones so far is the holographic storage technology. With this technology a 
laser is used to etch a hologram in a crystal or other holographic media. The pattern can 
then be read from the media by beaming a laser at the appropriate angle. By changing 
the angle different patterns can be read. A capacity of terabytes is expected in a volume 
compared to a sugar-cube-size crystal. 

Because hard disks are the most conmaon type of mass storage today thanks to their low 
cost, high speed, and relatively high storage capacity we shall discuss this type of magnetic 
media further. 

1.1.1. Magnetic recording 
At present, most information (about 95%) is still stored on paper, 3% on microfiche and 

the remaining 2% by magnetic, optical, magneto-optical and semiconductor storage de- 
vices. Nevertheless, magnetic recording nowadays represents a multibillion dollar industry 
and is still a growing market. 

Magnetic recording is the storage of information achieved through changing the magne- 
tization of a recording medium using a magnetic field generated by the recording head. At 
the end of the 19th century a start was made to use magnetism and magnetic media to store 
information. 

The concept of magnetic recording is given in fig. 1.3. Here the head is positioned above 
the moving media (magnetized in one direction) and when the (electromagnetic) head is 
switched on and off, magnetized areas, with opposite magnetizations, are written in the 
media (fig. 1.3(a)). The cross-section in fig. 1.3(b) shows the magnetic field of the head 
gap. 

This track of information can be read by the inverse process. The head senses the electric 
current generated by the moving flux originating from the written bits in the medium. 
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The area density is given by the product of the linear bit density and the track density. 
Higher density means creating narrower tracks and more compact bits. In order to achieve 
higher densities the head and medium must become closer to each other (smaller spacing 
in fig. 1.3(b)) and this fundamental requirement has encouraged much of the technological 
challenge for both components. 

From the first demonstration by Poulson (1890) the magnetic recording medium has 
gone through dramatic improvements. The original steel wire was replaced in the early 
1930s by small spherical Fe particles and later by cubic Fe304. Since then great improve- 
ments have been made by changing the material and the shape and size of the particle. In 
1949 y-Fe203 acicular particles with a length of 0.5 ~tm and an aspect ratio of 10 were 
used. Compact cassette tape made from CrO2 particles was introduced in 1966. From the 
early 1950s thin magnetic films have been proposed as a magnetic recording medium. 
Since then extensive research has been carried out and many thin film media have been 
developed by electroless and electrodeposition, vacuum evaporation and sputtering. At 
present, many recording media are prepared by vacuum deposition technologies, such as 
metal evaporated tape and hard disks for magnetic recording as well as for magneto-optic 
recording. An enormous amount of research is nowadays being carried out on the new 
hard disk media, mostly produced by sputtering, in order to obtain very high densities. 
Since 1977 research has been published of media with the magnetic anisotropy perpen- 
dicular to the medium surface (PMR). This is in contrast with the longitudinal magnetic 
recording mode (LMR). The former is not a subject of discussion in this chapter. Here 
we shall concentrate on the longitudinal mode of magnetic recording as used nowadays. 
Magnetic recording can be used for professional as well as for consumer applications but 
until now only the LMR technology is commercially available. A storage medium for the 
various applications can be made in the form of tape, floppy or hard disk. The trends in 
magnetic recording technology are continuously increasing recording densities and storage 
capacity with a decreasing price per bit. The following books (Mee and Daniel 1987-1988; 
Mee and Daniel 1990, 1996; Hoagland and Monson 1991; Bertram 1994; Buschow 1993; 
Mallinson 1993; Asher 1997) can be consulted for general references on the subject of 
recording and related technologies. 

1.1.1.1. Magnetic recording modes. As previously mentioned, we can define different 
modes of magnetic recording dependent on the direction of the magnetization (magnetic 
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anisotropy), namely LMR and PMR. In the former the magnetic anisotropy lies in the plane 
of the medium and in the case of PMR the anisotropy is directed parallel to the medium 
normal. MOR also requires a perpendicular magnetic anisotropy. As said before we shall 
focus our discussion on hard disk recording with the magnetization parallel to the disk. 

1.1.1.2. Digital recording. Modem recording technologies are based on digital signal 
processing, even for audio and video recording. The reason for moving into the digital 
technologies is that they accept a much lower signal-to-noise ratio, ease of error detection 
and correction and integration of LSI circuit technology. The input data may be either 
analogue (audio, video; using an A/D converter) or digital (computer data). Examples are 
the Minidisk and DCC (Digital Compact Cassette) for audio application and the not yet 
commercialized HDTV digital VTR. More information on digital recording technologies 
can be found in the books mentioned at the end of section 1.1.1. 

1.1.1.3. Rigid disk recording. The first commercial disk drive (IBM Ramac, 1956) used 
fifty, 24 inch diameter disks providing a capacity of 5 Mbytes and access time of almost 
1 second. Today, the 2.5 inch form factor is slowly becoming the volume leader at the low 
end, while 3.5 inch drives are the leaders in performance. Capacity is more than 1 Gbyte 
with an access time of 6-11 milliseconds. 

In this chapter we focus on one of the most important mass storage technologies namely 
the hard disk or "Winchester" technology (introduced by IBM). In our case the medium 
consists of a magnetic thin film on a rigid substrate and as rigid disk can be installed as 
a non-removable stack in a disk drive. The disk rotates at a constant angular speed (V) 
and consists of recorded concentric data tracks. The recording heads (for fast accessing, 
usually two) are mounted on a slider, fly above the tracks and are moved by an actuator 
that positions the head(s) above a selected track for reading or writing. Figure 1.4 gives the 
principle of the heads moving above the disk. 

Disk enclosure 
J 

Spindle rooter 
Electromagnetic actuator 

Read/write heads 

Fig. 1.4. Schematic of magnetic disk drive components (Miura 1991). 
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The load of the suspension slider on the medium is about 50 mN while the apparent area 
of contact is about 2 mm 2 and consequently the nominal contact pressure is about 30 kPa. 
The rotating speed is 3600 rpm with a diameter of 2.5 inch (= 63.5 mm) or 3.5 inch 
(= 88.9 mm). 

In contrast to tape recording the disk drives provide almost instantaneous access to a very 
large number of data records. The data is stored in the circular tracks that are divided into 
sectors. The achievable track density depends primary on controlling the head positioning 
precision. Playback signals and noise strongly depend on the head positioning accuracy. In 
order to maintain a good signal-to-noise ratio and resolution at higher track densities the 
spacing between the head and medium is reduced. The limit of such a reduction is contact 
recording, which will create problems in the area of friction and wear. The linear bit density 
is, in principle, dependent upon the minimum recordable wavelength 00 and the latter can 
be given by: 

L = v / f  [ml, (1.1) 

here f is the recorded frequency and v the speed of the disk. In principle it is possible to 
record at high frequency at a slow speed. However to obtain a high data rate the speed of 
the disk should be fast. 

The smallest wavelength of recorded amplitude is governed by the extent to which the 
transition zone (the area between two opposite magnetization directions) can be made nar- 
row and sharply defined. 

The entire assembly of a hard disk drive is housed in a sealed casing, thereby reducing 
the likelihood of dust and other particles from interfering with the head assembly and 
causing "head crash". The drive is attached to a host computer through a controller and 
host interface. 

The Winchester disk technology is almost exclusively used to implement the "on-line" 
storage of most computer systems. Capacities of drive units are increasing continuously 
and are at present in the range of tens of megabytes to many gigabytes. In the case of con- 
ventional drives the data transfer rates are in the order of 10 MByte/s but can be increased 
by using parallel transfer disks or disk arrays. 

The demand for hard disk technology is still increasing due to growing number of ap- 
plications such as in desktop computers, laptop PCs, multimedia, network data basis, note 
books etc. 

1.1.1.4. Magnetic recording complexity. As with many electronic systems magnetic 
recording is very complex. It can be divided into different major areas like the recording 
performance (i.e., capacity, noise, error rate, durability), the mechanics (i.e., velocity of 
the media, stability of speed, positioning of the head), circuit technology (i.e., peak detec- 
tion, bandwidth, write current frequency), head (i.e., magnetic properties, track width, gap 
length, profile), medium (i.e., magnetic properties, roughness, corrosion resistance) and, 
last but not least, the head-medium interface (i.e., mechanics, tribology and magnetic). 

The large increase in areal density during the past decade is not only dependent on 
improvements in one of the above aspects but without any doubt the recording medium 
performance is one of the most important factors for increasing the recording density. 
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Fig. 1.5. Principle sketch of the spacing between the ring head and the medium for longitudinal recording. 

1.1.1.5. Head-medium interaction: flying height. One of the important parameters for 
increasing of the areal density is the spacing between the head and the medium. The so- 
called magnetic spacing loss between the recording head and the disk must be reduced. 

In fig. 1.5 a principle sketch shows the spacing d between the ring head and the medium 
having a thickness ~ and a speed v. For such a configuration the field distribution is given 
by Karlqvist (1954) and can be defined as: 

Hx -~[arctan{ g/2+x } {g/2y-X}] = + arctan [A m -  1 ].  
Y 

(1.2) 

Here Hx is the longitudinal head-field distribution, Hg is the field in the gap of the head, 
and g is the gap length. In the case of high-density recording it is necessary to know that 
this equation is not very precise especially at small head to medium separations. In this 
case peaks in Hx appear near to the gap edges (Middleton 1996). The variation of the head 
field is then given by: 

2Hg g 
arctan [Am-I ] .  (1.3) Hx(0, y) = ~ ~y 

If  the head comes closer to the medium (y/g is small) the reduced field amplitude (Hx/Hg) 
approaches one. The output (PWs0) introduced by a transition is given by a formula in 
section 2.3. 

Three different areas of head to medium spacing can be defined, namely, the conven- 
tional air bearing having a flying height of about 50 nm, the so-called proximity recording, 
which varies between 13-40 nm, while a space of less than 2.5 nm is called contact record- 
ing. 

It can be estimated that for densities in the (near) future, the head must be in contact with 
the medium in order to obtain the high densities with a sufficient signal. This immediately 
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brings us to one of the most important aspects of magnetic recording, i.e., the wear and 
tribology problems. In order to overcome these problems disk overcoat and lubrication 
properties are very important. Another very important property is the surface structure of 
the substrate used. Textured substrates are used to avoid head-medium stiction. 

1.2. Basic magnetic properties 

In general, to understand the magnetic recording processes (reading, writing and the in- 
teraction between head and medium) a knowledge of the relationship between the three 
quantities B (magnetic flux density or magnetic induction), H (the magnetic field) and M 
(the magnetization) is essential. At all points in three dimensional space their magnitude 
and direction of the vector quantity is defined. Magnetism is a phenomenon that results 
from the motion of charged particles. In the magnetic recording process we have to deal 
with two types of motion namely electrons in a conductor and orbital and spin motion of 
electrons in solids. 

A magnetic field is generated by the motion of an electrical charge and there are two 
ways to generate such a field, either by an electric current through a conductor or by a 
permanent magnet. In the latter there are no conventional electrical currents but the source 
comprises the orbit motion and the spinning electrons. The concept of magnetic dipole 
moment is perhaps the most basic parameter for the materials discussed for recording ap- 
plications. Especially the spins of the unpaired electrons which also generate a magnetic 
moment without a conventional electric current are important. 

If  an electric current i flows through a coil having an axial length of I and n turns then 
the axial magnetic field inside the coil will be: 

H = ni / l  [Am-m]. (1.4) 

The generated magnetic field lines form close patterns around this current through the wire. 
The direction of the magnetic field lines inside the coil is from S to N mad outside the 

coil from N to S. Magnetic field lines from a permanent magnet travel from N to S inside 
as well outside the magnet, which means that the latter has an "open" path at the poles of 
the magnet. 

Magnetization is defined as: 

M-~ lim(1/V) ~-~lXi [Am-l], (1.5) 
v-->0 

i 

where V is the volume and ]z i the atomic moment. The magnetization is the net vector 
moment per unit volume. 

When a field is applied to the material each moment experiences a torque that tends 
to rotate it towards the direction of that field. If the applied field is large enough then all 
magnetic dipole moments are directed parallel to this field. At this point the material has 
reached its saturation field. As will be seen later, for a recording medium material this is not 
sufficient because even in the absence of any external or applied field the medium must be 
able to sustain its own magnetic flux. In other words for this application the materials must 
sustain magnetic flux by virtue of its own internal field, which will require spontaneous 
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alignment of  the dipole moments. This is sometimes called spontaneous magnetization or 
remanent magnetization. 

Because the origin of  magnetization are the spinning electrons in atoms the magnetiza- 
tion in the free space is zero. The two motions of  the electrons (spinning on its own axis 
and orbits around the nucleus) are governed by the laws of  quantum physics. The magnetic 
moment of  a spinning electron is called Bohr magneton/XB and is determined by: 

eh 
#B -- - -  -- 0.92740154 x 10 -24 [ A m  2] = [J/T], (1.6) 

471m 

where e = electron charge = 1.602 x 10 -19 C, h = Planck's constant = 6.6260755 × 
10 -34 Js  and m = electron mass = 9.1093897 × 10 -31 kg. 

The group of  3d transition metals (Mn, Cr, Fe, Ni and Co) do have an unfilled 3d shell 
and consequently a non compensated electron spin moment. This shows immediately the 
potential for applications. 

The magnetic moments for the 3d elements Ni, Co, Fe, Mn and Cr given in fig. 1.10. 
From this figure it can be seen that the most important ferromagnetic materials used in 
recording media (Fe, Co and Ni) have a positive value of  the exchange integral, while 
the antiferromagnetic 3d elements Cr and Mn has a negative value. The netto magnetic 
moment/ZB for Fe, Co and Ni are, respectively, 2.2, 1.7 and 0.6. 

If  a magnetic field is generated by a current in a material than the material reacts with 
the generation of  a magnetic induction B [T]. 

In the free space B a linear function of  H is given by: 

B =/z0H [T]. (1.7) 

Here/z0 is a universal constant called permeability in vacuum (/z0 = 47t × 10 -7 H / m  = 
1.256 x 10 -6  H/m).  

In recording materials (ferromagnets and ferrimagnets), B is no longer a linear function 
of  H (see also fig. 1.8). The relation between B and H is then given by B = /zH. In 
this case/z =/z0/Zr and is no longer constant with/,to - permeability in vacuum,/z - the 
permeability of  the medium and/Zr - the relative permeability of  the medium. 

For magnetic recording media and heads we mostly consider the application of  ferro- 
magnetic materials and then the contribution to the flux density B is given by the applied 
field H and the magnetization M of  the materials: 

B = / z o ( H + M )  [T]. (1.8) 

All three are macroscopic parameters of  a permanent magnetic material, having a remanent 
magnetization. 

If  we consider a permanent magnetic material (producing magnetic field lines even if the 
applied field is zero) the field lines are pointed in the same direction (from N to S) inside 
as well as outside the material and this initiates a magnetic charge at the end of  the magnet 
(see fig. 1.6). The field lines are bent inside the material because the shape is not ideal 
(rectangular instead of  ellipsoidal). The direction of  the B field lines outside the material 
is the same as the H field lines (B =/x0H) .  Moreover V .  B = 0 which means that isolated 
poles cannot exist. 
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Fig. 1.6. The magnetic field H lines inside and outside a permanent magnet. 
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Fig. 1.7. Spontaneous magnetization as a function of the temperature for materials such as Fe, Ni and Co. The 
parameter 0 is a positive constant depending on the material. For a ferromagnet 0 equals Tc. 

1.2.1. Curie temperature 
As we have seen the interactions between the magnetic dipoles can lead to ordering in 

the materials. On the other hand the temperature motion is directed against ordering. It can 
be expected that below a certain temperature the material is ordered, but above this temper- 
ature this will  be not the case. The latter state is called paramagnefic. At  this temperature 
the thermal energy is equal to the exchange energy and the spin moments  are randomly di- 
rected. The transition temperature from ferromagnetic to paramagnefic is called the Curie 
temperature (Tc for Co, Fe and Ni is 1130, 770 and 358°C respectively). In fig. 1.7 the 
spontaneous magnetization vs. the temperature is given. The magnetization is maximal  if  
T becomes zero. At  Tc the /z  decreases drastically and the Hc and Mr become zero. 

1.2.2. Magnetic unit systems 
The two most commonly  used unit systems in magnet ism are the CGS system in which 

B = H + 47rM and the MKS or SI system in which B = /z0(H + M).  In this paper  we 
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TABLE 1.1 

The most  important quantities of the magnetic unit systems. 

Quantity MKSA]SI CGS Equivalents 

Induction B Tesla (T) Gauss (G) 

Field H A / m  Oersted (Oe) 

Magnetization M A / m  emu/cc  

Magnetic moment  ( M y )  m A / m  2 

Field equation B = / z 0 ( H  + M ) *  B = H + 4 7 r M  

Energy of free space moment  E = - # 0  m • H E = - i n  • H 

Torque on free space moment  r = / x 0 m  x H r = m x H 

1 T = 10000 G 

1 A / m  = 4rr x 10 - 3 0 e  

1 k A / m  = 1 emu/cc  

* #0  = 47t x 10 7 H/m.  

will use the SI system as much as possible but we still use inches in the case of recording 
densities. 

For example: The earth's magnetic f i e l d / / =  56 A / m  (or 0.70e).  The saturation magne- 
tization of a hard disk thin film medium Ms ---- 550 emu/cc (or 550 kA/m). The field gener- 
ated by an electromagnet used for magnetic measurements is H = 30 kOe or 2388 kA/m, 
B = 47"t x 10 -7 x 2388 = 3 Tesla. 

1.3. Magnetic properties of recording materials 

The materials Fe, Co and Ni and their alloys and oxides are mostly used for recording 
application materials. Their magnetic properties are described by intrinsic and extrin- 
sic parameters. The intrinsic properties (saturation magnetization Ms, magneto-crystalline 
anisotropy K, Curie temperature Tc and the magnetostriction )~s are determined by the type 
and number of atoms, their arrangement in the crystal structure and their temperature. 

The saturation magnetostriction ;~s can be defined as the fractional change in length if the 
sample is saturated from the demagnetized state along the field direction. The field-induced 
magnetostriction is the variation of )~ with H or B and is a very important parameter for 
magnetic head materials. 

The extrinsic properties (remanent magnetization Mr, coercivity Hc and permeability/x) 
can also be influenced by the size and shape of the magnetic material and its (magnetic) 
history. Consequently, in the case of thin-film media, the microstructure and morphology 
play a key role in determining the extrinsic properties. 

Figure 1.8 shows the two hysteresis loops for a medium (fight) and a head material. The 
coercivity Hc, remanent magnetization Mr or induction Br and the permeability/~ differ 
for the two materials, although the saturation magnetization Ms or induction Bs are the 
s a m e .  

If a very high field is applied the magnetization can reach its saturated state in which 
all the magnetic dipoles are aligned in the direction of the field. If  the magnetic field is 
switched off the remanent magnetization Mr is left. If  the M (or B) is then reduced to zero, 
a special field strength, the coercivity Hc, is required. 

The hysteresis loop, in general, provides information about the magnetic properties, 
such as coercivity Hc, saturation magnetization Ms, remanent magnetization Mr, preferred 
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Fig. 1.8. Basic hysteresis properties for a recording head (left) and for a magnetic medium. 

direction of the magnetization or anisotropy, and it can even give some idea about the 
magnetization reversal process involved. 

Recording media requirements are usually high coercivity, high remanent magnetiza- 
tion, high squareness (S = Mr~Ms) of the hysteresis loop and low noise. 

The properties for head materials can be summarized as large saturation magnetization 
for producing a large gap field, high permeability at all frequencies in order to ensure 
high efficiency, small coercivity with low hysteresis loss, low magnetostriction for obtain- 
ing low medium contact noise and small but not zero magnetic anisotropy to suppress the 
domain noise. In order to ensure good reliability and a long operating time, the head ma- 
terials must exhibit a good thermal stability and a high resistance to wear and corrosion. 
The choice of materials and preparation technologies are the tools for tailoring head and 
medium properties. 

1.3.1. Demagnetization 
Inside the material the field lines B and H are in opposite directions. The direction of the 

magnetization M is from S to N (orientation of the dipoles) and this results in free poles at 
the end of the material (+  at the N and - at the S side). In fig. 1.9 the magnetic induction 
B is given inside as well as outside the permanent magnet. 

Magnetic poles are very important because they generate magnetic fields always in the 
direction from ÷ to - .  Consequently a demagnetizing field Ha in the magnet (so-called 
because it decreases the magnetization) occurs. In order to determine Hd, the M should be 
known at all points so that the magnetic pole density can then be calculated at each point. 
The magnetic volume charge density can be given by: 

_ (dMx dMy dM z "~ 
Pm- V - M  = \ dx + ~ + dz ] [Am-21, (1.9) 
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.... H d 

Fig. 1.9. A permanent magnet with magnetic induction B lines inside and outside the bar. Magnetic poles are 
formed at both ends of the bar (+ at N and - at S side). 

in which: 
Pm - magnetic volume charge density (A/m2), 
V - divergency (linear operator), 
Mx, My, M z - orthogonal components of  the magnetization vector. 

It is conventional that if the magnetization becomes smaller the pole is called N or posi- 
tive. In general the fields generated by a realistic material are very complicated and impose 
a non-homogeneous magnetization. This is not valid for just one shape (ellipsoid of  revo- 
lution). In this case the demagnetizing tensor Na is the same for all points. 

1.3.2. Magnetic interactions and moment formation 
In ferromagnetic materials the individual atomic dipoles are coupled with each other and 

form magnetically ordered states. Such a coupling is quantum mechanical in nature and is 
know as the exchange interaction. The lowest value of  energy in a material occurs when 
the magnetic moment and the magnetic field are aligned. The process of  alignment due to 
their own internal fields is called exchange interaction. A qualitatively representation of  the 
exchange integral Jex as function of  the inter-atomic spacing rab/rd is given in the Bethe-  
Slater curve. Here rab is the inner atomic spacing and ro is the radius of  the unfilled 3d 
shell. There has been serious criticism on the validity of  the Bethe-Slater curve, however, 
as discussed by Herring (1966). 

The situation for the various magnetic materials is indicated on the curve. It clearly 
shows that the 3d ferromagnetic elements (Fe, Co, Ni) have a positive and the antiferro- 
magnetic materials (Mn and Cr) a negative exchange integral (antiferromagnetic order at 
small values of  rab/rd). The nature of  the exchange interaction is dependent on the inter- 
atomic and interelectronic spacing, which immediately refers to the microstructural and 
chemical behaviour of  the materials used in hard disk media. Exchange interactions are 
very short distance interactions, consequently by changing the atomic structure they can 
be reduced or cut off. It can be seen from fig. 1.10a that if the ratio rab/rd becomes larger 
than 1.5, a positive exchange interaction occurs and the material is called ferromagnetic. 
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Fig. 1.10a. The Bethe-Slater ctLrve qualitatively represents the exchange coefficient as a function of the inter- 
atomic spacing. 
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Fig. 1.10b. Slater-Pauling-Friedel curve. The data on the right are plotted versus magnetic valence while the data 
on the left are plotted versus electron calculation (Ktibler and Eyert 1991). 

Another  type of  interaction is the so-called d ipo le -d ipo le  interaction which finds its origin 
in the case of  a B field of  surrounding dipoles influencing a certain dipole. This type of 
interaction is very small (0.1 W b / m  2) in relation to the exchange interaction (109 A / m )  
but operates, in principle, over a longer distance. 

As a consequence of  the exchange interactions there are various types of  magnetically 
ordered materials, because the interactions influence the al ignment of  the magnetic mo- 
ments. 
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The magnitude of the magnetic moment in magnetic alloys of 3d elements can be read 
from the Slater-Pauling-Friedel curve shown in fig. 1.10b. In contrast to the Bethe-Slater 
curve the SPF curve is well reproduced by modern band structure calculations (Ktibler and 
Eyert 1991). 

In the case of diamagnetic materials the atoms have no permanent dipole moments. 
However, with paramagnetic materials the atoms have a permanent dipole moment but 
they do not interact. If the atoms have an permanent dipole moment and the interaction 
results in an antiparallel direction this material is defined as an antiferromagnet. If the 
unequal moments are aligned antiparallel than we have a ferrimagnet and if the moments 
are equal and aligned parallel than we have ferromagnetic material. 

1.3.3. Magnetic anisotropy 
As we have seen the exchange interactions are essentially isotropic, as they depend 

primarily on the orientations of the moments relative to each other. Dipole interactions, 
which depend on the special locations of the atoms relative to their moment directions are 
anisotropic but are normally too weak to contribute to the material properties in terms of 
magnetic anisotropy. However, many magnetic materials show preferential directions for 
the alignment of the magnetization. These directions are energetically favorable and called 
"easy axes". The energetically unfavorable directions are known as "hard axes" and are ro- 
tated through 90 ° from the easy axes. When a material has only one easy axis the material 
is said to have uniaxial magnetic anisotropy. (Multiaxial anisotropy occurs in some materi- 
als but is less common.) The formation of uniaxial anisotropy not only originates from the 
crystal symmetry but also from preferential (poly-)crystallite orientation (texture), shape 
and size of the sample and stresses. Anisotropy can also be induced by applying a strong 
magnetic field during preparation. 

In the case of thin films and especially multilayer structures the so-called interface 
anisotropy (related to the surface anisotropy and strain) is also of great influence. The 
magnetic behaviour at surfaces and interfaces is modified by the reduced symmetry, the 
lower co-ordination number and the presence of localized surface-to-interface states. This 
type of anisotropy was introduced by Nrel and can be large enough to contribute to the 
total anisotropy of the material. 

The strength of the anisotropy determines the difficulty of rotating the magnetization 
direction away from its stable alignment along the preferred axis and is thus an influencing 
factor for the magnitude of the coercivity. 

The magnetic anisotropy or the magnetic-anisotropy energy can be determined by torque 
measurements. The definitions of the angles between H, M and film plane are given in 
fig. 1.12. 

Here 0 is the angle between the sample surface (= anisotropy plane) and the direction 
of M, and ~0 is the angle between the applied field and the sample surface while ot is the 
angle between the M and H. 

If an isolated ferromagnetic particle is considered, the magnetization reversal depends 
on the dimensions of this particle. Mostly, for recording, we have to deal with the so-called 
Single-Domain Particles (SDP) dispersed in the medium. The single-domain behaviour can 
be described by the classical nucleation theory (e.g., Aharoni 1986). A so-called Stoner- 
Wohlfarth particle is characterized by a uniaxial anisotropy K, the applied field H, and the 
direction of the magnetization due to H is M. 
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Fig. 1.11. A schematic overview of the various kind of magnetism. 

H 

Fig. 1.12. Definitions of the angles between H, M and the film plane. 

If  an external field H is applied at angle q9 with respect to the easy axis, the magnetization 
M of the particle will have an equilibrium between the external field direction and the easy 
axis. This equilibrium direction can be found by minimizing the total energy of  the system 
which is composed of  the anisotropy energy 

Ea = - K s i n  20 [ jm-3] ,  (1.10) 

and the external field energy 

EH = - t z o H M s  cos(q) - 0) [ jm-3] .  (1.11) 

In equilibrium 

dEtot d(Ea + EH) 
- -  -- --  0, (1.12) 

dt dO 
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Fig. 1.13. Magnetization in the direction of the applied field for various applied-field angles with the easy axis 
(Stoner and Wohlfarth 1948). 

which results in 

K sin20 = IzoHMs sin(9 - 0). (1.13) 

If  the external field is applied perpendicular to the easy axis (~0 = 90°), the equation can 
be solved easily 

s i n 0 - - t z ° H M s  for H < H k - -  2K . (1.14) 
2K /z0Ms 

It can be seen that sin 0 = 1 for H > Hk. The field Hk is defined as the anisotropy 
field. The magnetization in the direction of the field Ms sin 0 is a linear function of H with 
saturation at H = Hs = Hk. 

In this case a completely reversible change of M, by pure rotation, occurs without hys- 
teresis. Inversely, if a field is applied parallel to the anisotropy axis the particle will switch 
irreversibly (no rotation) only after applying a field greater than Hk. (Equation (1.13) has 
only two solutions at 0 = 0 and 180°.) 

This critical field called coercivity (He) or switching field (Hs) is also equal to Hk. If  a 
field is applied between 0 and 90 ° the coercivity will vary from maximum to zero. In the 
case of this special example the applied field Ha = Hs = Hc = Hk. 

Based on the classical theory, Stoner-Wohlfarth (Stoner and Wohlfarth 1948) consid- 
ered the rotation unison for non-interacting, randomly oriented, elongated particles. The 
anisotropic axis may be due to the shape anisotropy (depending on the size and shape of 
the particle) or to the crystalline anisotropy. In the prolate ellipsoids "b" is the short axis 
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and "a" the longest axis. The demagnetizing factors are Na (in the easy direction) and Nb. 
The demagnetizing fields can then be calculated by: 

Hda=-NaMs and Hdb=--NbMs. (1.15) 

The shape anisotropy field is: 

Hd = (Na - Nb)Ms. (1.16) 

Then the switching field can be given as: 

H s  = H d  = ( N a  - Nb)ms. (1.17) 

If there is a crystal anisotropy, with the easy axis parallel to the shape-anisotropy axis of 
the particle, the total anisotropy is: 

Ha ~- Ha, shape -}- Ha,crystal, (1.18) 

and the total switching field is: 

H s  = ( N a  - N b ) m s  + - -  2K1 (1.19) 
tz0Ms" 

Here K1 is crystal anisotropy constant. In the case of practical materials it became clear 
that Hs was much lower than predicted by the Stoner-Wohlfarth theory. Therefore, the 
incoherent rotation modes (fanning, curling, buckling) have been explored. The aim of the 
"chain of spheres" reversal mode (Jacobs and Bean 1955) was to give a more realistic 
picture for an elongated particle used in a particulate recording medium. This reduced 
the switching field drastically. Furthermore, curling has been introduced as another non- 
uniform rotation process. In this reversal mode the particle is assumed to be spheroid or 
an infinite cylinder with its long axis in the field direction. The nucleation field with the 
applied field parallel and opposite in the long axis is given by: 

2Ki 2"rtkA 1 
Hn -- + NaMs (1.20) 

/zo /zoMs R 2" 

Here, Ki is the intrinsic anisotropy constant due to the crystalline anisotropy, k is the shape- 
dependent constant (infinite cylinder 1.38), A the exchange constant and R the particle 
radius. An infinite cylinder with only shape anisotropy gives: 

A 1 
Hn = -6 .8  (1.21) 

/zoMs R 2" 

Isolated particles, i.e., non-interacting particles, are not realistic in recording media. The 
magnetostatic interaction of the particles should be taken into account. Although the pack- 
ing densities are not high there is still cluster forming and particles are at very close dis- 
tances. These kinds of effects and also, for instance, the particle-size distributions influence 
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Fig. 1.14. Total energy versus particle diameter for SDP and MDP (a) and (b) the intrinsic coercivity Hci versus 
the particle diameter d (e.g., Bean 1955). 

the switching fields and coercivity behaviour. Below a critical size the particle becomes 
superparamagnetic; in other words the thermal activation energy kT exceeds the particle 
anisotropy energy barrier. A typical length of such a particle is less than 10 nm and is, of 
course, strongly dependent on the material and its shape. The reversal of the magnetization 
in this type of particle is the result of the thermal motion. 

Multidomain particles (MDP) exist beside SDP particles. The distribution in domains 
lowers the magnetostatic energy but increases the exchange energy caused by the domain 
walls. The reversal in such particles mainly takes place by domain-wall motion. This kind 
of reversal mechanism influences the coercivity. 

Figure 1.14(a) gives the relation between the total energy and the particle diameter for 
MDP and SDE The crossing shows the critical diameter where the particle changes from 
SD to MD. At very low energies super paramagnetic particles can be found. 

In fig. 1.14(b) the relation between the intrinsic coercivity Hci and the particle diameter 
D is given. The figure is based on a model described in by Bean (1955). The maximum is 
found around the critical particle diameter Ds. In general, the particle diameter and size are 
not very well defined. In the case of MDP (D > Ds) the Hci is smaller than the intrinsic 
anisotropy field of the particle. Nucleation effects cause a decrease in He as D increases. 
This behaviour is understood only qualitatively. A full description can be found in the book 
of Culity (1972). Low-noise media should consist of SDP; reversal by domain walls is slow 
and introduces noise. 

1.3.3.1. Shape anisotropy of a prolate spheroid. Shape anisotropy can be simply defined 
as the measure of the difference in the energies associated with magnetization in the short- 
est and longest dimensions of a ferromagnetic material (see also fig. 1.15). For instance a 
long cylinder has a higher magnetostatic energy in the direction perpendicular to its axis 
than for the magnetization parallel to this axis (parallel to the axis the magnetic poles are 
at a longer distance from each other and have a lower magnetostatic energy). In fig. 1.15 
Na - Nb are given as the function of the dimensional ratio a/b. Na is demagnetizing factor 
along the shortest axis and Nb - along the longest axis. Moreover, 2Na + Nb = 1 and con- 
sequently Na and Nb are given for a magnetic needle (Na = 1/2), a sphere Na = Nb = 1/3 
and for a thin film Na = 0 and Nb = 1. 
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Fig. 1.15. Variation of Na - Nb as a function of the axial ratio a : b is in principle given for a prolate ellipsoid of 
revolution. For a needle, sphere and thin film shape the values of Na and N b are given. 

The anisotropy energy for a shape of a prolate spheroid is given by: 

Eshape = ~/~0Ms2(Na - Nb) sin 2 0 [ jm-3].  (1.22) 

The shape anisotropy constant can then be written as: 

Ks = ~/ZoMs2(Na - Nb) [j/m3]. (1.23) 

Finally the direction of Ha depends on the ratio Na : Nb. 

1.3.3.2. Shape anisotropy ofa thinfilm. The shape anisotropy in certain directions de- 
pends on the dimensions of the sample and varies with the shape (sphere, elongated parti- 
cle, thin film). This anisotropy is inherently uniaxial. 

The shape of a thin film sample can be associated with demagnetizing energy. In the 
case of a homogeneously magnetized film the demagnetizing energy as a function of mag- 
netization direction is given by: 

Eshape = Kd sin 2 0 = ~lzoM2Nd sin 20. (1.24) 

Here Kd is the shape anisotropy term and Nd is the demagnetizing factor. The thicknesses 
of the thin film samples are very small compared to the lateral dimensions and consequently 
the infinite plate approximation can be made (Nd = Nz = 1), which results in: 

Eshape = 1/z0M2 sin 20 [jm-3].  (1.25) 
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Based on this relation the shape anisotropy term for a thin film can be given by: 

Kd = ~/z0M 2 [j/m3]. (1.26) 

The corresponding shape anisotropy field perpendicular on the thin film surface (Hd = 
NdMs) is then: 

2Kd 
Hd -- [A/m]. (1.27) 

/z0Ms 

1.3.3.3. Crystalline anisotropy. Magnetocrystalline anisotropy arises from exchange 
forces within the crystal lattice and is therefore an intrinsic material parameter in con- 
trast to the shape anisotropy. In general terms magnetocrystalline anisotropy is determined 
by the spin state of the magnetic ions and by the symmetry of their atomic arrangement in 
the lattice. 

Materials do have crystal anisotropy if the magnetic moments prefer to lie along special 
crystallographic axes. This preferential direction of the magnetization leads to a lower 
energy. 

The magnetocrystalline energy depends on the relative direction of the magnetization 
with respect to the crystallographic axes and is given by: 

E c = K l s i n  2 0 + K 2 s i n  4 0 + . . .  [J]. (1.28) 

Here 0 is defined as the angle between the anisotropy axis and the magnetization and K1 
and K2 are the first- and second-order anisotropy constants, respectively, the exact form of 
formula (1.29) depends on the angle definition and on the easy axis of magnetization when 
following the definition of fig. 1.12 and a thin film with an easy axis perpendicular to the 
surface all sine functions should be replaced by cosines. 

ForCo at room temperature KI = 4.1 x 10 5 Jm -3 and/£2 = 1.0 x 10 5 Jm -3. 
The magnitude of K1 at room temperature for Co is the largest (Co ~ 10 x Fe). The 

magnetocrystalline anisotropy is sensitive to temperature and stress and in alloys or com- 
pounds can undergo irreversible changes if the site occupancy of the ions changes. 

The anisotropy direction(s) are different for the various materials used. Easy axes can 
be found for Fe (b.c.c.) (1 0 0}; Ni (f.c.c.) (1 1 1) and h.c.p. Co [10 0 0]. The hard axes are 
(1 1 1), (1 0 0) and [1 0 10], respectively. The Ec, for a hexagonal crystal, is minimum with 
the magnetization parallel to the [0 0 0 1] axis. The magnetocrystalline anisotropy field can 
be defined as: 

2(K1 -t- 2K2) 
Hk -- [A/m]. (1.29) 

/z0Ms 

A wide range of Hk values (in kA/m) are available depending on the materials: Fe ~ 45, 
Co (h.c.p.) ,~ 674, BaM ,~ 1350 and SmCo ~ 20000. 
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1.3.3.4. Strain anisotropy. Last but not least, the strain or stress anisotropy can play a 
significant role in the total anisotropy. It may be caused by stresses in magnetostrictive 
materials. Stress anisotropy can make a significant contribution to the total anisotropy es- 
pecially in magnetic thin films due to the special preparation conditions and by thermal 
mismatch between substrate and thin film. The stress energy can be given by: 

Estress = -~,ksO" sin 2 0 [ jm-3] .  (1.30) 

Here )~s is the saturation magnetostriction coefficient, and cr is the stress in [N/m2]. 

1.3.3.5. Total anisotropy. Finally, the total anisotropy in a material depends strongly 
on the material properties such as microstructure, chemical composition and preparation 
methods. The total anisotropy acting in a material is the sum of individual anisotropies. 
Neglecting the stress anisotropy, in a thin film we have to deal with at least the contribu- 
tion of crystalline anisotropy and the thin film shape anisotropy. Confining ourselves to 
only the first- and the second-order anisotropy term we can write: 

Et = (K1 -k Kd) sin 2 0 + K2 sin 4 0 [Jm-3]. (1.31) 

Experimentally the anisotropy easy axis and the individual anisotropy terms K1 and K2 
can be determined by torque measurements. 

Using this method an effective anisotropy constant Keff can be determined. For a thin 
film medium, having an easy axis in the plane, the effective anisotropy can be written as: 

dEt 
- -  (Ko + Kl)  sin20 + 4K2 sin 3 0 cos0 

dO 
1 

= (Kd + K1 + K2) sin20 - zK2 sin40, 
z 

and finally, 

Keff= Kd + KI + K2, (1.32) 

because Kd supports the in-plane anisotropy. In the case of perpendicular anisotropy: 

Keff = Kd -- K1 - K2, (1.33) 

which means that the film-shape anisotropy does not add constructively to the terms for 
perpendicular anisotropy. 

1.3.4. Magnetization rotation 
The state in which a ferromagnetic material (except in a reasonably large applied field) 

is usually found is one of zero magnetization. In the case of a polycrystalline material in 
which each crystal is uniformly magnetized, the directions of the saturation magnetization 
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are distributed randomly. In other words the material is subdivided into domains (areas 
having opposite directions of magnetization) in order to be in a state in which its energy is 
a minimum. Between the magnetic domains a boundary occurs, the so-called domain wall. 
If  the domains are magnetized in the easy direction then there is no anisotropy energy 
associated with the domains. However, in the wall some anisotropy energy is also present 
because the magnetization in the wall is not parallel to an easy axis direction (rotation of 
the magnetic moments in the wall). 

The wall width can be given by: 

Wwall = 7z(A/K) 1/2 [mJ. (1.34) 

The Bloch wall energy per unit area, determined by the exchange and anisotropy ener- 
gies, can be given by: 

y ~ 4 (AK)  1/2 [j/m2]. (1.35) 

In a typical ferromagnetic material we may find that A ~ 10  - 1 1  J /m and K is about 
103-105 J /m 3 which shows that Wwan is in the order of 100 nm. Usually the observed size 
of the domains is much larger than the domain wall width. Given the above values of A 
and K, the wall energy F can be estimated to be in the order of 10 -3 J /m  2 

Reversing the magnetization in a ferromagnetic material consisting of domains is based 
on movement of the walls. Domain walls can move reversibly in very small applied fields 
which means that after removing the field the wall returns to its original position. The 
motion becomes irreversible (walls do not return to their original positions after the field is 
removed) at larger fields. The reason for this behaviour is that the wall energy varies with 
the position of the wall, due to inhomogeneities (grain boundaries, voids, dislocations etc.) 
in the sample. 

If the dimensions of the ferromagnetic material become smaller, for instance for small 
recording particles, domains can no longer exist. In these cases the magnetization rotation 
occurs by coherent or incoherent rotation of the magnetic moments 

This type of reversal behaviour will be discussed in chapter 2.5. 

2. Considerations for designing recording media 

The influence of thin film preparation conditions on the microstructure and finally on 
the magnetic properties are important for acquiring the optimum design for a recording 
medium. It is important to understand that, for instance, small changes in deposition tech- 
nology may have a large influence on the final magnetic properties. In the total research 
scheme one should discriminate between the various aspects and when dealing with thin 
film media for high density recording application the following scheme can be used as a 
guideline for developing an optimum product: 

• Recording properties (mode and type of recording, properties, S/N, overwrite); 
• Choice of materials; 
• Thin film technology and deposition parameters; 
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• Microstructure and local chemical composition; 
• Macromagnetic properties (e.g., hysteresis loop measured with VSM); 
• Micromagnetic properties (simulation and calculation); 
• Mesoscopic experimental characterization methods. 

2.1. Introduction 

In order to understand the relation between the aspects mentioned above it is necessary 
to understand that they all operate at a variety of length scales. Starting at the atomic 
level the interaction phenomena between spins and orbit, magnetic exchange interactions 
and dipole-dipole interactions must be considered (micromagnetic behaviour). Moreover, 
practical magnetic materials and also the thin film media discussed here are composed of 
small crystallites consisting of a 3D periodic arrangement of (magnetic) atoms (mesoscopic 
behaviour). In the simplest case, each magnetic atom has the same local environment in 
which the neighboring atoms (magnetic or otherwise) form a spatial configuration of a 
particular symmetry. 

A typical thin film medium for high density recording consists of individual crystals 
with a diameter of about 40 nm. When a VSM hysteresis loop from a typical sample 
(5 x 5 mm 2) is measured, a hysteresis curve of 15 000 interacting ferromagnetic crys- 
tals is obtained. If  a typical bit size for such media is about 3 p_m 2 the recorded informa- 
tion is obtained from 2500 crystals. The micromagnetic calculations are mostly obtained 
from 20-100 of such crystals because of limited computer capacity and reasonable cal- 
culating time. Consequently, there is a large gap between micromagnetic simulations and 
the macromagnetic properties obtained by experimental methods (e.g., hysteresis loop). 
Therefore, it is necessary to develop experimental methods from which magnetic and mi- 
crostructural information from smaller volumes can be obtained. Only then is it possible to 
find a more definitive relation between the microstructure, local chemical composition and 
the magnetic behaviour on a length scale more related to high density recording areas. 

In the case of bit densities of 1-10 GBits/in 2 discussed nowadays (commercially 
10 GBits/in 2 is expected in the year 2000) the fundamental structural dimensions (crystal 
size and surface topology), intrinsic magnetic structures (domains) and the bit dimensions 
are approaching similar dimensions. In order to tailor the properties on this scale, develop- 
ment of nano- and atomic engineering is necessary. 

2.2. Towards smaller bits 

High-density recording depends on how to shorten the recording wavelengths )~ or in other 
words how to make the recorded bitlength (bl) as small as possible. In order to increase 
the areal density the track width (tw) also has to be made smaller. The basic recording 
principles axe described in detail in the standard literature (Mee and Daniel 1987-1988; 
Bhushan 1990; Mee and Daniel 1990, 1996; Hoagland and Monson 1991; Buschow 1993; 
Mallinson 1993). In fig. 2.1 the most important parameters for the head and medium are 
given. 

The digital storage of a bit in a moving medium beneath a soft magnetic head can be 
achieved by a current pulse in the recording head. The magnetic flux associated with the 
writing current travels through the magnetic circuit of the head. The recording medium is 
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Fig. 2.1. Recording parameters for the head and medium with written track tw, recording wavelength L, linear bit 
length bl and the recorded transition (a), and the output pulse from reading a transition (b). 

in contact with or at a small distance from the gap of the magnetic head. The gap fringe 
flux penetrates the medium and magnetizes small volumes of the material. In the case of 
longitudinal recording the horizontal fringing field component is the most important one. 
It can be concluded from analytical models and experimental data that this field should be 
several times the value of the coercive field of the medium (e.g., Mee and Daniel 1987- 
1988; Hoagland and Monson 1991; Mallinson 1993). The bit size area (bit length x track 
width) should be small for high density recording and the transition length (magnetiza- 
tion reversal) as sharp as possible. The change of the head current from one polarity to 
another produces a magnetization that is not spatially sharp but varies over a distance from 
one direction to the opposite one. The transition length in longitudinal recording is mainly 
determined by the head field gradient and the demagnetizing fields generated by the mag- 
netostatic fields of the transition itself and the switching field distribution of the magnetic 
units in the medium. 

A principle configuration of the recording geometry is given in fig. 2.1 (a). Here a ring 
head is used which operates on a head medium spacing d from the media in motion. The 
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gap length of the head is g, the magnetic thickness 6 of the recording medium (in the case 
of thin hard disk media ~ is equal to the film thickness; in the case of thick magnetic 
particle tape ~ is smaller than the coating thickness) and the recorded bit length (bl) with 
a track width (tw). A bit cell is defined as the distance between recorded transitions a and 
is obtained by bl = v/T. Here T is the bit duration in sec., l IT  is the bit frequency in 
Hz and v is the head-to-medium speed in m/s. The bit cell area (ba) as recorded has the 
dimension tw x bl. As previously mentioned, the transition length is an important factor 
for discussing the limitations for the recording density. The transition length/width a is 
given by Williams and Comstock (1971): 

{ 4Mra(d + 6/2) ] 1/2 
a ~ QHc J [m]. (2.1) 

Here: 
Mr - remanent magnetization, 

- layer thickness, 
d - head-to-medium spacing, 
Q - a value related to the field gradient of an inductive head (0.75), 
He - medium coercivity. 

In the case of a small transition width He should be large in relation to Mr8 (remanence 
thickness product) and d as small as possible (contact). The stored bit (transition) can be 
read by the head due to the flux changes in the head which give an induced voltage. The 
isolated output voltage pulse is given in fig. 2.1(b). One of the models for the shape of 
the magnetization transition which is often used is the arc tangent model of Williams and 
Comstock (1971 ) described by: 

2 
M(x)=-Mrarctan(x/a) [Am-l ] .  (2.2) 

7I 

It describes the recorded magnetization in the x direction (longitudinal) in response to 
a step function change in the write head current. The arc tangent parameter a is inversely 
proportional to the maximum slope of the transition. 

In fig. 2.2 the characteristics of the arctangent model are given. Figure 2.2(a) shows the 
x-component of the magnetization at the central plane of the medium. Increasing the den- 
sity (smaller bit size) yields a larger influence of the self-demagnetizing field. In fig. 2.2(b) 
this demagnetizing field is given for various medium thickness. For further reading see the 
report of Middleton (1996). 

It would be an ideal case to expect an infinitely sharp transition. The change in magne- 
tization in one bit results in a so-called zigzag transition configuration (see fig. 2.3) which 
is strongly preferred because the energy associated with it is lower than the straight line 
transition. Such a transition can show a very irregular shape which is determined by the 
local variations of the magnetization and anisotropy. Consequently the microstructure and 
chemical homogeneity of the medium play an important role in the final shape of the tran- 
sition. Variation in the transition is immediately related to the noise of the medium. 
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Fig. 2.2. Characteristics of the arc tangent transition (width = ax): (a) magnetization vs. the x-axis, and (b) de- 
magnetizing field H d along the centre of the plane of various thicknesses 6 of the medium (Middleton 1996). 

# 

Fig. 2.3. Magnetic zigzag transition in longitudinal magnetic recording. 

Narrow transitions (small a) yield large peak voltages (At-p) and narrow pulse shapes 
(PWs0). The width at half height is given by Williams and Comstock (1971): 

P W s 0 ~ [ g 2 + 4 ( d + a ) ( d + a + 3 ) ]  1/2 [m]. (2.3) 

Here g - gap length of the head. A small PWs0 gives a better resolution without interference 
from neighboring transitions and a higher read voltage. 

The intensity of PWs0 is proportional to Mr3 (1 - e-~a), here k is the wave number and 
equals 27t/)~, where )~ is the recording wavelength. 

2.3. Medium configuration 

The general properties desirable for thin film recording media are a sufficient magnetiza- 
tion M for reading by the head with an appropriate S/N and an acceptable field strength to 
create a magnetization reversal which is directly related to the coercivity (Hc). The latter 
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Fig. 2.4. Typical configuration of a commercial thin-film medium. 

should not be too high for successful writing by the head field but it must be large enough 
to protect the medium against an unwelcome reduction in the stored information by demag- 
netization. A major potential for changing the signal in high density recording during the 
required storing time is the self-demagnetizing field originating in the material itself and 
this field is proportional to the medium magnetization. Consequently, the Hc must become 
higher for a more strongly magnetizable medium and this is also the case if the recording 
density increases. 

Based on the preparation technology used and the medium morphology we can define 
two different types of recording media, namely: "particulate"-coated media and "thin-film" 
media. The first one consists of discrete magnetic particles dispersed in organic resins and 
the second is created on the substrate (tape, floppy, hard disk) by depositing a continuous 
layer of a magnetic metal, alloy or oxide. 

Although many different configurations have to be discussed for the different types of 
thin-film media used in the various fields of application, the essential design parts of such 
thin-film media are generally those given in fig. 2.4. 

As can be seen in fig. 2.4 the medium consists of a substrate made of glass, aluminum, 
polyester, PET. A transition layer (called: intermediate, seed or under-layer) between the 
substrate and the magnetic (recording) layer (s) and a covering layer (protective and/or lu- 
brication layer). All these layers are made of different materials, with a variety of chemical 
compositions, microstructures and thicknesses. 

An example of written bits in a longitudinal recording hard disk medium is given in 
fig. 2.5. This image was taken with an Magnetic Force Microscope (MFM). In this Co 
based hard disk the bits are written by a standard ringhead. The stray field emanates from 
the gap between two head pole pieces which ensures a high in plane component of the 
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Fig. 2.5. A typical MFM image of written tracks in a longitudinal hard disk medium with a trackwidtb of about 
3 p.m and a linear bit lenght of about 0.35 gin. 

field which is large enough to magnetize the medium in one or another direction. In fig. 2.5 
the track is written with a recording wavelength )~ of about 0.7 ~tm and a width of about 

3 ~tm. 

2.4. Switching-field distribution 

Both Mr and Hc have a strong relation with the recording process. Mr determines the 
maximum output signal of a recording medium and hence the signal-to-noise ratio. He 
ascertains how easily data can be recorded and erased or changed, but it also determines 

the maximum head field. On the other hand it also controls the ease with which data can 
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Fig. 2.6. Williams~Comstock construction for defining S*. 

be destroyed, e.g., by stray fields. The lower Hc, the more sensitive the medium is to a l l  

kinds of fields. In this way, Hc influences the noise level as well. The squareness ratio: 

S = Mr~Ms (2.4) 

can also be derived from the hysteresis loop. A high value means that a large part of the 
magnetization is preserved, which is essential for recording. The slope of the hysteresis 
loop in Hc is also an important parameter. The parameter S* can be derived from this 
slope. The Williams and Comstock (1971) construction is given in fig. 2.6. 

In this figure a part of the hysteresis loop (M as a function of the applied field H)  is 
given. The point at which M is constant as a function of the applied field is defined as 
saturation magnetization Ms. Taking the slope at Hc we can write: 

Mr 1 dM Mr 
t a n 0 - -  - - - -  or -- (2.5) 

Hc 1 - S* dH He(1 - S*) 

Thus the S* is defined in relation to the slope of the loop at Hc. In the case of longitudinal 
recording experimental data have shown that there is a relation between S* and record- 
ing parameters (Richards and Szczech 1978; Koster et al. 1981). Although S* is normally 
used as an Switching Field Distribution (SFD) parameter, it is not always suitable. The 
SFD may be regarded as a distribution function of the number of units reversing at a cer- 
tain field. In the case of a particulate medium without collective behaviour, this function 
is closely related to the particle size distribution, as differently sized and shaped particles 
reverse at different fields. Of course, the shape, orientation and interaction between parti- 
cles influence the SFD as well. Media with a high Hc and a small SFD are more suitable 
for high density recording (Suzuki 1984) because the distribution of the switching fields 
is very small. An alternative definition is SFD = AH/Hc. In this case the A H  is the full 
width at half the height of the differentiated loop dM/dH. 
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2.5. Magnetization reversal mechanisms 

The reversal of the magnetization is a basic principle of magnetic recording. Magnetiza- 
tion in a material can be reversed by applying a field and finally the whole material will be 
saturated in a direction parallel to the field. The two different states of + and - magnetiza- 
tion are the basic idea for digital information storage. The mode of magnetization reversal 
depends on the material and its size and shape. The two principal methods for reversing 
the magnetization are rotation and domain-wall motion. 

Both modes can be examined in terms of energy considerations. The coherent and in- 
coherent rotation of the magnetization only occur in single-domain particles. A particle is 
single domain below certain dimensions. Above a critical radius a domain wall may exist 
and the reversal takes place by domain-wall motion (see also chapter 1). 

In the coherent rotation mode the atomic spins remain parallel during the reversal pro- 
cess and this may apply only for very small particles. If the particle size increases, inco- 
herent switching mechanisms like curling, buckling and fanning are used. 

Magnetic thin films with a polycrystalline structure are strongly exchange coupled and 
consequently their magnetization reversal will take place by domain-wall motion. 

In the case of high density recording low noise is a requirement (particulate reversal 
behaviour is necessary for a sharp transition) and certain magnetic properties (high He 
and Mr). By tailoring the microstructural properties "continuous" thin films are also very 
promising candidates for actual and future applications. 

In fig. 2.7 a schematic overview is given of the hierarchy of magnetization reversal in 
relation to the dimensions of the magnetic entities. Depending on the crystal size and the 
chemical homogeneity, the thin film structures can operate as a continuous layer (reversed 
by domain-wall motion) or more like a particulate medium (less exchange between the 
crystallites) which reverses its magnetization by one of the rotation mechanisms. If we 
first consider the magnetization reversal in isolated (with no interactions) single domain 
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Fig. 2.7. Schematic overview of the possible reversal mechanisms depending on the dimensions of the sample. 
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particles (which in a thin film is not the case) we first have to look at the so-called Stoner 
and Wohlfart particles (rotation unison), as discussed in 1.3.3. 

In the case of coherent rotation the atomic spins remain parallel, thus minimizing the 
exchange energy. With respect to larger particles magnetostatic interactions also become 
significant because the various incoherent modes are active. Consequently, it turned out 
that the measured switching fields were much lower than those predicted by the Stoner- 
Wohlfart theory. More realistic reversal mechanism were introduced such as a chain of 
spheres, curling, buckling and fanning. 

2.5.1. Critical dimensions for magnetic particles 
It is essential for high density recording to use thin film media with low media noise. 

Therefore thin films with reduced intergranular exchange coupling and a very small grain 
size are necessary (Bertram and Arias 1992). Moreover it is suggested (Murdock et al. 
1992; Yogi et al. 1991) that for obtaining low particle noise contribution about 1000 grains 
are needed in one bit cell. Higher densities means smaller grains. Moreover besides the 
particle diameter the coercivity is also extremely important (see also section 2.2). A quali- 
tative relation between Hc and the particle diameter is given in fig. 2.8. 

The shape of the curve is strongly dependent on the chemical homogeneity of the par- 
ticle and its microstructure (KronmGller 1991). In this figure dth is the initial diameter at 
which below the single domain particle (SDP) becomes superparamagnetic. The boundary 
between coherent and incoherent switching is given by dcrit. The diameter at which the 
particle becomes multi domain (MDP) is given as  Dcrit. 

As we have seen in fig. 2.7, the active reversal mech mism can be coherent or incoherent 
rotation, domain wall motion. In general a few critical diameters can be given for the 
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Fig. 2.8. A schematic qualitative relation between the coercivity as a function of the diameter of a magnetic 
particle. 
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different areas such as the critical diameter between the coherent and incoherent rotation, 
between single and multidomain behaviour and last but not least the critical dimension for 
superparamagnetic behaviour. 

2.5.1.1. Coherent vs. incoherent rotation. The critical diameter (dcrit) for particles at the 
boundary between coherent and incoherent rotation (curling mode) is given by: 

For an infinite cylinder: dcrit = 5.20 v/A/(NxlzoMZs), (2.6) 

/ _ _  
For an oblate spheroid: dcrit = 5.97 ~/A/(N±IZOMsZ). (2.7) 

Here dcrit iS the diameter where the nucleation field of both rotation modes becomes equal. 
Choosing realistic parameters, dcrit ~ 15--20 nm. 

2.5.1.2. Single domain particles vs. multidomain particles. The boundary between single 
and multidomain particle is given by the critical diameter of the particles Dcrit. The critical 
diameter of a spherical particle is given by: 

9yB 
Dcr i t -  /z0M ff • (2.8) 

Here VB is the specific wall energy (-- 4 A ~ / ~  ). For D < Dcrit the particle is a single 
domain particle. 

For a prolate ellipsoid: 

3yB 
Dcr i t -  /z0M 2 • (2.9) 

It can be concluded from the values calculated for Dcritsphere and Dcritplate that spherical 
or polyhedral particles have 3 x larger critical diameters than particles forming a platelet 
plane. 

Finally long needles are characterized by larger Dcrit therefore needle type particles have 
been important for a very long time in magnetic recording particle media systems. 

TABLE 2.1 

Critical SDP diameter (Dcrit) of spherical particles. 

Material Ms (kA/m) YB (10 3 J /m 2) Dcrit (nrn) 

Co 1400 8 70 
Fe 1710 3 14 
Ni 480 1 55 
y-Fe203 417 2 166 
CrO 2 400 2 200 
Co~2r 450 1 71 
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2.5.1.3. Superparamagnetic behaviour. In particles with very small volumes V the re- 

duction of  Hc is due to the other incoherent reversal mechanisms. The total anisotropy 
energy K V corresponds to the energy barrier for reversing the magnetization in the coher- 
ent model.  When  V is very small, then the thermal fluctuation energy kT will determine 
the reversal of  M. The decay of  magnetization can be given by the relaxation time v as: 

r = vo exp (KeffV/(kT)) (2.10) 

with: 
z0 - resonance relaxation t ime of  the spin system, which is about 10 -8  s, 
Keff - effective anisotropy energy, either K1 or (1/2)  (N± - NII)M 2, 
V - particle volume (~ / (6D3)) .  

I f  we use realistic parameters (Keff = 105 J / m  3, T = 300 K, z0 = 10 -8 s) we can 

calculate a relaxation time of  r ---- 0.1 s for a critical diameter dth = 3.4 rim. (If  we choose 
dth = 4.4 nm we find already r = 10 s s). This example shows a very narrow area in which 
the particle changes from a stable to an unstable state. 

In magnetically hard materials with Keff = 106 J / m  3 the magnetic lifetime becomes 
longer than 10 years. This shows that particles with diameters > 4 nm are required for the 
development  of  permanent magnets. 

The change from a stable SDP to an unstable super paramagnetic behaviour is given 
in fig. 2.8. The relation between the relaxation time and the particle diameter is given for 
well-known particulate materials and Co (h.c.p.). 

It can be seen from fig. 2.9 that the change from a stable particle to an unstable super- 
paramagnetic particle can take place in a very narrow range via reduction of  the particle 
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Fig. 2.9. Relaxation time as a function of the particle diameter. 
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volume. If the particle of a certain material becomes smaller, then the thermal stability 
( K V / (k T) ) becomes smaller. 

Because the anisotropy constant K can only be enlarged a little (due to the limited head 
field), the ratio becomes very critical at room temperature. For the materials discussed here 
the ratio is about 40-60 while for a continuous thin film it will be around 1000. This means 
that a very small crystal volume (small diameter and film thickness) becomes thermally 
unstable. In Lu and Charap (1994a) it is shown that for such a small KV/(kT) value the 
thermal stability of the grain becomes questionable and a signal reduction takes place. 
The same authors have shown (Lu and Charap 1994b) that thermal effects become more 
serious with increasing magnetostatic interaction when discussing media properties for 
10 Gbit/in 2 and higher. Optimization of the anisotropy and magnetization in relation to the 
head field and signal-to-noise ratio is one of the important issues for magnetic media of 
the future. Beside measuring the thermal stability of magnetic particle media nowadays a 
growing numbers of published results is available on hard disk media. In general it shows 
that there is a significant time decay brickwall facing storage of longitudinal magnetic 
recording at densities beyond 10 Gbit/in (Judy 1997). 

2.5.1.4. Intrinsic coercivity and single domain particles. Determination of the total co- 
ercivity of a particulate medium is very difficult because of particle interactions. The coer- 
civity Hc is the field strength at which the magnetic induction can be reduced to zero. The 
intrinsic coercivity Hci is defined as the field at which the magnetization becomes zero. In 
soft magnetic materials Hc ~ Hci and in hard magnetic materials He < Hci. The coer- 
civity of an SDP is called the intrinsic coercivity hci. For instance, for a cylinder-shaped 
particle (aspect ratio 1:10) an indication can be obtained about the coercivity for differ- 
ent materials. Of course the coercivity can be determined by the crystalline-, shape- and 
stress-anisotropy or a combination of them. The particle shape discussed here for Co, Ni 
and Fe particles always has a contribution from the shape anisotropy. The main anisotropy 
source depends on the material. Crystalline anisotropy is the main source for the coercivity 
of Co particles (hci = 2K1/(/z0Ms)). The coercivity for a SDP of Fe is mainly determined 
by the shape of the particle (hci --- (Nb -- Na)Ms) while strain mainly determines the Ni 
particles (hci = (3/2)),.sCr/(tZOMs)). We can conclude from this global approach that in the 
case of shape anisotropy the coercivity is proportional to the magnetization, while in the 
case of strain and crystalline anisotropy the coercivity is inversely proportional to Ms. The 
final coercivity in a medium depends strongly on the interactions and the related interac- 
tion field Hi from the neighbor particles. It has been shown that the medium coercivity can 
be given by: 

Hc = (hci - Hi)2/hci. (2.11) 

When hci is determined by the shape anisotropy then the He of the medium is also deter- 
mined by the packing fraction p, namely Hc = hoi(1 - p). When p = 1 all particles have 
interaction (contact), the particle shape anisotropy is lost and Hc becomes zero if only the 
shape anisotropy determines the anisotropy. 
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2.5.2. Reversal mechanism in thin films 
The ideal magnetic structure for a magnetic recording medium consisting of a polycrys- 

talline microstructure is a crystallite that reverses its magnetization by rotation and not by 
domain-wall motion. In other words, for high density recording the crystallites should act 
as independent single-domain particles without exchange coupling. 

Of course in this type of medium magneto static interaction will play an important role 
and depends on the type of material and the intercrystalline distances. 

In practice thin films possess a wide distribution of grain size and not all crystallites 
are completely separated from each other. This mixture of exchange and magneto static 
coupling will influence the reversal behaviour. 

There are two main models from the microstructural point of view, namely the particu- 
late and the continuous microstructural models. In the first one the crystals that are formed 
during film deposition are believed to interact only through magnetostatic interaction. No 
exchange force acts over the column boundaries due to physical separation. In the contin- 
uous model the reversal mechanism is thought to take place by Bloch walls as in stripe 
domains, hindered by the column boundaries which may increase the coercivity of the 
medium. 

2.6. Hysteresis loop and reversal processes 

Materials used as storage media should have a non-equilibrium behaviour which may be 
designated as a "memory". In the case of a magnetic recording medium this behaviour is 
represented by hysteresis loops. The transition between two states of +Mr and - M r  rep- 
resents the presence of information. Due to the Weiss domain theory the atomic moments 
in a ferromagnetic material are ordered. The difference between the demagnetized and the 
magnetized state is due to the dimensions and the number of domains having opposite 
directions of magnetization. 

In the transition from the demagnetized state (H = 0; M = 0) to saturation (H = large; 
M = Ms) small domains (aligned favorably with the field) grow in the direction of the field 
(wall motion). If the field is increased, another reversal mechanism is relevant, namely the 
rotation of the magnetization into the easy axis. At very high fields the moments lying in the 
direction of the easy axis, which is close to the applied field, are coherently rotated in the 
direction of the field. The final state of the material is a single domain (if the applied field 
is sufficiently high). In this description the magnetization is reversed mainly by domain- 
wall motion which means movement and bowing of the wall. Bowing of the wall at low 
fields is a reversible process, but irreversible bowing may occur if the wall is sufficiently 
deformed. It can be stacked by pinning sites. Many microstructural properties can influence 
the domain wall motion such as grain boundaries, defects, chemical inhomogeneities and 
magnetostriction. Magnetization reversal by domain-wall motion may also be the origin of 
(very) high coercivities. 

The question is, can such materials be used for low-noise recording? The answer is 
"no", because for sharp transitions (no zigzag configuration) it is necessary to avoid ex- 
change coupling between the "magnetic units" (grains, columns, particles) and to lower 
the magnetostatic interactions. Furthermore, reversal by domain-wall motion, even in a 
real particulate medium, acts as a noise source. Consequently, we have to design small non 
exchange coupled single-domain grains. 
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2.7. Aspects of medium noise 

In magnetic recording systems three types of noise must be considered: medium, head 
and electronic noise (Bertram and Arias 1992). Electronic or amplifier noise depends on 
current or voltage noise. Head noise arises from the loss impedance due to the complex 
part of the permeability of the head. Since the head impedance is matched to the amplifier, 
inductive head noise results as Johnson noise with the loss impedance as the effective 
noise resistor (Daveport Jr. and Root 1958). Medium noise is the most important factor 
influencing the performance of the recording system. This type of noise is the random 
component of the magnetization pattern produced when a signal is recorded, or any spatial 
random property of the medium (such as surface roughness), which gives rise to noise 
in the electrical output of the read head and electronics. The noise can be separated into 
three somewhat distinct sources: amplitude modulation, particle or granularity noise, and 
phase or transition noise. The latter refers to fluctuations that are concentrated near the 
recording transition and increases with the recording density. It was mentioned already in 
connection with fig. 2.3 that the transitions in a thin film media are not straight but have 
a zigzag structure caused by the magnetic interactions that make such a "domain wall" 
structure energetically favorable. Transition noise is strongly dependent on the type of 
medium used. Local structural and chemical variations in the medium can cause distortions 
in the direction and magnitude of the magnetization and anisotropy. The general opinion 
is that to reduce the transition noise finer grains and weaker magnetic interactions are 
required. This demand can be more or less realized by choosing the right materials and 
deposition parameters to create the proper microstructure and morphology of the thin film 
media. The main aim for thin film media is to create small uniform high packed crystallites 
magnetically separated at the crystal boundary. These crystallites act as single domain 
particles. In fig. 2.10 a schematic illustration is given of such particles in written bits. 

Although the transition is given as a straight line this is not true for the practical case (see 
fig. 2.3). Consequently the magnetization direction of the particles around the transition is 
uncertain. Therefore the magnetization direction is given with a small arrows. 

For this type of media, at high densities, the particle noise also plays an important role. 
The magnitude of noise in particulate medium is determined by the properties of the indi- 
vidual particles and the relatively weak magnetostatic interactions between the particles. 
As each single domain grain passes the read head, a voltage di-pulse is produced. The ran- 
dom dispersions of grain orientations, sizes and locations creates a background noise to the 
recorded signals (Thurlings 1983). 

v 

bit 

Fig. 2.10. A schematic illustration of the individual particles in one bit. 
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In the case of a thin film medium the signal-to-noise ratio can be written (Bertram 1994) 
as: 

SNR ---= n twr)~/2 = n twblr .  (2.12) 

It can be seen from this expression that the SNR is directly proportional to the packing 
density n (the ratio between a magnetic and a non-magnetic material). For a particulate 
medium one has SNR ~x n 1/2. 

In general, smaller particles have a statistical reduction of noise given the same bit area. 
This rule is valid if the medium does not have exchange coupling and if there are only 
small effects of magnetostatic interaction. However, very small particles give a continuous 
decrease in coercivity until the particles become superparamagnetic. New materials having 
higher switching energies either with higher coercivities or higher magnetization have been 
developed in the area of typical particulate recording materials such y-Fe203 particles used 
for video apphcations. In the case of tapes consisting of this type of particles the density for 
a particle with a length of 1 p,m is about 1011 per cubic millimeter. Co-modified y-Fe203 
(length 0.5 ~m) increases its density by a factor of 10. The later developed metallic Fe 
particles (length 0.25 gin) have a density of 1013. Smaller particles having higher switching 
fields (higher Hc and/or Ms) are continuously under development. 

In the metal thin-film media consisting of very small grains a 10 times larger grain- 
packing density has been achieved but individual grains are not single acting magnetic 
particles. Depending on microstructural aspects we must take into account the contribu- 
tion of the exchange coupling and the magnetostatic interaction (the intergranular distance 
is only very small compared with that of the particulate medium). Switching of clusters 
of grains is more obvious. This results in irregular magnetization patterns in the written 
transition and, therefore, to noise in the output signal. 

Higher densities and lower noise consequently result from smaller bits containing crys- 
tallites with smaller sizes. For example, a bit cell in the Co-based medium used for the IBM 
1.19 Gbit/in 2 demonstration disk (Yogi et al. 1990) consists of about 1900 grains with a 
grain size of about 20 nm. Consequently, for a 10 Gbit/in 2 thin-film medium a grain size of 
about 10 nm is necessary (smaller grain size is not possible due to the superparamagnetic 
limit). In this case there will be about 600 grains in a 1-bit area. Another source of noise is 
the so-called transition noise. Here due to the strong demagnetizing fields at higher linear 
densities, the transition of magnetization does not appear as a sharp wall but as a zigzag 
type (see also fig. 2.3). This makes a significant contribution to the noise of the system 
during reading. 

It has been seen that Hc plays an important role in the formula used for the determination 
of the transition width (see section 2.2) but the question arises if this macroscopically 
measured Hc is the right parameter. At least it does describe the average behaviour of a 
large volume of the material (see also the introduction of section 2) while the transition 
is very small. Essential microscopical knowledge of the switching of the local grains is 
necessary. The relations between microstructural parameters, magnetic measurements and 
micromagnetic calculations are extremely important for understanding the noise behaviour 
of thin film hard disk media. 
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3. Preparation technologies of hard disk media 

In general a thin film can be defined as an area (volume) on top of a carrier (substrate) with 
properties differing from it. The interface between the substrate and the thin film has a 
large influence on the properties of the layer. The interface is determined by the properties 
of the substrate, deposition parameters, thin film material(s), method of deposition and the 
deposition parameters used. 

In the case of thin film media for magnetic recording four deposition methods have 
been used: electroless deposition, electro-deposition, vacuum evaporation and sputtering. 
Electro-deposition and autocatalytic plating (electroless deposition) were initially investi- 
gated in the early 1950s. The first magnetic disk for digital magnetic recording was intro- 
duced in 1960 and made by electro-deposition. Nowadays most of the hard disk media are 
prepared by sputtering. 

It will be obvious that a close relationship exists between deposition conditions, nucle- 
ation and growth of the layer and its physical properties. Thin layers have properties that 
differ greatly from those of the bulk materials. These unique properties may be due to: 

• The small thickness of a few of their atomic layers up to micron values. As a conse- 
quence, the surface/volume ratio of the layer is different from that of the bulk; 

• Because of their typical growth processes they are found in certain microstructures 
which are, in many cases, directly related to the physical properties; 

• Layer and substrate form a composite system resulting in a combination of properties 
based partly on the substrate properties and partly on the layer itself. 

By changing the deposition method and/or varying the different deposition parameters var- 
ious layer structures and morphologies can be created over a wide range. The interaction 
between the layer and substrate, i.e., the interface, plays an important role in defining the 
structure and properties. In contrast to other fabrication methods it is possible to deposit 
solid materials which may have equilibrium as well as non-equilibrium properties. More 
information about deposition technologies in general, sputter technologies and thin film 
properties can be found in for example (Chopra 1969; Maisel and Glang 1970; Chapman 
1980; Ohring 1992; Bunshah 1994). With deposition technologies, multilayers consisting 
of a few monolayers of ferromagnetic material alternating with a non-ferromagnetic ma- 
terial can also be prepared. Multilayers are used for preparing media for magneto-optic 
recording and thin-film heads based on the magnetoresistance principle. 

Because hard disk media are mainly prepared by sputtering we only want to focus on 
this method. 

3.1. Sputtering 

From the physical point of view sputtering is a process totally different from evaporation. 
Generally, the sputter deposition process concerns the ejection of atoms from the target by 
energetic particles. The ejected atoms then condense on the substrate to form a thin film. 
The accepted theory of sputtering is based on Wehner's research (Wehner 1957) which 
showed that it is a momentum-transfer process. When ions bombard the target surface, 
interactions between ions and target atoms is in the form of binary collisions involving a 
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basic momentum exchange. The collisions can be produced as deep as 5-10 nm but most 
of the momentum exchange occurs within about 1 nm below the target surface. 

In the case of the systems discussed here, the sputtered atoms leave the target at an 
appreciable kinetic energy (3-10 eV). Part of this energy will be dissipated by the collision 
process with atoms of the sputtering gas. Upon arrival at the substrate the energy is still 
1-2 eV (evaporation 0.03 eV). Typical deposition rates are 5-50 nm/min. 

As a result the sputtered atoms arriving at the substrate surface will possess substantial 
energies compared to vacuum evaporated atoms. This can lead to higher surface tempera- 
tures and better adhesion of the films. The flux of recoil atoms from the target is assumed 
to be isotropic. Experimentally an angular distribution depending on cos20 can be found, 
in which 0 is the angle between the normal to the surface and the direction of the particle 
flux emitted from the source. 

There are two principle sputtering methods namely: 

• Glow-discharge sputtering; a plasma is formed between the target and substrate and 
the positive gas ions interact with the target material; 

• Ion-beam sputtering; here the ion beam is produced in a separate ion gun and directed 
onto a target. 

Because the glow-discharge method is the most important for thin-film media production 
only this method will be further discussed. 

3.1.1. DC glow-discharge sputtering 
A glow discharge is formed in a low-pressure gas when a DC voltage is applied across 

two planar electrodes (cathode - and anode +)  at the so-called break-down voltage (Chap- 
man 1980). The glow discharge for sputtering is sustained by the secondary electrons 
which the ions produce on striking the cathode. Each secondary electron produces 10 to 
20 ions to sustain the discharge. The principle of the DC-planar diode-sputtering system is 
shown in fig. 3.1. 

The luminous regions of a DC discharge show a dark space near the cathode (target) and 
the anode (substrate holder). In order to obtain uniform sputtering of the cathode, the anode 
should be located at a distance from the cathode of about 2-4 times the thickness of the 
cathode dark space. This distance is inversely related to the gas pressure. If the pressure 
is increased to reduce the size of the dark space, the deposition rate is limited because 
the sputtered atoms experience multiple collisions before reaching the substrate plate (the 
mean flee-path length is a function of the pressure). For a simple laboratory DC-sputtering 
system, a practical compromise of 10 -2 to 20 x 10 -2 Torr is used for a target substrate 
distance of 2-5 cm. In addition to the removal of neutral atoms from the surface of the 
target by the bombardment of the ionized sputtering gas to form the deposited film, there 
are several other effects that occur at the target surface which influence the film growth. 
The particle mechanism at the target and substrate during sputtering is shown in fig. 3.2. 

With a view to the process of nucleation and growth of the layer, the interaction of 
particles with the substrate is very important. As can be seen in fig. 3.2 most of these 
particles are generated after interaction with the target. The effects of the particles are very 
complicated, for example the secondary electrons produced at the target surface not only 
generate secondary positive ions but also a heat flux to the substrate. 
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Fig. 3.1. Principle of DC-planar diode sputtering system. 

The negative ions of the target material can sputter the already deposited film. The char- 
acteristics of the film deposited on the substrate will therefore depend on the relative num- 
bers and energies of the various species as they reach the growth surface and their subse- 
quent behaviour. This will depend on a number of factors such as substrate temperature 
and substrate potential. In the literature 14 effects have been mentioned which may result 
from changes in deposition rate, substrate temperature and bombardment of the film by 
species in the discharge (Vossen 1971). 

The effect which different parameters have on the growth of a film may also vary greatly 
from material to material. 

3.1.1.1. Sputter yield. A very important characteristic of the sputtering process is the 
sputter yields; defined as the number of ejected species per incident ion. This parameter 
increases with the energy and mass of the bombarding ions as well as with increasing 
obliqueness of the incident ions. In order to obtain the yield for low bombardment energies 
the following equation can be used (Sigmund 1974): 

3ct 4mimt E 
S -- [atom/ion] (3.1) 

47x 2 mi q-mt U0 
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Fig. 3.2. Particle interaction, at the substrate and the target in a glow-discharge sputtering system. 

where oe is a monotonically increasing function of mt/mi which has a value of 0.17 for 
mt/mi = 0.1, increasing up to 1.4 for mt/mi = 10. The values mi and mt are the masses of 
the colliding atoms, E is the energy of the incoming ion and U0 the surface binding energy. 
For energies of about 1 keV a modified equation is given by (Chapman 1980). 

Another sputter parameter which can be used is the choice of the sputter gas. Ar is 
mostly used but other gases for instance Kr and Xe can also be applied as alternatives, or 
in combination with Ar. For instance reflected Kr atoms have less energy than Ar atoms. 
This can drastically influence the nucleation and growth processes. 

The actual values of sputter yields are given in table 3.1 for several materials and dif- 
ferent energies for Ar (0.5 keV, 0.6 keV and 1.0 keV), the most commonly used sputtergas 
(Ar) as well as for two other important gases (Kr, Xe). 

With respect to the conditions mentioned in the table the yield varies between 0.4 and 
3.8 and increases with the mass and energy of the sputter gas. 

3.1.2. RF glow discharge sputtering 
The DC configuration cannot be used for sputtering dielectric materials. An RF fre- 

quency of 13.56 MHz is used and the generator is coupled through a so-called blocking 
capacitor to the insulator (target). The target area is small in comparison to the substrate 
area (the substrate is connected to the system ground and consequently connected to the 
base plate and walls of the system). The dependence of the ratio of the voltages V on the 
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TABLE 3.1 
Sputtering yield for some metals (Chapman 1980; Ohring 1992). 

Energy (keV) 0.5 0.5 0.5 0.6 1.0 
Sputter gas Ar Kr Xe Ar Ar 

A1 1.05 0.96 0.82 1.24 1.0 
Ti 0.51 0.48 0.43 0.58 - 
Cr 1.18 1.39 1.55 1.30 - 
Fe 1.10 1.07 1.00 1.26 1.3 
Co 1.22 1.08 1.08 1.36 - 
Ni 1.45 1.30 1.22 1.52 2.2 
Cu 2.35 2.35 2.05 2.65 2.85 
Ag 3.12 3.27 3.32 3.40 3.8 
Ta 0.57 0.87 0.88 0.62 - 
Pt 1.40 1.82 1.93 1.56 - 
Au 2.40 3.06 3.01 2.7 3.6 

two electrodes (T - target, S - substrate) and the relative electrode areas A is given by 
(Chapman 1980) as: 

Fa l 4 
~s = LT~rJ " ( 3 . 2 )  

The exponent can be less than 4. Between the glow discharge and the electrode is a narrow 
region in which a change from the plasma potential to the electrode potential occurs. This 
is called a sheath or dark space. A typical RF diode-sputtering system looks the same as 
the DC unit. 

The capacitor allows a net negative DC voltage to be developed at the target. The thick- 
ness of  the dark space and the flow regions are similar to those of  the DC mode and 
are dependent on the gas pressure. In RF sputtering the operating pressure ranges from 
2 x 10-3 -20  x 10 -3 Torr and the commonly used spacing between the electrodes is 5 cm. 
It is, of  course, also possible to sputter metals with the RF mode. 

3.1.3. Magnetron sputtering 
Magnetron sputtering has been widely used for the deposition of  the magnetic thin films, 

especially for magnetic and magneto-optical  recording media. It can be realized simply by 
placing a planar magnet  assembly behind the target (see fig. 3.3). 

Magnetron sputtering (with DC or RF  power) is used to increase the ionizing efficiency. 
In normal glow-discharge processes only a few percent of  the sputter gas atoms are ionized. 
A magnetic field normal to the electric field is used to increase the path length of  the 
ionizing electrons. There are several configurations for planar magnetron sputtering, of  
which the principle one is given in fig. 3.3. 

The advantage of  magnetron sputtering is that the applied magnetic field traps electrons 
and ions closely to the target surface and increases the number of  collisions between elec- 
trons and gas atoms. Consequently advantages are, (1) the higher deposit ion rate and the 
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Fig. 3.3. Planar-magnetron sputter system. 

• more efficient use of the target material by an optimal arrangement of the magnets, (2) the 
bombardments of electrons and ions on the growing film can be reduced, which results in 
a low substrate temperature (the secondary electrons are responsible for 80% of the heat 
flux to the substrate), and (3) a stable glow discharge can be maintained at low sputtering 
pressures. The properties of the deposited film depend on the magnetic field strength H 
or magnetic flux density B around the target surface. Actually the component of the field 
which is parallel to the target surface plays an important role. The field strength can be var- 
ied by using different magnets and/or by using different thicknesses of the target (Nakajima 
et al. 1993). However, by using such a planar magnetron sputtering source, a very locally 
sputtered erosion on the target surface is formed (see fig. 3.3), which results in a very low 
utilization of the target. Furthermore, the magnetic field causes a very narrow dark space 
at the glow discharge which is very close to the target and results in making it difficult to 
shield the target and target supports. A magnetic shield must be used around the magnet 
assembly. 

3.1.4. Bias sputtering 
An interesting parameter which depends on the system geometry, sputter conditions, 

target material and the residual gas pressure is the bias voltage. During sputtering a negative 
voltage (< 200 eV) is maintained at the substrate holder and this will influence the layer 
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Fig. 3.4. Normalized media-noise power Pn as a function of written transition density, (a) when bias is applied 
to the underlayer and magnetic layer and (b) when bias power is independently appfied to the underlayer and the 

magnetic layer (Nakajima et al. 1993). 

properties by changing the flux and energy of incident (charged) particles. In contrast to 
normal sputtering, in the case of a bias, some of the positive Ar ions will also reach the 
substrate surface. Consequently a weak (low-voltage) sputtering effect occurs during film 
growth. In the case of small bias voltages the cathode sheath is so thin that this area will 
be collision free. The following phenomena are present at a biased substrate: 

• removal of contamination from the substrate surfaces (sputter-cleaning), 
• influencing the growing layer by removing loosely bonded particles and consequently 

modifying the structure. 

For instance, the bias voltage can influence the composition of the growing film which 
is sputtered from an alloyed target (Cuomo and Gambino 1975). It can also influence the 
structural properties like the crystal size, the morphology and related properties such as 
stress (Blachman 1973), resistivity (Vossen and O'Neill 1986), hardness (Patten and Mc- 
Clanahan 1972) and dielectric properties (Vossen 1971). All these properties influence, 
directly or indirectly, the final recording performance of the layer. 

It was reported (Yogi et al. 1991) that the layer growth morphology of Co-Pt-Cr longi- 
tudinal media deposited on a Cr nnderlayer was influenced by V-bias and therefore has a 
great influence on the media-noise performance. 

In fig. 3.4(a) the normalized media-noise power (Nakajima et al. 1993) is given as a 
function of the written transition density when the RF bias voltage was applied to both 
the magnetic (ML) and underlayer (UL). With increasing bias it was found from mea- 
surements that the surface becomes smoother and the Hc squareness increases. The media 
noise increases substantially. Yogi et al. (1991) also found that by independent biasing of 
the magnetic and non-magnetic underlayers they could influence the growth and conse- 
quently the media noise. Biasing only the underlayer the surface of the Cr becomes very 
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smooth and the non-biased magnetic layer grows like a continuous film which leads to a 
significant increase of the medium noise. 

3.1.5. Reactive sputtering 
This mode is used to grow compounds or alloys by using a reactive gas environment 

such as reactive evaporation. The target will be a metal (alloy) or a compound. Many dif- 
ferent layers such as oxides, nitrides, sulphides, fluorides etc. have been deposited (Vossen 
and Cuomo 1978). The mechanism of reactive sputtering can be generally explained by 
a chemical reaction at both electrodes (substrate and target). Using a pure metal target 
the sputter rate then decreases from the metal value to the compound value as the partial 
pressure of the reactive gas increase because this gas will be adsorbed on the target. This 
depends on the reactivity between the gas and target materials. This method was used for 
perpendicular recording media to prepare thin films consisting of very small ferromagnetic 
particles. As an example Fe-Co-O films have been prepared in this way, e.g., Nasu et al. 
(1987). The relatively large perpendicular anisotropy is due to the strong shape anisotropy 
of the magnetic metal phase (Fe-Co cubic b.c.c.) in the non-ferromagnetic Fe-oxide phase 
(Fe-O NaCl-structure). The very small metal fibres (10 nm diameter) grow perpendicular 
to the substrate surface. In the oxidized state the surface properties are mechanically very 
stable and suitable for recording. 

3.2. Sputtering of alloys 

As can be seen from the table 3.1 materials can have different yields. In the materials used 
for hard disks 3 or 4 different materials are used. Although the ion surface reactions are 
very complex (Cuomo et al. 1978) it can be finally concluded that the composition of the 
deposited thin film tends to be the same as that of the target used. 

In this case it must be assumed that the target is used at the correct temperature which 
means no bulk diffusion that, no reactions at the surface take place that the, sticking coef- 
ficients for the various components on the substrate are the same and finally that the target 
does not decompose during sputtering. If one of the components (of a binary AB alloy) has 
a higher yield than the other, than the target surface concentration ratio can be modified to 
(Ohring 1992): 

C ~  C A ( 1  - -  ngSA/n)  (3.3) 

C~3 CB(1 -- ngSB/n)' 

in which CA = nA/n and CB = nB/n are the target concentrations, with sputter yields 
SA and SB. The total number of A and B atoms is n = nA --k nB while ng is the number 
of sputtered gas atoms impinging on the target. The numbers of ejected atoms are CAngSA 
and CBngSB. If SA > SB the surface is enriched in B atoms, which begin to sputter in a 
relatively larger quantity, namely: 

, , , , SACA(1 -- ngSA/n) (3.4) 
l]ra/~lrl3 ~- SACA/SBCB = S B C B ( 1  - -  ngSB/n)"  

The target surface composition will change progressively and will alter the sputtered flux 
ratio to the level where it is equal to CA/CB, which is the same as the original target 
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composition. Also the target surface concentration ratio will reach the value C~A/C~3 = 
CA SB/(CB SA), which is maintained afterwards. This gives a steady-state transfer of bulk 
atoms of the target to the plasma, resulting in stoichiometric film deposition. A change in 
sputter conditions will in general require an adjustment of the altered surface layer. An 
important conclusion is that target compositions can be transferred very closely to the film 
composition (Ohring 1992). 

3.3. Substrate temperature 

The substrate temperature is a very important parameter for determining the final mi- 
crostructure of the thin film. The energy of the ejected target atoms ranges from several 
tenths of an electron volt to the full energy of ions impinging on the target, but because 
of scattering within the discharge the atoms frequently arrive at the substrate with low 
energies, roughly a few eV's. 

The incidence power flux in a glow discharged configuration consists of three important 
components: 

(a) Heat of condensation of atoms; 
(b) Average kinetic energy of incident adatoms; 
(c) Plasma heating from bombarding by neutral atoms and electrons. 

The table 3.2 gives an idea about the involved energies (Thornton 1978) for some of the 
metals mentioned in table 3.1. 

In the case of Co-Cr alloyed films the substrate temperature Ts is determined as a func- 
tion of the PAr at a fixed power for an RF Sputtering machine. The experimental data 
obtained by measuring the temperature of a large volume of A1203 is given in fig. 3.5. 

In this case Ts is probably due to the competitive heating caused by the kinetic energy 
of the condensing atoms and the secondary electrons from the target. At a lower PAr the 
heating of the secondary electrons is reduced, but the mean free path in the argon gas is 
simultaneously enlarged. As a result the sputtered atoms will arrive at the surface with a 
higher kinetic energy, less decelerated by collisions with argon atoms. The minimum of 

TABLE 3.2 
Energies during magnetron sputtering at 1 keV (Thornton 1978). 

Metal Heat of Kinetic energy Plasma energy 
condensation of atoms (eV/atom) 
(eV/atom) (eV/atom) 

A1 3.33 6 4 
Ti 4.86 8 9 
Cr 4.11 8 4 
Fe 2.26 9 4 
Ni 4.45 11 4 
Cu 3.50 6 2 
Au 3.92 13 2 
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Fig. 3.5. The substrate temperature and the deposition rate as functions of the sputter power VRF. 

Ts is not caused by an anomalous minimum in the sputter power because R continuously 
increases in the entire argon pressure range as can be seen in fig. 3.5. 

The complex heating mechanism not only makes it difficult to determine an accurate 
surface temperature (whatever this may imply) but also means that this temperature will not 
be stationary during the sputter run. Consequently inhomogeneities can easily be created 
by this process. 

3.4. Contamination in sputtered films 

Contaminated gases during sputtering can be dissociated and ionized in the glow discharge, 
and are therefore more reactive. Also absorbed gases at the chamber wall can be emitted 
and introduced into the sputtering plasma. This can all lead to contaminated films. If, for 
instance, the sputter process is carried out with a base pressure of 10 -7 ~ 10 -8 Tort 
then the outgasing rate of the chamber will be 10 -5 ~ 10 -6 Torrl/s. Moreover the Ar 
sputter gas commonly used contains H20 and 02 in a concentration of about 1 ~ 10 ppm 
(10 -5 ~ 10-6), which corresponds to 10 -5 ,-~ 10 -6 Torrl/s of an impurity gas rate into 
the chamber. Therefore, not only the use of an UHV-chamber with low out-gassing rate 
is essential but also the use of highly purified Ar gas is found to be necessary to realize 
the purified atmosphere during film growth. This technical problem has also prevented the 
clarification of the relation between the cleanness of the atmosphere during sputtering and 
the obtained microstructure of the film. 

Several studies on various materials have shown the crucial role of cleanliness during 
the deposition process regarding the properties of the resulting films. As an example, the 
influences on GMR values have been shown in by Egelhoff Jr. et al. (1996). The influ- 
ence of cleanness for a CoCrTa hard disk thin film recording medium has been demon- 
strated in (Shimatsu and Takahashi 1995a, 1995b). These authors clearly demonstrated 
that the improvement of the microstructural properties are responsible for the improved 
magnetic properties. By dry etching the substrate before sputtering the Cr underlayer and 
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magnetic layer (CoCrNi and CoCrTa) an increase of Hc and Hk can be obtained. Moreover 
in the same laboratory they also found a decrease of the intergranular exchange coupling 
(Kawakita et al. 1996). 

4. Microstructure, and magnetic and structural aspects of Co-alloyed thin 
film media 

As mentioned in section 2.3 the most important properties for thin film recording media are 
a sufficient magnetization M for reading with an appropriate S/N and an acceptable field 
strength to create a magnetization reversal which is directly related to the coercivity Hc. 
The latter should not be too high for successful writing by the head field but it must be large 
enough to protect the medium against an unwelcome reduction of the stored information by 
demagnetization. In the case of high density recording a major potential for changing the 
signal during the required storing time is the self-demagnetizing field originating from the 
material itself and this field is proportional to the medium magnetization. Consequently, 
the He must be made higher for a more strongly magnetizable medium and this is also the 
case if the recording density increases. 

Although many different configurations have to be discussed for the different types of 
thin-film media used in the various fields of application (tape, floppy and hard disk), in 
general the following essential design parts of such thin-film media are those already given 
in fig. 2.4. 

In the next sections a motivation is given for the choice of Co-alloys as well as a short 
discussion on the growth of the sputtered layers. Moreover, attention is paid to the mi- 
crostructural aspects such as crystal structure, texture, crystal size, compositional separa- 
tion, and finally the most important magnetic properties are discussed in relation to the 
microstructure and the deposition parameters. 

4.1. Microstructure of thin films 

The process parameters (flux rate, substrate temperature, etc.), the type of material (des- 
orption, dissociation and diffusion-energy terms) and the substrate properties influence the 
growth process. 

Depending on the process, the film materials and the substrate behaviour, all types of 
layer structures can be grown (amorphous, polycrystalline and single crystal). A thin-film 
microstructure can be modified by means of substrate temperature, surface diffusion of the 
atoms, bombardment during film formation, incorporation of impurity atoms and the angle- 
of-incidence effect of the incoming particle flux. The higher mobility of adatoms makes it 
possible to create films with deviating stoichiometry. Variations in substrate temperatures 
make it even possible to deposit metastable structures. Treating the substrate surface or 
depositing pre-nucleation centres also makes it possible to grow films with a preferential 
crystallographic orientation (texture) and specific morphology. 

In most cases the final properties of the deposited layers differ basically from materials 
made by standard metallurgical methods. The substrate temperature is the most important 
process parameter for explaining the morphology of evaporated films (Movchan and Dem- 
schishin 1969). This result is modified for the sputtering process (Thornton 1974, 1977) 
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Fig. 4.1. Structural effects as a function of the sputter pressure and substrate temperature (Thornton 1974). 

and is extended with a second parameter, namely the argon pressure and also the influ- 
ence of the surface roughness is considered. An impression of the structural features for 
sputtered films is given in fig. 4.1 called the "Thornton diagram". 

Figure 4.1 shows a schematic representation of the superposition of physical processes 
with established structural zones. The influences of the substrate (shadowing process), sur- 
face diffusion and bulk diffusion can be seen from this. The films discussed here are all 
made in the area where surface diffusion is the driving force for the nucleation and growth 
process. 

This zone-structure "model" has been revised by (Messier et al. 1984) and accounts for 
the evolutionary growth stages of structure developments as well as for the separate effects 
of thermally-and bombardment-induced mobility. 

The reported experimental results between the microstructural aspects and deposition 
parameters should be used very carefully for individual results. Variation of the experi- 
mental parameters, using different types of material may result in divergent behaviour. 

Generally, deposited thin films have higher defect densities than bulk materials. The de- 
fects in polycrystalline thin films are grain boundaries, column boundaries, voids, vacan- 
cies, dislocations and gas-bubble inclusions. Defects are mostly responsible for the low- 
temperature interdiffusion processes. In the case of polycrystalline films the grain boundary 
is the most important detail. 

4.2. Choice of Co-alloyed thin film media 

Promising thin-film media for magnetic recording consist of the materials Co-Cr-X (X 
= Pt, Ta, Ni). It is essential to deposit this alloy on a Cr underlayer in order to obtain 
the necessary in-plane orientation. The second element combined with Co has important 
consequences for the Curie temperature Tc of the alloy, at which the spontaneous magne- 
tization disappears. The Tc for Co is very high, namely 1131 °C, and provides a reasonable 
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margin for the amount of an additional element by which Tc usually decreased. It is also 
true, at least for bulk materials, that adding Cr to Co can finally make the h.c.p, struc- 
ture unstable and at certain compositions two crystal structures (f.c.c. and h.c.p.) may be 
present. Furthermore, it has been shown that even two different phases, one with a high 
Co-rich composition (ferromagnetic) and the other with a high Cr-rich content (paramag- 
netic) can be formed (Ishida and Nishizawa 1990). Consequently, adding Cr to Co has two 
important effects, namely reduction of the Tc and Ms. These values should be optimized 
for recording applications. The Tc must not be too close to room temperature, because then 
the magnetic behaviour becomes too sensitive to temperature variations. Ms should have 
a certain value because otherwise the information cannot be read by the head. It is very 
difficult to understand the physics behind the reduction of Ms and Tc because they are 
very complicated and not completely known. However, the most useful model when Cr is 
added to Co is to consider that the magnetic moment of Co atoms is reduced by electron 
transfer to its 3d band from Cr. It has been shown experimentally that the Tc drastically 
decreases with the Cr content and becomes paramagnetic just above 22 wt% at room tem- 
perature. This is not expected if Cr only acts as a simple diluent (Wielinga 1983). Also 
the transfer of 4s electrons from Cr to the 3d shell of Co may lower the magnetic moment 
(Aboaf and Klokholm 1981). Furthermore, pure Cr is antiferromagnetic at room temper- 
ature and a ferromagnetic sublattice coupling also seems to be an acceptable explanation 
of the relatively strong decrease in Tc when compared with the other element X, which 
forms an h.c.p, phase with Co (Kobayashi and Ishida 1981). Adding Cr to Co also gives an 
enhanced anisotropy field. Furthermore, with the variation of the Cr content it is possible 
to adjust He. 

Another favorable influence of Cr on the fihn morphology is the reduction of the col- 
umn dimensions (Smits et al. 1984) and the appearance of the compositional separation. 
As previously mentioned, the latter has a great influence on the magnetic microstructure 
because it can lead to more or less magnetically uncoupled columns if the enhancement 
of Cr at the column boundaries becomes higher than about 27 at%. Smaller grain size has 
the advantage of lower surface roughness which results in a better head-medium interface. 
Last but not least, the choice of Cr also improves the corrosion resistance and mechanical 
hardness of the Co-based medium, although in a few cases other elements have been added 
to increase these properties. 

Sputtered Co-Cr films for perpendicular magnetic recording were first made at the To- 
hokn University in 1975 (Iwasaki and Yamazaki 1975). An overview of the preparation, 
microstructure and magnetic properties of Co-Cr thin films is given in (Lodder 1993). 

Before Co-Cr was chosen, many different alloys of Co-M materials were investigated 
(Iwasaki et al. 1980; Kobayashi and Ishida 1981). They include X = Rh, Pd, Mo, W, V, Ti, 
Cr, Mo, Pt and Mn. All the Co-M films exhibit an h.c.p, crystal structure with the c-axis 
oriented perpendicular to the film surface deposited on a variety of substrate materials. 
However, if a Cr layer was used as seed layer (or buffer layer), the Co-Cr started growing 
with an in-plane c-axis which is a condition for longitudinal recording. For further tailoring 
longitudinal media ternary and quaternary alloys such as Co-Cr-Pt-X (X = Ta, B, Ni, B) 
have been prepared and used as high density media (Tsang et al. 1990; Futamoto et al. 
1991; Yamashita et al. 1991; Paik et al. 1992). 
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4.2.1. Phase diagram of Co alloys 
Because Co and Cr are always two components of the present hard disk media the phase 

diagram will be discussed in a little more detail. Much literature has been published on the 
Co-Cr binary phase diagram; the most important diagrams so far being those of (Elsea et 
al. 1949; Grgor'ev et al. 1961; Allibert et al. 1978). The most complete overview and new 
data were published in (Ishida and Nishizawa 1990). 

With respect to the application of Co-Cr as thin-film medium for magnetic recording 
the most interesting area of the phase diagram is around the temperature range from room 
temperature to 1000°C. Furthermore, the compositional area of interest is < 35 at% Cr. In 
this part of the diagram two phases, a-f.c.c, and s-h.c.p., are represented. 

It can be seen from the latest published phase diagram (Ishida and Nishizawa 1990) that 
even at 35 at% Cr a h.c.p, e-Co may exist (see fig. 4.2). There can be two phases, one with a 
Co-rich composition (ferromagnetic) and the other with a Cr-rich content (paramagnetic). 
The phase diagrams are based on an equilibrium process and achieved from thermodynam- 
ical calculations. The thin-film materials discussed here are made by deposition which is 
by definition a non-equilibrium process. In this case a very important fact was assumed in 
(Ishida and Nishizawa 1990), namely that the phase diagram at a high Co concentration 
below 800°C is very complicated because sluggish diffusion inhibits the equilibrium. It 
is known, for instance, that during sputtering the surface temperature of a grown film is 
quite different from that of the substrate (Chapman 1980). The bombardment exerted by 
various particles from the plasma on the surface results in a much higher temperature at the 
surface. This and also the increase in substrate temperatures, ion-assisted deposition and 
geometrical deposition effects can stimulate the state of compositional inhomogeneity of 
the thin film. 
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Fig. 4.2. Co-Cr phase diagram with the equilibrium phases: L - liquid; cl-Co - fic.c, solid solution; e-Co - h.c.p. 
solid solution; Cr - b.c.c, solid solution and a - intermetallic phase (Ishida and Nishizawa 1990). 
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Experimental data for ternary and quaternary Co based alloys made in thin film form are 
not available. Thermodynamically calculated phase diagrams for Co-Cr-Ta systems are 
presented in Putland et al. (1980). Experimental data on Co-Cr-Ni and another Co based 
ternary isothermal phase diagram are given in Zhanpeng (1981). Consequently very little 
recent information is available about ternary Co based alloys. 

4.3. Growth of Co-alloy films 

In general the film structure is usually described by its two most important properties: 
the crystallographic (preferred) orientation (or texture) and the morphology (crystal size 
and shape). These two features of thin films are often described independently (Bauer 
1964; Drift 1967; Sanders 1971; Thornton 1977) but sometimes there is a strong relation 
between them. Especially in the case of the "survival of the fastest" model (Drift 1967) 
the morphology is strongly determined by the crystallographic orientation; i.e., the film 
orientation is finally determined by the crystallographic axis that grows the fastest. In the 
h.c.p, structure this is the [0 0 0 1] or c-axis. 

These properties are more or less determined by the process involved, i.e., in sputtering 
by the process parameters which are: substrate temperature, argon pressure, contamination 
and sputter rate. In the case of sputtered films the substrate temperature and argon pressure 
are the most important parameters. 

4.3.1. Growth of Co-Cr films having perpendicular anisotropy 
Much research was published on the growth of Co-Cr sputtered films having the c-axis 

orientation perpendicular to the substrate surface. These films can be used as a medium 
for perpendicular recording. In general they can be deposited directly on the substrate 
(without seed layer) because h.c.p. Co-Cr growth in principle has its axis perpendicular to 
the substrate. Consequently such films have perpendicular magnetic anisotropy. 

The c-axis orientation will be disturbed at higher Ar pressures (Wielinga and Lodder 
1981). It has been shown that a perpendicular c-axis orientation is obtained at a large va- 
riety of rates (0.2-600 nm s- i) (Iwasaki and Ouchi 1978; Coughlin et al. 1981; Kadokura 
et al. 1981; Sugita et al. 1981; Wielinga and Lodder 1981). The most important, but un- 
fortunately also the most elusive parameter in the case of sputtering is the temperature. 
The complex heat mechanism during sputtering not only makes it difficult to determine an 
accurate surface temperature (whatever this may imply) but also means that this temper- 
ature will not be stationary during the sputter run. The surface temperature in r.f. sputter- 
ing was determined by measuring the h.c.p.-f.c.c, transition temperature and comparing it 
with bulk data for Co-Cr. This temperature was found to be 550°C higher than the mea- 
sured substrate temperature (Iwasaki et al. 1980). However, surface formation should not 
be compared directly with bulk formation. First, the c-axis orientation is suitable, being in- 
dependent of the film thickness from very thin films up to film thickness of a few microns. 
Secondly, the grain size increases continuously with the film thickness as measured for 
films in the range of 25-2000 nm. After 1 hour a constant substrate temperature of 150°C 
is reached with a sputter rate of 0.2 nms -1 . The thickness range examined far exceeds 
the value measured when the temperature becomes stationary. Therefore, it is assumed 
that during film growth the surface temperature can be considered as constant, i.e., at least 
temperature variations are too small to cause different growth characteristics. The relative 
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surface temperature (relative to the melting point) was evaluated to be about 0.3-0.5, which 
means that the layers are growing within the transition zone of the Thornton diagram (see 
also fig. 4.1). 

The c-axis orientation of the nuclei originates from the tendency to condense with the 
most densely populated crystal planes, the (0 0 0 2} planes, parallel to the substrate. This 
is supported by the orientation (AOs0 = 5 °) of a 25 nm thick Co-Cr film, sputtered on a 
silicon substrate which was placed at an angle of 45 ° to the substrate holder. 

The preferred orientation is maintained as the film thickness is increased. "[his could be 
caused by a mechanism of self-epitaxy. In this case, however, the orientation would dete- 
riorate with increasing film thickness (Drift 1967). This normal c-axis orientation is more 
likely to be maintained because it is also the fastest growing crystallographic orientation. 
It has been shown (Drift 1967) that a certain crystallographic orientation may arise from 
a mechanism described as "the survival of the fastest", i.e., the crystallites with the fastest 
growing axis (perpendicular to the substrate) survive, suppressing crystallite, s with other 
orientations. This type of layer is therefore recognizable by a poorly oriented initial layer, 
as is the case when glass substrates are used for Co-Cr. However, when silicon or car- 
bon/mica substrates are used the first nuclei are better oriented which means that the film 
grows along its fastest direction from the very beginning. 

Now the question remains: Why does the crystal diameter increase with the film thick- 
ness? In the case of the "survival of the fastest" there is a simple mechanism which explains 
this feature. In our case there has to be a different cause. A formal reason could be the crys- 
tal boundary energy, i.e., by increasing the crystal diameter the energy density is decreased. 
This, however, does not explain how some crystals grow at the expense of others. A sim- 
ple explanation could therefore be that the average increase in the crystal diameter is only 
governed by statistical rules. The relative surface temperature, in the order of 0.4, is in 
the range where surface diffusion is believed to be the dominant factor (Thornton 1977). 
Therefore, a statistical variation in the local flux at the individual crystallites may result in 
the increase in the "highest" at the expense of the "lowest" crystals which is made possible 
by the surface diffusion, i.e., the crystallites are capable of growing sideways not hindered 
by intermediate crystallite layers. Clearly this effect is self-enhancing. 

In the layers studied there is still a statistical variation in crystal diameter. Using TEM 
studies, a physical separation between the columns has not been observed, but from NMR 
and the selective etching process it is known that there is at least a chemical inhomogeneity 
in the lateral direction (see also section 4.7). 

So far Co-Cr layers having a perpendicular c-axis have been discussed but for longitudi- 
nal recording the magnetization should be in-plane and consequently the crystallographic 
anisotropy must have its c-axis in plane. As discussed above, this is for many substrate ma- 
terials not automatically the case. In order to create an in plane anisotropy the c-axis should 
be in the plane of the film. A so-called seed layer (mostly Cr) this used for is purpose. 

4.3.2. Growth of Co-alloyed media with in-plane anisotropy 
The hard disk media used at present have their magnetization in plane and consequently 

it is necessary that these media have a magnetic anisotropy in-plane. Besides the choice 
of the magnetic alloy, the magnetic properties can be controlled by choosing the right 
substrate, substrate texture and underlayer materials but also by the deposition process 
parameters. 
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Fig. 4.3. Schematic illustration of the nucleation process during sputtering (a) mad the morphology (b) of the 
grown film (cross-section) (Thornton 1988). 

The nucleation and growth processes of a thin film are dependent on the method of depo- 
sition and the process parameters used. On the other hand the type of substrate, the use of 
underlayers (seed layers) and the type of magnetic material also play very important roles. 
Various papers about magnetic and magneto-optic materials have been published during an 
MRS symposium held in 1991 (Suzuki 1991). Special attention has been paid to the cor- 
relation of the microstructure with the recording performance. In particular the magnetic 
coupling between grains and/or columns has been discussed in relation with deposition 
parameters. 

A schematic illustration of the nucleation and growth process of sputtered films is given 
in fig. 4.3 (Thornton 1988). 

The incoming flux energies have an important effect on the processes of nucleation and 
growth and consequently on the interface formation. If it is assumed that there is no chem- 
ical reaction between the growing layer and the substrate and both are insoluble, the inter- 
face which is formed is of the type that has an abrupt discontinuity in composition. After 
an interaction of the vapor stream with the substrate an adatom can be formed if the ki- 
netic energy of the "atom" is small. An adatom is a physically absorbed atom with the 
probability of re-evaporation. Adsorption occurs if the binding energy between the atom 
and surface is large. If  the binding energy is small, nucleation never occurs, since it is also 
dependent on the temperature and the vibrational energy of the atoms at the surface. For- 
mation of critical nuclei is essential for thin-film growth. A critical nucleus is determined 
by the interfacial free energy and the free energy per unit volume of the growing nuclei. 
During the growth of the nuclei two energies are in competition with each other, namely 
the surface free energy, which increases as the surface area increases and another energy 
which is the difference between the free energy of the solid and that of the vapor phases. 

The thin-film formation process (as given in fig. 4.3) can be classified by the following 
stages: 
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• condensation of an atom (adatoms) and forming nuclei by the surface diffusion pro- 
cess; 

• further growth of critical nuclei which leads to clustering and island forming. Islands 
grow in size rather than in number; 

• a coalescence stage arising from large touching islands; 
• proceeding the coalescence process the film reaches continuity; 
• finally the film starts growing in the thickness direction and forms columnar grains. 

The nucleation theory (forming nuclei from adatoms) can be explained by two theo- 
retical models (Neugebauer 1970), based on condensation of the vapor phase, namely the 
atomistic model (few atoms) and the capillary or droplet model (valid from approximately 
100 atoms). For the sake of simplicity it can be assumed that the first model is based on 
the physical (thermodynamic) theory and the second on chemical principles. With respect 
to the capillary model the size of the nuclei (clusters) varies continuously as a function of 
the free Gibbs' energy while the atomistic model is based on a discontinuous variation of 
the size as a function of the dissociation energy. 

The process parameters (flux rate, substrate temperature etc.), type of material (desorp- 
tion, dissociation and diffusion energy terms) and the substrate properties influence the 
growth process. 

The thin-film microstructure can be modified by means of substrate temperature, surface 
diffusion of the atoms on bombardment during film formation, incorporation of impurity 
atoms and the angle-of-incidence effect of the incoming particle flux. 

In most cases the final properties of the deposited layers differ from materials made by 
standard metallurgical methods. 

As already mentioned, the zone-structure "model" introduced by (Thornton 1974, 1977) 
presented in fig. 4.1, has been revised by (Messier et al. 1984) and accounts for the evo- 
lutionary growth stages of structure developments as well as for the separate effects of 
thermally-and bombardment-induced mobility. In fact, it was pointed out by Messier that 
the pressure axis should be considered as the energy axis. In this case increasing pres- 
sure means a decrease of kinetic energy of the sputtered atoms. It is clear from this that 
application of a bias voltage will influence the energy-axis as well. 

Usually deposited thin films have a higher defect density than bulk materials. The defects 
in polycrystalline thin films are grain boundaries, column boundaries, voids, vacancies, dis- 
locations and interior gas bubbles. Defects are mostly responsible for the low temperature 
interdiffusion processes. In the case of polycrystalline films the grain boundal2/is the most 
important property. 

Epitaxial growth is a very special form of nucleation and growth and has unique orien- 
tation relation with the substrate. This phenomena can be used to increase a certain texture 
in the magnetic film. 

4.4. Crystallographic texture 

Many of the Co-X(=Cr,  P)-Y(=Ta, Pt, Ni) thin film media do have an h.c.p, structure with 
the texture axis (c-axis) parallel or perpendicular to the substrate surface depending on the 
properties of the Cr underlayer. It is also possible for the films to have f.c.c, phases. 

The texture of a polycrystalline material can be simply defined as the crystallographic 
preferential orientation. In the case of a ferromagnetic thin film the orientation distribution 
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of the column is of great importance because it determines the quality of the direction 
of the magnetic anisotropy. The texture axis should be perpendicular or in-plane oriented 
depending on the recording mode. 

Another influence on the orientation is caused by the pressure of the sputter gas and 
a worsening background pressure. It has been shown that a small amount of residual N2 
gas in the process chamber causes the formation of the f.c.c, phase which also destroys 
the well-oriented h.c.p, structure. A higher Ar pressure usually means that the atoms are 
more scattered during their movement from target to substrate and, consequently, their 
kinetic energy is reduced. Therefore, for producing well-oriented (AO50 < 5) films, every 
sputter equipment has to be optimized for certain process parameters. Much data has been 
published on the deposition of non-magnetic underlayers or seed layers to improve the 
nucleation and growth of the C o - X - Y  layers and to increase the c-axis orientation. 

4.4.1. Random in-plane texture 
The c-axis orientation is very important for the magnetic anisotropy. The Co-based al- 

loys used, mostly have an h.c.p, structure with the c-axis randomly in-plane, but it is also 
possible to create a tilted c-axis depending on the underlayer structure, see, for example, 
Johnson (1990). On the Cr (1 1 0) lattice an (1 0 T 1) Co-Cr-Ta orientation growth will be 
found and finally lead to a tilted Co alloy h.c.p, c-axis of 28 ° with respect to the substrate 
plane. But, for instance, the (1 120) of Co-Cr-Pt  layers grow epitaxially on the Cr (0 0 2) 
resulting in a c-axis orientation of the magnetic layer in-plane. An optimized Cr thickness 
is found for this type of epitaxial growth. Much research will have to be carried out before 
this type of growth is completely understood. 

4.4.2. Oriented in-plane texture 
In this kind of film the properties (Hc and Mr) in the various in-plane directions (texture 

and non-texture directions) are different. The texture of the film can be supported by the 
texture of the substrate and the crystals may be smaller in the texture direction than in 
the transverse direction. This may be the source of strain-induced magnetic anisotropy 
(magnetostriction). It is also found that the crystals are aligned in the texture direction 
(Simpson et al. 1987). 

4.5. Morphology and "grain" size 

Most of the deposited films reported in the literature have a so-called columnar structure 
(see also fig. 4.1). Depending on the substrate materials the columnar diameter may in- 
crease with the layer thickness or it may be constant throughout the layer thickness. 

The columnar diameter depends on the argon gas pressure during sputtering, the sub- 
strate temperature and the bias voltage on the substrate. The method of deposition also has 
a large influence on the development of the columnar growth. In the case of Co-alloys de- 
posited on polymer substrates, extraordinary column or nodular growth is found. It can be 
seen from TEM observations that the average crystal has a 10-50 nm diameter. Depending 
on the preparation conditions the crystals can be mechanically separated (spacing about 
4 nm) at the grain boundaries. Another magnetic separation mechanism between the crys- 
tals/columns is by segregated crystal boundaries with a non-ferromagnetic material. This 
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Fig. 4.4. TEM planar view of sputtered Co--Cr-Pt films prepared at room temperature (a) and 150°C (b). 
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has been shown by Aspland et al. (1969) in CoP plated disks. The grain size or columnar 
size is strongly influenced by the microstructure of the underlayer/substrate. 

As discussed previously, thin films should magnetically operate as individual parti- 
cles. The exchange between the crystals should be broken or at least minimized. This 
can be realized by mechanical separation or by segregated crystal boundaries with non- 
ferromagnetic compositions. The Cr underlayer is responsible for the physical separation. 
Cr grows with a columnar morphology and has a rough surface structure (Agarwal 1986). 
It was reported that the dome-like surface roughness of in the order of tens of nm's depend- 
ing on the thickness of the Cr layer. TEM observations (Yamashita et al. 1991) indicate that 
in combination with a high Ar sputter-gas pressure the Co-Cr-Pt layer shows physically 
separated crystal boundaries. 

Figure 4.4 shows a planar TEM observation of a Co-Cr-Pt film prepared at room tem- 
perature and at 150°C. The sample made at a low surface diffusion shows a more uncoupled 
grain structure than the one deposited at a higher temperature. This is also reflected in the 
magnetic properties. 

4.6. Surface structure 

In the case of very high density recording the surface becomes increasingly important. 
On the one hand, the surface smoothness and wearability are important because the 
head/medium distance is very close and, on the other hand, the magnetic behaviour is a 
key factor for writing as well as reading (Lopez and Klark 1985a, 1985b; Nakamura 1989; 
Geerts et al. 1992). Therefore, analyzes of the chemical and structural properties (e.g., 
surface topology) in relation to the magnetic properties are necessary. One conclusion is 
obvious, namely that for films with different surface and bulk hysteresis, the magnetization 
cannot be homogeneous throughout the film thickness during all stages of the hysteresis 
curve. Therefore this aspect should be studied in more detail because, as film media are be- 
coming even thinner, the surface volume ratio will be more important. The surface rough- 
ness strongly depends on the sputter conditions, the thickness of the layer and of course 
the substrate roughness. 

4. 7. Compositional separation 

Polycrystalline h.c.p. Co-Cr thin films grown on heated substrates have shown an inhomo- 
geneous chemical composition at the grain boundaries as well as within the grains them- 
selves. This phenomenon is called compositional separation (CS). 

CS at the grain boundaries influences the magnetic interactions of the individual grains. 
In principle, different origins for obtaining the compositional separation can be mentioned 
such as the deposition temperature, the geometry of the deposition process or magnetic 
inducement. 

Most of the experimental results on CS have been published about Co-Cr media for 
perpendicular recording. 

A model of Co-Cr sputtered films in which the morphology is determined by CS is 
given in fig. 4.5. The microstructure with equal columnar size and shape and a columnar 
boundary (crystal boundary) is shown in fig. 4.5(a). In this case, the interaction between 
the columns occurs by exchange and magnetostatic interactions. The (crystal) boundary 
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Fig. 4.5. Model of CcrCr sputtered films in which the morphology is determined by the type of compositional 
separation (CS). Part (a) shows the ideal microstructure without CS, (b) - the morphology if CS is only at the 
columnar boundaries, and (c) - CS at the columnar boundaries as well as CP-like structures in the columns 

(Lodder 1996). 

Fig. 4.6. TEM observation of a selectively etched C o ~ r  sample (Courtesy Dr. Maeda, NTT Basic Research 
Laboratory, Japan). 
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can only hinder the movement of the domain wall which means an increase in Hc. In order 
to increase the Hc a break of the exchange forces between the crystals is necessary. This 
can be realized by mechanical separation of the crystals, which has also been shown in 
the case of longitudinal hard disks (see also fig. 4.4). The compositional separation may 
result in a non-ferromagnetic composition of Co-Cr between the columns (fig. 4.5(b)). 
Here, a Cr-rich columnar boundary is present. Moreover, a more complicated CS structure 
may occur (chrysanthemum-pattern, CP) which could create a composition difference in 
one column in combination with a Cr-enriched columnar boundary (see fig. 4.5(c)). In 
this case, Co-rich (ferromagnetic) and Cr-rich (non-ferromagnetic) are distributed over the 
whole sample. 

Complicated microstructures with Cr-rich and Co-rich areas occur and have many conse- 
quences for the switching behaviour of the magnetization and, moreover, for the coercivity. 

Compositional separation has also been shown (Maeda and Takei 1992) in Co-Cr-X 
materials used for longitudinal recording and in Rogers et al. (1994) it was confirmed that 
the CS is suppressed by increasing Ta content. 

Most data from in-plane media is derived from macroscopic magnetic measurements, 
which on Co-Cr-Ta showed that an increase in Ta content also increases the magnetization. 
This suggests that this effect is due to increasing Cr segregation at the boundaries. Another 
effect of applying Ta is the increase in the lattice constant which leads to or reduces strain 
in the lattice. It was suggested that this influences the Hc. In Co-Cr-Pt  it was found that the 
increase in the lattice constant can be correlated with the increase in Hc. The Pt in these 
types of ternary alloys may also play a role in the formation of the very hard CosoPts0 
composites which have a large influence on the reversal behaviour. 

The CP structures are observed by TEM but also in the case of very thick samples by 
SEM (Maeda et al. 1991). These kinds of observations are only possible in combination 
with selective etching techniques (Maeda and Asahi 1987). 

Figure 4.6 shows a TEM observation of a typical CS microstructure, a so-called CP 
structure revealed by chemical etching. The white stripes within each crystal are thought 
to correspond to dissolved Co-rich regions and the dark areas correspond to passivated Cr- 
enriched regions. Consequently, this TEM observation shows Co-rich and Cr-rich regions 
in one crystal which means that a Co-Cr crystal consists of ferromagnetic regions smaller 
than one grain (see also fig. 4.7). 

The main features of the CP structure are Co-rich stripes that tend to be perpendicular 
to the column boundaries. The CP structure also developed as a function of the thickness 
of the layer. The substrate temperature plays an important role in the formation of this 
particular nanostructure. The Co-rich and the Cr-rich components strongly influence the 
magnetic properties. The spatial periodicity of compositional separation in sputtered Co-  
Cr layers on top of soft magnetic Ni-Fe layers is in the range of 3-7 nm (Maeda et al. 
1991). 

The possible explanations of such a CS structure (which has never been observed in 
Co-Cr bulk alloys) vary in the literature. 

The boundary enrichment with Cr is also described as oxygen gettering (Smits et al. 
1984) which means that during growth the Cr mainly reacts with oxygen. Consequently, 
the Ms of the magnetic composition increases. Another explanation is that there is a recom- 
bination of atoms, molecules or clusters before they interact with the substrate (Jinghan 
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(a) (b) 

Fig. 4.7. The two possible CS s~uctures in an Co~Cr-(X) alloy sputtered film showing Cr-enriched boundaries 
(a) and the so-called CP structure in (b). 

1986). The formation of Cr-Cr and/or Co-Co clusters produces a compositional change. 
The same result can be obtained by using non-homogeneous targets (in the case of sput- 
tering). Cr concentration fluctuations on the lattice faults present in the column have also 
been used for explaining CS (Hwang et al. 1987). Other explanations, where the Cr mi- 
grates to the boundary for thermodynamic reasons, can be found in (Abraham and Bundle 
1981; Chapman et al. 1986; Sagoi et al. 1986). These explanations are based on the fact 
that the Co-Cr system strives to attain the lowest possible surface energy by enrichment 
of the boundaries with Cr atoms, because these have a larger surface than Co and also the 
binding energy is lower. The Cr atoms are exchanged with Co atoms at the surface and also 
at the column boundaries. The grain boundaries are also assumed to be fast diffusion paths 
at which diffusion takes place by vacancies (Petersen 1986). 

Very often the phase diagrams of bulk Co-Cr systems have been used to explain the 
chemical composition although such a diagram is only valid at thermodynamic balance. 
A complete overview and new data were published (Ishida and Nishizawa 1990). With 
respect to the application of Co-Cr the most interesting area of the phase diagram (see 
fig. 4.2) is around the temperature range from room temperature to 1000°C. It can be seen 
from this phase diagram that at 35 at% Cr and lower, two h.c.p, phases, one with a high 
Co-rich composition (ferromagnetic) and the other with a high Cr-rich content (paramag- 
netic) may exist. The thin-film materials discussed here are made by deposition which is 
by definition a non-equilibrium process. In studying these materials, a very important fact 
was assumed, namely that the phase diagram at high Co concentration below 800°C is very 
complicated because sluggish diffusion inhibits the attainment of equilibrium. 

It is known, for instance, that during sputtering the surface temperature of a grown film 
is quite different from that of the substrate (Chapman 1980). The bombardment exerted by 
various plasma particles on the surface results in a much higher temperature at the surface. 

Most of the literature, when explaining the magnetic behaviour of Co-Cr thin films, have 
suggested that there is Cr segregation at the columnar boundaries which could explain the 
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higher coercivity and the magnetic reversal behaviour of the layers. However, only a few 
research groups have experimentally shown the existence of such a compositional separa- 
tion. The most consistent work in this field has been carried out by Maeda et al. (1994). 
He considered two origins of CS namely precipitation of the Co-Cr ~r-phase intermetallic 
compound as suggested by (Sagoi and Nashikawa 1989). These authors based their phase 
diagram on the assumption that the Cr solubility limit in the h.c.p, solid solution is 13 
at% Cr. The second mechanism is the magnetically induced-phase separation predicted by 
(Hasabe et al. 1982) from thermodynamic calculations. 

NMR studies of 5-22 at% Cr films were carried out and it was shown that CS occurs 
in all compositions sputtered at 200°C (Films prepared at RT do show homogeneity over 
the whole composition range). This result suggests that CS is not due to precipitation of 
the a-phase. The next experiment was to study the CS in materials such as Co-Ru and 
Co-Mn, of which both alloys exhibit a sharp decrease in Tc with the composition. 

According to (Takayama et al. 1981) who have developed a theory about magnetically 
induced phase separation (MIPS), CS should occur. In Maeda et al. (1993) a strong CS 
was found in h.c.p. Co-Ru films sputtered at elevated temperature. Moreover, no inter- 
metallic compounds precipitate for any composition. Similar effects are also found for 
f.c.c. Co75Mn25 magnetic thin films. Rogers et al. (1995) deposited at a substrate tem- 
perature of 300°C. In this system the Tc decreases to 270 K for Mn of about 30 at%. The 
results have shown that for a deposited Co76 Mn24 film a very strong CS occurs (with about 
95 at% of Co). It is interesting to realize that both Co-Cr and Co-Mn alloy systems have 
been predicted to exhibit a phase separation by using thermodynamic calculations which 
consider the magnetic ordering effect (Hasabe et al. 1982). 

Although further study is necessary, so far these results strongly support the idea that the 
CS in Co-X sputtered films deposited at higher substrate temperature lies in magnetically 
induced phase separation due to the enhanced surface diffusion during thin fihn growth. 

Consistent results from experimental studies of TEM in combination with etching tech- 
niques such as: NMR, APFIM (Hono et al. 1993a) and SANS (Takei et al. 1994) are pre- 
sented in the literature. 

The results recently obtained by APFIM studies have shown how the concentration fluc- 
tuations in the grains (columns) are distributed (Hono et al. 1993a, 1993b; Hono 1994). 
Such measurements can only be made after a special preparation technology of the Co- 
Cr film and substrate. The results show the atom-probe concentration depth in the planar 
direction of a Co-Cr column with an average composition of 22 at% Cr. Over a depth of 
about 40 nm compositional differences of 30 at% Cr and 7 at% Cr have been measured. 
The latter composition is ferromagnetic while the composition above 26 at% Cr is para- 
magnetic. The fluctuations extend to regions of less than 10 nm, in diameter. 

The results obtained by CS studies in Co-Cr thin films having a perpendicular anisotropy 
support the experimental results obtained by anomalous Hall effect (AHE) measurements 
(Lodder et al. 1994; Haan and Lodder 1997). Here, we have measured about 4 times more 
jumps in the hysteresis loop than the number of columns, which means that a Co-Cr col- 
umn switches non-uniformly due to the variation of the magnetization in one column. 
A very preliminary conclusion is that this effect is related to the CS structures in the Co-Cr. 
In micromagnetic simulation the CS is incorporated and with this addition the AHE results 
can be calculated and are qualitatively in agreement with the measured results (Kooten et 
al. 1994). 
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4.8. Magnetic properties and microstructure 

The ideal magnetic structure for a magnetic recording medium consisting of a polycrys- 
taUine microstructure is that of a crystallite which reverses its magnetization by rotation 
and not by domain-wall motion. In other words, for high density recording the crystal- 
lites should act as independent single-domain particles, consequently, without exchange 
coupling but depending on the particle distance and still with magneto-static coupling. In 
practice thin films possess a wide distribution of grain size and not all crystallites are com- 
pletely separated from each other. This influences the reversal behaviour. As mentioned in 
section 2.5.2 there are two main models from the microstructural point of view, namely 
the particulate and the continuous microstructural model. In the first one the crystals that 
are formed during film deposition are believed to interact only through magnetostatic in- 
teraction. No exchange force acts over the column boundaries due to physical separation. 
In the continuous model the reversal mechanism is thought to take place by Bloch walls as 
in stripe domains, hindered by the column boundaries which may increase the coercivity 
of the medium. 

In this section the relation is given between the microstructural aspects such as crystal 
structure, texture, crystal size, compositional separation and some of the magnetic proper- 
ties such as magnetization, coercivity, anisotropy and magnetic structure. 

4.8.1. Magnetization of deposited alloys 
The relation between the magnetization and composition is frequently presented by the 

Slater-Pauling curve shown in fig. 1.10b which gives the relation between the saturation 
magnetization Ms and homogeneous bulk Co-X (Pauling 1938; Slater 1938; Bozorth 
1951). In general, most papers reported that the Ms of sputtered and evaporated films, 
deposited at higher substrate temperatures, is found to be larger than that for bulk alloys 
having the same average chemical composition. Although in the literature various origins 
have been proposed, the most likely explanation is phase separation. Two h.c.p, phases, 
which hardly occur in bulk Co-Cr material at low temperatures, cause compositional fluc- 
tuations along the grain boundaries as the film growth proceeds. 

In fig. 4.8 Haines' calculations (Haines 1984) is used to compare our experimental data 
(Kranenburg 1992). In the random Co-Cr alloy the Cr atoms are not distributed in the most 
suitable way for reducing the Ms of the alloy. Therefore, the maximum local content of Cr 
for this distribution is much higher than in the case where Cr-Cr bonds are not present. 
The lower curve in fig. 3.5 shows the behaviour when the latter are present and it can be 
seen that the Ms becomes zero at 25 at% Cr, because for bulk material the measured Ms 
for this composition is zero. Consequently, 4 Cr NN Nearest Neighbor) in an h.c.p, lattice 
makes the final Ms zero. 

4.8.2. Coercivity of thin-film media 
The coercivity in a magnetic material is a very important parameter for applications 

but it is very difficult to understand its physical background. It can be varied from almost 
zero to more than 2000 kA/m in a variety of materials. Values of more than 250 kA/m 
have been reported for thin-film recording media. First of all, the coercivity is an extrinsic 
parameter and is strongly influenced by the microstructural properties of the layer such 
as crystal size and shape, composition and texture. These properties are directly related to 
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Fig. 4.8. The magnetization as a function of Cr concentration. Experimental data (V] - co-evaporated samples at 
low temperature, • - sputtered samples) compared with calculated distribution lines (Haines 1984). 

the preparation conditions. Material choice and chemical inhomogeneities are responsible 
for the Ms of a material and this is also an influencing parameter of the final He. If only 
crystalline material is considered, then the crystalline anisotropy field plays an important 
role. It is difficult to discriminate between all these parameters and to understand the origin 
of the coercivity in the different thin-film materials in detail. 

As has been seen in an ideal single-domain particle which switches coherently, the Hc 
is equal to the Hk if a field is applied in the easy-axis direction. Depending on various 
factors, incoherent switching occurs and the Hc decreases. Even in a matrix of particles, 
with magnetostatic interaction, the coercivity will be influenced. Multidomain particles 
and thin films will switch by domain-wall motion and again the coercivity decreases in 
comparison with the Hk. Although we have to deal with many different morphologies 
it would seem that the Hc is satisfactorily described by a general relation introduced by 
Kronmtiller (1987): 

2K1 
H e  = ot - -  - N e f f  M s  . (4.1) 

/z0Ms 

It can be seen that this relation takes account of the magnetocrystalline anisotropy as well 
as of demagnetizing fields. The parameters oe and Neff relate to the microstructural aspects 
and the dimensions of the magnetic units. The influences of a and Neff on the H c  for poly- 
crystalline thin films were extensively discussed by (Kronmiiller 1993). In addition, for 
thin films, surface and interface properties also influence the Hc. The above leads to the 
assumption that the coercivity (an extrinsic property) can only be determined by means 
of the macroscopic hysteresis loop in combination with the theory of micromagnetism 
(Brown 1963). Knowledge of the microstructural properties of the material is indispens- 
able. In the first place the size and shape of the magnetic unit (crystal, column) material 
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play an important role. In SDP the coercivity increases to a maximum at a critical particle- 
size diameter. Future increase in the diameter results in a multidomain-state particle. When 
the SDP diameter is decreased, it finally becomes superparamagnetic. At this stage the re- 
versal takes place by thermal activation which again leads to a lower He. In the case of 
an MDP the Hc is either nucleation-controlled or determined by pinning mechanisms of 
the domain wall. These mechanisms are determined by the magnetically inhomogeneous 
regions such as columnar boundaries, chemical inhomogeneities, stacking faults etc. 

4.8.3. Magnetic structure 
An important characteristic of a medium is its magnetic structure, the magnetic unit 

(intrinsic domain structure or written bit) in the magnetizable layer which has, in principle, 
two opposite stable directions parallel to the anisotropy axis. The switching of the magnetic 
units can be achieved by a sufficiently large appfied field. 

Study of the magnetic structures and their switching behaviour can be carried out by 
several techniques. The study of the M - H  loop gives information about the macroscopic 
behaviour of the media. More knowledge about the micromagnetic behaviour is needed 
for increasing the density. More insight can be obtained by computer simulations. New ex- 
perimental methods are available and are being developed for collecting more information 
about the meso-magnetic (an area between macro and micro) properties of the media like 
the methods used for observing the magnetic domains, domain walls, written bits and stray 
fields using the Bitter-colloid SEM method, MO Kerr observations, Lorentz TEM observa- 
tions, Electron Holography, SEMPA, AHE (Anomalous Hall Effect) measurements (only 
applicable for media with perpendicular anisotropy) and MFM. 

The microstructure of the thin-film medium has a great influence on the magnetic be- 
haviour of the film. Is the magnetic behaviour of the layer continuous or particulate? Both 
qualifications refer to the degree to which exchange forces are able to extend throughout 
the medium. In a continuous medium the exchange forces are hardly disturbed by struc- 
tural discontinuities such as crystal boundaries. As a consequence, the magnetic-domain 
boundaries usually consist of Bloch walls. The typification "particulate" refers in the first 
instance to the method of preparation, whereby particles, usually single-domain particles, 
are compounded together with non-magnetic materials. In these media, the exchange forces 
are restricted to the volume of the particles, which therefore show only magnetostatic in- 
teractions. Within this definition, from the magnetic point of view, even thin films may 
be considered as particulate, showing distinct structural ferromagnetic units like crystals, 
columns, or clusters of crystals or columns separated by non-ferromagnetic materials or 
voids. Such kinds of microstructures may be influenced by the deposition methods and 
the nucleation and growth process of the layers as noted previously. If the. thin film has 
a continuous microstructure in which there is an exchange between the magnetic units, 
then in the remanent magnetic state the layer consists of magnetic domains having their 
direction of magnetization anti-parallel and separated by a domain wall. The wall is a tran- 
sition region in which the spins are rotated from one direction into the other direction. The 
thickness of such a 180 ° wall is determined by minimizing the various energies and is, of 
course, dependent on the type of material (Co ----- 8.4 nm; Fe = 30 nm; Ni = 72 nm). 

In conclusion, the magnetization reversal in a thin-film medium is very strongly de- 
pendent on the microstructural properties. Depending on the morphology and chemical 
inhomogeneities of thin-film media the reversal take place as follows: 
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• The reversal in one grain is strongly dependent on the CS structure in one grain. 
• Exchange coupled grains show a magnetic-domain structure which covers many 

grains and gives a reversal originating from domain-wall motion. The wall energy, 
influenced by crystalline anisotropy, magnetostatic energy at the wall, strain, chemi- 
cal inhomogeneities and film surface properties, dominates the coercivity He. 

• Uncoupled grains when reversed are, of course, independently influenced by magne- 
tostatic interactions. Here, the Hc is determined by the crystalline anisotropy of the 
grain, shape and strain anisotropy. 

• Clusters of grains which are locally magnetically coupled can reverse in unison. These 
reversals are independent of other clusters, but again magnetostatic coupling may 
influence their behaviour. 

The shape of a magnetic material (sample geometry) is the most obvious feature which 
may influence the anisotropy. Depending on the geometry there will be a "magnetic 
charge" at the surface of the uniformly magnetized sheet, cylinder, ball or sphere. This 
magnetic-pole density produces an internal uniform demagnetizing field Hd (= -NdM) 
which is, in fact, proportional to M and directed opposite to it. Here, Nd is the linear 
demagnetizing factor. The sum of the three orthogonal vectors is equal to one (N = 
Nx + Ny + Nz = 1). The values for these demagnetizing vectors depend on the shape 
of the magnetic unit. An important factor is that the magnitude of the internal field Hint is 
less than that of the applied field HapN by the amount of the Hd. Consequently, the HapN 
must overcome the Hd in order to saturate the material (see also chapter 1). 

4.8.4. Deposition parameters, microstructure and magnetic properties 
It has been discussed in section 4.3.2 that the substrate temperature is the most important 

sputter parameter. In fact, this is only an indication of the real temperature at the growing 
surface. The difference in growth mechanism is understood considering the activation en- 
ergies for surface, grain boundary and bulk diffusion. The ratio of these energies is 1:2:4, 
respectively. This means that at low temperatures the surface diffusion rates can be orders 
of magnitude larger than the bulk diffusion rates. It was found that binary and ternary Co- 
alloys during sputtering are deposited within a temperature range by which bulk diffusion 
can be neglected (Lodder et al. 1983). But nevertheless it is very hard to understand all the 
relationships between sputter parameters, microstructural features, and magnetic parame- 
ters. In fig. 4.9 the relations between the many parameters and events are given. 

It can be seen from fig. 4.9 that the "substrate temperature" is finally determined by the 
substrate holder temperature, the sputter power, deposition rate and sputtergas pressure. 
The substrate temperature affects all structural features such as their CS, grain size, texture, 
d-spacing and HCP formation. The sputter power and the residual gases have an influence 
on the grain size, while the argon pressure influences the texture and crystal structure. The 
bias voltage also has an influence on the crystallographic properties and moreover also 
on the CS. As we have already seen the microstructural properties influence the magnetic 
properties. Grain size is important for the noise and bit density, while the crystallographic 
texture and crystal structure are important for the Hk and indirectly for the Ho and the 
compositional separation has an influence on the Ms and Hc. Finally the residual gases can 
influence the anisotropy and Ms. 
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Fig. 4.9. The relation between the sputter parameters, the structural features and the magnetic properties. 

5. Thin film hard disk media 

Disk manufacturers are using sputtering technologies for thin film medium production. 
New substrate materials such as glass and ceramics now promise to replace aluminum. 
Snbstrate surfaces have to be prepared to create the right properties, so firstly, the surface 
roughness has to be controlled by texturing in order to roughen it in a controlled pattern. 
The final surface topology should then be smooth but not too smooth in order to avoid 
stiction of the head. 

In order to develop the right microstructure and mechanical properties of the magnetic 
media a complicated disk structure with various types of layers have been proposed. As can 
be seen in fig. 5.1, a possible hard disk medium can consist of a substrate, a transition layer 
(intermediate, under and seed layer) between the substrate and the magnetic (recording) 
layer(s) and a top layer for protection and/or lubrication. This layout is more complicated 
than for the medium given in fig. 2.4. The presentation in fig. 5.1 is a very special one 
because it proposes the design of a so-called multilayered media consisting of a magnetic 
bilayer medium and all possible types of layers which can be used (Laughlin et al. 1996). 
It should be pointed out that this configuration does not belong to any realistic medium 
commercially made. In this schematic representation the two magnetic layers are separated 
by an interlayer. All the different layers in fig. 5.1 have their own specific properties and 
need special process parameters for the realization. The names used are defined in relation 
to their positions with respect to the magnetic layer(s) the underlayer is positioned under 
the magnetic layer(s), the intermediate layer lies between the underlayer and magnetic 
layer and the interlayer separates the two magnetic layers. 
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Fig. 5.1. An advanced multilayer medium for high density magnetic recording (Laughlin et al. 1996). 

In order to improve the disk media for future high densities (> 10 Gbit/in 2) two di- 
rections are proposed by (Howard 1994) namely the evolutionary and the revolutionary 
approach. The first focused on the gradual improvement of the h.c.p. Co alloy media. The 
revolutionary development of new media is focused on materials with higher anisotropies 
than the present hexagonal Co alloys. In the literature sputtered BaF thin films, granular 
media and amorphous CoSm alloyed films on Cr underlayers are mentioned. The main 
reason for this is to provide more stable particles with smaller diameters. Several examples 
of both approaches will be given in more detail. 

5.1. Substrate materials 

The substrate choice for hard disk application is very important not only from the sputtering 
point of view but also because of the important role of the substrate in fly-ability and 
reliability. The performance of the substrate is one of the key factors to improving the hard 
disk performance (Bhushan 1993). One of the most critical factors, for obtaining gigabit 
recording is the near contact recording technology. Therefore a continuous decrease in 
flying height over the years appears. For instance, to obtain the 10 Gbit/in 2 in 2 areal 
recording density in 2000 it was estimated in 1990 that a 10 × decrease in spacing will be 
necessary. In fact the decrease in physical spacing from about 200 nm to 20 rim. 

The wear life of the head disk interface as well as the friction force between the two sur- 
faces are strongly dependent on the disk surface texture and lubrication condition. The sur- 
face texture has been characterized mostly by the amplitude parameters of surface rough- 
ness. From the point of view of areal density the disk should be quite flat, but to avoid head 
stiction the surface of the medium should not be totally flat. Texturing of the disk is the 
solution to overcome stiction. 

Another new aspect for hard disk substrates is that the disk is spinning faster and faster. 
Some of the today's high-end drives already have a velocity of 7200 rpm while for the 
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TABLE 5.1 

Some physical properties of substrate materials (Miller and Bhushan 1996). 
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Substrate NiP Alumino Soda lime Carbon Glass SiC 
property silicate glass glass ceramic 

Density 2.7 2.5 2.5 1.8 2.7 3.2 
(g/cm 2 ) 
Young's modulus 27 85 75 35 83 4,60 
(GPa) 
Hardness 500 590 540 650 650 2500 
(kg/mm 2 ) 

near future 14 000 rpm is being discussed. Application in laptops also requires thinner 
substrates. 

Extremely rigid disks (high specific module) seem to be the most ideal substrates. 
The standard hard disk was made from a 10 p_m amorphous NiP layer coated on top 

of an A1-Mg alloy substrate. The NiP layer is used to improve the polishing properties 
and surface hardness of the A1-Mg substrate. In order to alleviate slider-disk stiction the 
NiP layer is roughened or textured. Here a compromise must be made between the typical 
requirements for stiction, durability and magnetic performances. New texturing methods 
are discussed in the literature such as sputter texturing which has been demonstrated on 
super smooth glass and metal substrates. Other methods to create texture surfaces are to 
use pulsed infrared laser radiation (Ranjan et al. 1991) and laser melting (Baumgart et al. 
1995) on N i P  disks. Each pulse of the laser creates a small single bump with diameters 
between 10-20 ~tm having a height from several to 100 nm. This laser technique is clean, 
precise and economical. It satisfies all tribological requirements. 

At present new materials for substrates are also being sought in order to satisfy the men- 
tioned requirements. At present glass substrates (amorphous and crystalline) are already 
commercially available as well as, glass/ceramic and ceramic/metal composites. A discus- 
sion on all relevant properties and a comparison between the different substrate materials 
is given in (Miller and Bhushan 1996). 

A comparison of the physical properties of various substrate materials is given in ta- 
ble 5.1. 

The most important properties for a substrate are a high hardness and a low density 
for shock resistance as well as a high modulus for reduced vibration and a good thermal 
stability. The mass and dimensions are important for the miniaturization of the hard disk 
drive. 

Besides the properties necessary for the (mechanical) recording performance the sub- 
strate largely determines the magnetic properties of the magnetic films. Smoothness, chem- 
ical composition and thermal conductivity, for instance, are important parameters for deter- 
mining the nucleation and growth of the sputtered films. Nucleation and growth process of 
the underlayer can vary for different types of substrates, and consequently this will change 
the grain size and texture of the magnetic layer. 

In fig. 5.2 the surface roughnesses of various substrates are given as measured by AFM 
(Miller and Bhushan 1996). Here, Ra is the arthmefic average, Rq represents the root mean 
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Fig. 5.2. Surface structures (topology) of substrate materials for a hard disk, determined with an AFM 20 I-tm 
×20 ~na. In (a) a very smooth NiP/AI, (b) coming code 0313 glass, (c) coming code 9647 glass-ceramic, and (d) 

Ohara TS-10A glass-ceramic substrates (Miller and Bhushan 1996). 

square roughness and Rp the maximum peak-to-valley distance. On one hand we need a 
very smooth substrate surface to create a minimum head-medium distance but the on the 
other hand we must minimize the stiction (static friction) between the slider and the disk 
during rest. 

In order to obtain a low flying height of the heads above the disk we need a low rough- 
ness which in turn is limited by the stiction. The trend is to use Ra's of the order of  1 nm 
and a glide height of about 20 nm for future applications. 

Therefore the substrate surface has to be textured or roughened. This can be carried 
out by "polishing" the surface to make a circumferential scratch pattern which is called 
mechanical texturing. As a result this type of texturing is also related to texture noise in 
the recorded signal (Wui et al. 1994) and of course the roughness of the substrate can 
introduce defects in the magnetic layer as well as changing the head-medium spacing. 
Laser texturing was introduced which gives a more precise control by creating the location 
of small holes in the substrate (Ranjan et al. 1991; Baumgart et al. 1995). 

Another texturing method is to create an island structure on the substrate by depositing 
a small amount of low melting point metal layer such as Ga or In before the Cr underlayer 
is deposited (Allegranza and Wui 1995). A small amount of deposited material gives a 
collection of spherical features on the substrate surface. On top of this island structure the 
underlayer (i.e., Cr) and the magnetic layer more or less confirm the island structure of the 
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TM seed layer and maintain morphology and the rough surface structure, which is very 
good for avoiding stiction (Mirzamaani et al. 1992). 

The advantage of non-metallic substrates for future high density, small form factor disk 
drives is distinct, while the challenges to realize it in practice are not trivial, was written 
in 1993 (Tsai 1993) and in 1996 (Miller and Bhushan 1996) the authors concluded their 
paper with a feeling, based on experimental data, that glass or glass-ceramics will replace 
NiP/A1 as the substrate of the future. 

5.2. Role of the underlayer 

The underlayer is very important for adjusting the magnetic and recording properties of the 
hard disk. The function of the underlayer is to create the right crystallographic orientation, 
adjusting the crystal size and to stimulate the intergranular separation. 

Besides influencing the magnetic behaviour the underlayer also protects the substrate 
from corrosion and increases the adhesion of the media. 

For the recording layer use is made of the uniaxial anisotropy of the Co alloy which is 
in the same direction as the h.c.p, c-axis. When preparing an h.c.p. Co alloy film with its 
c-axis [0 0 0 1] parallel or about parallel to the film plane an epitaxial growth is necessary. 
Usually h.c.p. Co grows with its c-axis perpendicular to the substrate surface (Wielinga and 
Lodder 1981; Lodder et al. 1983) because the closely packed planes (for h.c.p. (000  1) 
planes, for b.c.c. {1 10}, for f.c.c. {1 1 1} planes and B2 structures {1 10}) will grow 
parallel to the film plane. The B2 structure is closely related to b.c.c. 

The epitaxial relationship is evident and therefore we must choose an underlayer mate- 
rial with lattice parameters close to the magnetic Co alloy. A Cr underlayer is mostly used 
and very successful because of the epitaxial fit. Recently other new materials such as NiA1, 
FeA1, MgO, GaAs, Ti, CrV, CrTi have also been introduced. For tailoring the magnetic and 
recording properties a so-called intermediate layer is sometimes necessary between the un- 
derlayer and magnetic layer as well as a seed layer between the underlayer and substrate 
(see fig. 5.1). 

The general idea is that the underlayer adjusts the in-plane coercivity by supporting the 
right crystallographic orientation of the Co alloy layer. It should have a sharp in-plane 
c-axis orientation. Another function of the underlayer is to control the crystal size of the 
magnetic layer. In the case of high density recording the grain size should be between 5 
and 100 nm. The intergranular separation is to stimulate the single domain behaviour of 
the magnetic grain. These are all needed to create sharp transitions, low media noise and 
high linear density. 

5.2.1. Cr underlayer 
One of the methods to overcome the problem of low coercivity in vacuum evaporated 

films is an intermediate layer between the substrate and the ferromagnetic layer, which 
was already proposed in 1967 (Lazarri et al. 1967). Here it was reported that by very slow 
deposition (0.1 nm/s) of a Co layer (thickness less than 100 nm) on a Cr underlayer with 
b.c.c, structure the coercivity increases at a level suitable for magnetic recording. The He 
was strongly dependent on the rate of deposition, the thickness of the Co, as well as the 
Cr layers and the substrate temperature. The Cr underlayer induces the growth of the Co 
layer with an exclusive hexagonal crystalline structure and a very narrow crystallite-size 
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Fig. 5.3. The relationship between the Co (11-00) planes and Cr (211) planes (left) and Co (1120) planes and 
Cr (100) planes (right) and the related lattice distances (Huang et al. 1996). 

distribution. If the Cr layer increases, its crystal size also increases and the Co grows more 
quasi-epitaxial. The c-axis orientation of the Co becomes more in-plane if the substrate 
temperature increases. An important fact is that this effect is strongest if the deposition of 
the Co occurs immediately after the deposition of the Cr underlayer (no oxidation). The 
role of the Cr underlayer is thus the creation of the right conditions for epitaxial growth 
of the polycrystalline layer having the h.c.p, texture with the c-axis in the plane of the 
medium. 

In the case of sputtered Co alloys it is also important to use an underlayer of Cr. Without 
an underlayer it was shown that the Hc decreases drastically if the Co alloyed layer were 
sputtered directly on the NiP substrate (Nolan et al. 1993a). 

Optimizing the Cr layer also controls the crystal size and morphology. It was already 
reported in 1986 (Chen 1986; Ischikawa 1986) that the Cr underlayer thickness has a great 
influence on the coercivity of the Co-Ni-Cr layer. In most of the literature it can be found 
that with increasing Cr thickness the Hc increases. Under ideal conditions and the right 
material combinations coercivities above 240 kA/m have been achieved. 

In fig. 5.3 the schematic diagrams of the geometry and the unit cells of the h.c.p. Co 
(1 T 0 0) and b.c.c. Cr (2 1 1) are presented in the left figure and the epitaxial relationship 
between Co(1 1 20) /Cr(100)  is given at the right. The plane (indicated in bold) of Co 
(11-00), 4.07 Zk × 2.51 A fits perfectly with that of Cr (21 1), 4.07 A x 2.50 ~. In the 
case of the Co (1 120) and Cr (100), the parameters for the Co (1 120) plane which are 
4.07 ~ × 4.34 A match poorly with the rotated cell of Cr (1 00), having diagonal lengths 
of ~¢~ × 2.88 = 4.07 ~. The Cr (1 00) has a fourfold and the Co (1 120) a twofold crystal 
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Fig. 5.4. Other crystallographic relations between h.c.p. Co and b.c.c. Cr lattices. Both (a) and (b) give the atomic 

positions in the (1 0 T 0) Co planes and in the (1 1 0) planes of Cr (Laughlin et al. 1996). 

symmetry. As will be shown later this symmetry will result in a bicrystalline structure of 
the Co (1120) layers which means that the Co c-axis [1000] can be parallel either to the 
Cr [011] or [001] direction. 

In conclusion, for h.c.p. Co with the (1070) or (1120) planes parallel to the plane of 
the substrate, the c-axis will be directed in the film plane. 

Other crystallographic relations between Co and Cr are given in fig. 5.4. 
If the (10]- 1) Co planes are parallel to the substrate the c-axis will be 28 degrees out 

of the film plane (see fig. 5.4(a)) (Laughlin and Wong 1991). In fig. 5.4(b) a very good 
match can be seen between the two planes. But because the Cr (110) plane has twice the 
number of atoms as the Co (10 ]- 0), the interfacial energy will be large and consequently 
this epitaxial relationship is not preferable. 

The matching of the magnetic layer lattice with the Cr underlayer lattice is strongly 
dependent on the type of Co-alloy. In ternary alloys of Co-Cr with X (=Pt, Ta, B) the 
lattice parameter expands and if this mismatch becomes too large then the hetero-epitaxial 
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growth decreases. Also Cr-Ti and Cr-Si underlayers have been proposed (Choe 1996) as 
an underlayer for Co-Cr-Pt magnetic media. The Cr-Ti underlayer showed changes in 
the crystallography with increasing Ti content and consequently has a great effect on the 
growth texture of the Co grains. 

The Cr-Si underlayer showed uniformly grown Co grains without large clusters or 
grouped fine crystals in comparison with the same magnetic layer on Cr, while Ti90Crl0 
underlayers are also proposed for Co-Cr-Pt perpendicular recording media to improve the 
perpendicular anisotropy (Nolan et al. 1996) 

5.2.1.1. Deposition of the Cr underlayer. Various deposition parameters are important 
for determining the properties of the underlayer and consequently the magnetic recording 
layer. The most important parameters are the substrate temperature, argon pressure and 
layer thickness. 

Increase of the substrate temperature gives higher coercivities and better squareness due 
to the reduction of the intergranular exchange coupling (Shen et al. 1994). This also results 
in better SNR. The sputtering parameters such as Ar pressure, power and biasing have an 
influence on the orientation of the Cr layer. Figure 5.5 shows the XRD spectra as a function 
of the various parameters. 

It can be concluded from fig. 5.5 that the Cr layer can have either the (0 0 2) or the (1 l 0) 
texture depending on the sputtering parameters. The (0 0 2) texture can be initiated directly 
on the substrate surface, while the (1 10) texture does not appear to form directly but rather 
as a result of film growth. 

In fig. 5.6 the grain size of the Cr underlayer is given as a function of the layer thickness 
(Tang and Thomas 1993) greater thickness the roughness of the Cr underlayer in combina- 
tion with thin magnetic layers can also determine the Hc, due to the fact that intergranular 
exchange coupling is reduced by open crystal boundaries. The S as function of the Cr 
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Fig. 5.5. XRD spec~um of a thin Cr underiayer measured at various sputter parameters. Sputtering powers (a), 
argon pressures (b), and substrate bias (c) (Feng et al. 1994). 
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under layer  thickness is s tudied by  (Lal et al. 1994). A sharp op t im um  is found  at a Cr 

thickness of  25 nm.  This  layer was prepared by  us ing a bias voltage Vbias = . -250  W. Bi- 
asing in  general  gives a c lean deposi t ion and a better crystal l ini ty fol lowed by  a higher  Hc 
of  the medium.  

The  texture of  the Cr layer is normal ly  (1 1 0). It  can be concluded f rom XR D experi- 
ments  that the (0 0 2) texture is developed dur ing  the nuclea t ion  process and that the (1 1 0) 
texture is developed dur ing  the growth of  the layer (Laughl in  et al. 1995a, 1996). 

TABLE 5.2 

Dependence of the nucleation and growth parameters on sputter conditions (Feng et al. 1994). 

Nucleation and Preheating P a r .  Sputtering conditions 
growth parameters Vbias powe:r 

Substrate temperature 1 st 3rd 2nd 2nd 
Deposition rate no 2nd 2nd 1st 
Kinetic energy Ar no 2nd 1st 3rd 
Kinetic energy Cr no 1st 2nd 2nd 

The relation is given by 1st: very strong; 2nd: less strong; 3rd: weak; no: no effect. 
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Fig. 5.6. The grain size vs. thickness (a) of the Cr underlayer (Tang and Thomas 1993) and (b) the S (squareness 
ratio) of a Co-Cr-Ta as a function of the Cr thickness (Lal et al. 1994). 
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A model for the formation of the texture of Cr is given in (Feng et al. 1994; Laughlin 
et al. 1995a, 1995b, 1996) and on the minimization of the surface and interfacial energies 
during the growth process. 

It was clearly shown in (Tang and Thomas 1993) that each nucleation and growth pa- 
rameter depends on several sputter parameters. A qualitative order between the nucleation 
and growth parameters (substrate temperature, deposition rate and the kinetic energies for 
Cr and Ar) and the sputter conditions (preheating, argon pressure PAr, substrate bias Vbias 

and sputter power) is given in table 5.2. 

5.2.2. NiA1 underlayer 
In fig. 5.7 a comparison is made between the Cr b.c.c, and the NiA1 B2 crystal structure. 
It has been shown that b.c.c. Cr underlayers promote the epitaxial growth of the h.c.p. 

Co alloy thin films. In Lee et al. (1994) an ordered structural derivative (B2) of the b.c.c. 
structure of the NiA1 ordered alloy is discussed. It can be seen from fig. 5.7 that (b.c.c.) 
Cr has a structure similar to NiA1 (B2) and the lattice constant is more or less equal. Ex- 
perimental results have shown that the grain size of NiA1 is smaller than that of Cr (Lee et 
al. 1994). This is due to the strong binding between the Ni and A1. Moreover this strong 

Cr, BCC NiAI, B2 
a=2.884A a=2.887A 

Fig. 5.7. Crystal structures of Cr b.c.c, and the NiA1 B2 structure. 
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Fig. 5.8. The coercivity as function of the Cr and NiA1 underlayer thickness for a 40 nm thick CofrTa magnetic 
layer (Lee et al. 1994). 
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binding also gives a low atom mobility and consequently a low growth rate of the nuclei. 
The NiA1 enhances the Co alloy [1 0 1 0] texture and increases the in-plane Lie (see also 
fig. 5.8). Figure 5.8 shows the relation of the He of a 40 nm thick CoCrTa magnetic film on 
various thickness of NiA1 and Cr underlayers. In both cases the He increases with increas- 
ing thickness of the underlayers and finally reaches a plateau. In the case of CoCrTa/NiA1 
the He becomes larger at a thickness of about 100 nm. The smaller grain growth can lead 
to a lower noise rate. 

5.3. Seed layers and precoated layers 

Because it is more difficult to obtain a strong (1 0 0) Cr texture on glass or glass-ceramic 
substrates in comparison with NiP covered with an A1-Mg new seed layer materials such 
as Ta (Kanabe et al. 1995), MgO (Lee et al. 1995a) and NiA1 (Lee et al. 1995b) have been 
proposed. 

From the lattice constant point of view NiA1 looks like Cr. It is an intermetallic alloy 
with a B2 structure. Its lattice parameter is a = 2.887 ,~ which is very close to the b.c.c. 
Cr (a = 2.884 ,~). 

A seed layer is necessary to improve the texture in the underlayer and finally to increase 
the size of the magnetic anisotropy and to control its direction. 

It was found that magnetic layers deposited on glass substrates tend to have higher noise 
compared with the same media on NiP/A1Mg disks. Large output signals and low noise 
were obtained from Co-Cr-Pt  media deposited on a Cr-Ti underlayer deposited on Ta pre- 
coated glass (Kataoka et al. 1995). The reason for this is that the Co-Cr-Pt  layer has a 
large anisotropy due to the strong (1 0 0) CrTi orientation on the Ta layer. 

Using 20 nm Ta the coercivity was zero kA/m with S* as defined in section 2.4 becom- 
ing equal to 0.85. For a Ta thickness of 100 nm these values were respectively 257 kA/m 
and 0.77. In the same paper Cr, W and Zr have also been used as precoated materials but 
the Ta layer shows the best data. 

5.4. Intermediate layer 

The intermediate layer is situated between the magnetic layer and the underlayer. For 
instance the Cr intermediate layer between the NiA1 underlayer and the magnetic layer. 
Another example of an intermediate layer is given in (Fang and Lambeth 1994). Here a 
CoCrTa layer was sputtered between the Cr underlayer and the CoCrPt magnetic layer. 
The result was a very good lattice matching between the two CoCr compositions resulting 
in better in plane magnetic properties (Laughlin et al. 1996). 

5.5. Interlayers 

An interlayer is a non-magnetic layer situated between two magnetic layers in order to 
isolate the magnetic layers from each other. This multilayered structure will be discussed 
in section 5.6.3. 

5.6. Evolutionary improvement of Co-alloy media 

One of the most important parameters for a high density medium is to realize an optimal 
value for He. Such a value can be created by the texture of the layer (which influences the 
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magnetic crystalline anisotropy), and the morphology of the layer and more precisely the 
exchange coupling between the grains. The keyword here is the reduction of intergranular 
exchange. Exchange coupling between the grains can be influenced by voids or open areas 
between the grains or by another composition at the grain boundaries which magnetically 
isolates more or less one grain from the other. 

5.6.1. Ternary and quaternary Co-Cr-X-Y layers 
Sputtered hard disks of Co-Cr-X (X=Ni, Ta, Pt, C) for very high density longitudinal 

recording have been prepared and tested by many industrial and university groups. The 
first disks with a density larger than 1 Gbit/in 2 have been reported by (Yogi et al. 1990) 
and (Futamoto et al. 1991). The recording layers are deposited on a Cr underlayer which is 
deposited on the hard disk substrate. Sputtering is the most favorable deposition technology 
for preparing these disks. The substrate can consist of Ni:P plated on A1, glass or canasite. 

The most important process parameters for depositing a suitable magnetic layer are the 
composition, thickness and structure of the layer. The latter also depends on the structure of 
the type of underlayer. The deposition parameters for both the magnetic and non-magnetic 
layers, such as substrate temperature, bias voltage and surface texture are very important 
for optimizing the recording behaviour. 

Recently quaternary Co-Cr-Pt-X (X=Si, B, P, Ni, Ta) alloys have been proposed as 
suitable media for longitudinal high-density thin-film media. Underlayers (mostly Cr) are 
necessary for controlling the magnetic properties. Higher density in longitudinal recording 
requires thinner layers and smaller crystallites. 

In combination with a spin-valve read head, read/write experiments have been carried 
out by (Kanai et al. 1996) on a low noise Co74Cr17Pt5Ta4 having a Hc = 200 kA/m. The 
results show that 5 Gbit/in 2 density recording with a linear density of 217 kBPI and a track 
density of 23 kTPI is achievable. 

A trend is that the layer thickness for hard-disk application must decrease to about 10- 
15 nm in order to obtain 10 Gbit/in 2 density recording. The addition ofPt, Ta, Ni and Si to 
Co-Cr in combination with a higher substrate temperature favors the enhancement of Ms 
and He. An example is given in (Gao et al. 1996) with CoCrPtTa sputtered on glass ceramic 
substrates using a Cr/CrV underlayer combination to obtain the right growth process. 

5.6.2. Laminated (double layer) hard disk media 
Many studies have been published on thin film media consisting of several magnetic 

layers separated by a non-ferromagnetic interlayer (Hata et al. 1990; Murdock et al. 1990; 
Lambert et al. 1990, 1993; Palmer et al. 1991; Zhang et al. 1996). The main aim of study- 
ing the laminated medium structures for high density recording is to improve the-signal-to 
noise ratio by reducing the medium noise. The linear density is determined by the macro- 
scopic magnetic properties Hc and the remanence thickness product Mr3 while the medium 
noise is related to the individual grain structure and the exchange coupling between the 
grains. 

Individual control of the parameters Hc and the Mr3 in thin films was already an- 
nounced by (Maloney 1979) proposing stacked Co-films. The increase in Hc and Mr~ in 
a four-layer system consisting of a Cr underlayer (300 nm)/CoNiCr (35 nm)/Cr interlayer 
(12.5 nm)/CoNiCr (35 nm) have shown better read/write characteristics (Katayama et al. 
1988). 
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It has also been reported that the noise contribution in such a system can be reduced 
because the combined noise of the individual layers is lower than that of a thicker single 
layer (Murdock et al. 1990). The authors found that the total noise is the sum of the noise 
of the two individual layers plus a cross term. The key is now to design individual layers 
with low-noise behaviour. One of the advantages of the laminated technology is that the 
growth of the magnetic layer is interrupted at a very early stage which provides a better 
opportunity to obtain uncoupled (exchange) crystals. This research is in progress using a 
variety of materials and deposition parameters. An important aspect is that the interlayer 
thickness should be thick enough to interrupt the exchange between the magnetic layers 
but thin enough to retain magnetostatic coupling. 

In comparison with common technologies the manufacturing control of macromagnetic 
and micromagnetic properties will be more difficult when employing the laminated process 
(Johnson et al. 1993). 

The medium structure given in fig. 2.4 has been modified to a more complicated one 
as given in fig. 5.1. Promising media for high density recording are all multilayered struc- 
tures consisting of a substrate (special glass, ceramics); seed layer, underlayer, interme- 
diate layer, first magnetic layer, interlayer(s), second magnetic layer, overlayer, overcoat 
and lubricant. Although more research has to be carried out it is clear that the underlayer 
determines the orientation and grain size of the first magnetic layer. At present NiA1, MgO 
and GaAs are mentioned in the literature. Like Cr these materials also improve the epi- 
taxial growth of the Co-based magnetic layer. The interlayer materials between the two 
magnetic layers can consist of A1, Ag, Cr and Cu. The function is to change the texture 
of the second magnetic layer which influences the interaction between the grains and the 
noise performance. 

5.6.3. Keepered medium 
A keepered longitudinal recording medium was reintroduced and consists of a standard 

in plane magnetic layer with and overlaying high permeability soft magnetic "keeper" 
layer (it is called a keepered layer because the role of the soft magnetic layer is the same as 
that of a permanent magnet's keeper). It was shown (Gooch et al. 1991) that about a 12% 
smaller transition length can be obtained in a disk covered with a Ni-Fe keeper layer. The 
keeper layer reduces the demagnetization of the magnetic transition in the hard magnetic 
medium layer. In Coughlin et al. (1996) and Reed et al. (1996) a model has shown that a 
keepered medium, after a small optimization, can improve the areal density with 35% at 
very low flying heights and proximity recording heads. The keepered media seems to be 
very important when media will be used at higher densities (> 10 Gb/in2). In that area the 
recorded transitions may become unstable causing magnetically recorded information to 
degrade over time (Coughlin et al. 1996). It has also been shown experimentally (Chen et 
al. 1997) that the thermal decay rates for keepered media is better than for standard media. 
A review about the various concepts is given by Wood et al. (1997). 

5. 6.4. Ultraclean sputtering process 
The ultraclean sputtering (UC) process was introduced by (Imakawa et al. 1994). Co-  

Cr-Ta films for LMR are sputtered at a pressure of less than 3 x 10 -9 Ton', which is about 
an order of two lower than in a standard production machine. The impurity level used in 
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Fig. 5.9. TEM microstructure of an ultra clean sputtered Co-Cr-Ta film (Courtesy of Dr. M. Kuwabara, Kobe 
Steel Inc., USA, and Prof. Dr. M. Takahashi, Tohoku University, Sendal, Japan). 

the process chamber is about 1 ppb (H20 level), which is about a factor three lower than 
in the present systems. Ultraclean sputtering has been applied for preparing Co-Ni-Cr  and 
Co-Cr-Ta thin film media for longitudinal recording. A typical thickness of the Co-Cr-Ta 
layer is 40 nm. The substrate material is NiP/A1 together with an intermediate layer of Cr 
(50 nm). 

Figure 5.9 shows a plane view high resolution TEM observation of such a layer having 
a Hc = 188 kA/m. In this picture only a few crystals can be seen together with the very 
clear crystal boundaries. 

The crystal structure is almost perfect and at the boundaries another structure can be 
observed. It is suggested that Cr from the underlayer diffuses homogeneously into the 
grain boundary by the presence of the clean top surface of the Cr underlayer metal during 
sputtering. In comparison with media fabricated by a standard process, an anisotropy field 
higher by a factor of two has been determined, which means that the intergranular cou- 
pling is less. This was evaluated via rotational hysteresis loss analysis by determination of 

the magnetocrystalfine anisotropy field of an individual crystal (Hkgrain). The intergranular 
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Fig. 5.10. Hc/H~¢ as a functton of the Cr underlayer thickness for media (CoCrTa and CoNiCr) deposited by 
the UC process as well as for the CoNiCr media processed in a standard sputtering system (Kikuchi et al. 1996). 

coupling between the grains are found to play a dominant role in the appearance of high 
~r4 / / 4 g  rain Hc (Takahashi et al. 1992; Shimatsu et al. 1993). In this kind of study the --c/--k is 

used as the parameter for determining the intergranular magnetic coupling and reaches a 
maximum value of about 0.5 in the case of isotropic media without intergranular magnetic 
coupling (Takahashi et al. 1992). It can be concluded from all experimental data that the 

values o f  n c / n  grean in UC films are much higher than those sputtered in standard systems. 
T _ .~grain 

In fig. 5.10 the t~c/H~ is plotted vs. the thickness of the Cr underlayer. It can be 
seen from this figure that the values for the media sputtered with UC process are much 
higher than for the medium prepared in the standard process. In the case of CoCrTa for the 

H, "Hgrain UC process the c/ k value remains high for more than 0.35 to 10 nm Cr thickness. 
H, '/-/1grain With further reduction of the thickness c/ k remains at about 0.35 even at 2.5 nm 

Cr thickness. This result implies that with the UC process an extremely low intergranular 
coupling is realized even in media prepared on extremely thin underlayers. It can be seen 

H, "/t-/grain for UC-CoNiCr that the c/ k values also remain high right down to thin Cr layers. 
However below about 40 nm Cr these values are lower than in the case of CoCrTa. It has 
been shown for both materials that the UC process strongly enhanced the segregation of Cr 
at the grain boundaries. The normalized medium noise for the media deposited with the UC 
process was much higher than for the media prepared with the normal sputtering process 
(Kikuchi et al. 1996). More studies about the UC process and the relation with structural 



376 J.C. LODDER 

C-( 

D 

rain 

Fig. 5.11. Bicrystalline cluster structure (Hosoe et al. 1995). 

and magnetic parameters are given in Kawakita et al. (1996), Nakai et al. (1996) and Sato 
et al. (1996). Takahashi et al. (1997) discussed the media noise properties in relation with 
the magnetic microstructures of thin film media prepared by the UC sputtering process. 

5.6.5. Bicrystalline thin film media 
In the case of certain crystallographic orientation relationship between the underlayer 

and the magnetic Co alloy, so-called bicrystal clusters of magnetic material can be grown 
on the Cr underlayer (Mirzamaani et al. 1991; Nolan et al. 1993a, 1993b; Wong et al. 
1993). 

A model (Hosoe et al. 1995) of such a bicrystal structure is given in fig. 5.11, where four 
Co-alloy grains are grown on a Cr grain from a bicrystal cluster. 

As mentioned above (section 5.2.1.1) the Cr (100) has a fourfold and the Co (1 120) 
a twofold crystal symmetry. This symmetry will result in a bicrystalline structure of the 
Co (1 120) layers which means that the Co c-axis [1000]  can be either parallel to the Cr 
[0 1 1] or [0 11] direction. This results in two areas having their c-axis perpendicular to 
each other (Nolan et al. 1993a, 1993b). 

Bicrystal disks have been prepared by using a Co-Cr-Ta magnetic layer applying Cr 
as an underlayer which was deposited on a (0 0 1 ) GaAs crystalline wafer. The epitaxial 
relationship of Cr on GaAs is {00 1}(00 1)Cr/{00 1}(1 1 0)GaAs (Ding and Zhu 1994). 
The GaAs substrate wafer was used to give the correct orientation to the Cr layer with 
a very small lattice mismatch (about 1.5%) and consequently the magnetic layer has the 
(1 120) planes parallel with the Cr {00 1). Another example is the growth of Co-Cr-Pt 
medium on an MgO (10 0) single crystal disk substrate (Futamoto et al. 1994). 

In this case the magnetic layer was sputtered on a 50 nm thick Cr layer which was 
deposited on the MgO substrate. Using XRD analysis two kinds of Co-Cr-Pt with the 
(1 1 20) planes parallel to the MgO (1 0 0) having their c-axis perpendicular to each other. 

By depositing a Co-Cr-Pt layer on a Cr-V underlayer it has been shown (Peng et al. 
1995) that the bicrystal structure can be obtained also here (see fig. 5.12). 
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Fig. 5.12. TEM image of a bicrystal of Co 75 Pt 12 Cr 13 on an underlayer of Cr V20 (Peng et al. 1995 ). 

TEM observations revealed a distinct orientation relationship with the [0 0 1] direction 
of the Cr underlayer matching the Co alloy [2 1 1] in the growth direction. The grains in 
the magnetic layer exist in a bicrystal cluster (see area in fig. 5.11) in which a group of 
CoPtCr grains grow on a single Cr grain such that the c-axis of  the Co alloy grains line up 
perpendicularly (see arrows in fig. 5.12) to one another along the (1 1 0) or (1 T 0) directions 
of  the Cr underlayer grains (Mirzamaani et al. 1991; Nolan et al. 1993b; Peng et al. 1995). 
Using Cr as underlayer directly on the substrate (NiP-plated Al-alloy), bicrystal structures 
of  Co-Cr -Ta  layers can also be prepared (Hosoe et al. 1995). 
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The main aim for preparing the bicrystalline structures is to obtain very high density 
recording materials with low noise levels (Klik and Chang 1995). 

Bicrystal materials have been modeled to look further into the relationship between 
structural and recording parameters. In Peng et al. (1996) transitions have been calculated 
in a model based on an ensemble of clusters of four particles which interact by means of 
short-range exchange coupling. It was found that the bicrystalline properties lead to sharp 
transitions. 

The effects of medium inhomogeneities in the microstructure and exchange configura- 
tion have been studied with a micromagnetic model (Peng et al. 1996). Introducing partial 
random non-bicrystal sites reduces the medium noise in the case of a with homogeneous 
intergranular exchange. 

Using 2-3 grains in a single cluster, micromagnetic simulations have been performed 
in Co-Cr-Ta/Cr media (Hosoe et al. 1995). With this structure coercivity decreases as the 
grain size decreases even when the intergranular exchange coupling is strong and a high 
S of the hysteresis loop can be obtained. It was also found that coercivity for small grains 
can be increased by reducing the exchange coupling. This is a very important conclusion 
concerning very high densities and the noise. 

Micromagnetic calculations have been performed using data obtained by VSM and 
torque measurements in Peng et al. (1995). The cross-talk correlation length was evalu- 
ated from the noise calculation and compared well with experimental data. 

5. 7. "Revolutionary" development of media 

In this section the most important new type of thin film materials for application as a high 
density recording media are discussed. 

5.7.1. Barium ferrite media 
BaFel2019 h.c.p, particles have already been used as longitudinal media on tape, floppy 

and hard disk for a long time. The large anisotropy (easy axis parallel to the h.c.p, c-axis) 
is one of the main features but moreover the magnetic decoupling of the particles plays 
an important role (Speliotis 1990). Ba ferrite thin films have already been prepared for the 
last 15 years. Preparations with the easy axis perpendicular as well as in the longitudinal 
direction has been reported. Relatively large Hc's and crystalline anisotropy have been 
mentioned. In the case of longitudinal recording experiments it was also announced that 
Ba ferrite thin films have shown mechanical hardness, chemical stability, good durability 
and corrosion resistance. One of the biggest problems was to control the grain size. It has 
been shown (Hylton et al. 1994) that an addition of Cr203 (0.1-1 vol%) to BaFel2019 
and an annealing process can result in a reduction of the crystal size by a factor of 5-  
10 compared with pure Ba ferrite. In Sui and Kryder (1994) similar effects have been 
published on CoTi doping followed by an annealing process. Moreover they also reported 
that with a multilayer structure consisting of pure Ba ferrite and CoTi doped Ba ferrite, 
media with a variety of coercivities (80-320 k_A/m) can be prepared without degradation 
of the other magnetic properties. 

The most important point in this kind of research is to find a way to reduce the an- 
nealing temperature. This is, in fact, the question of how the crystallization temperature of 
the Ba ferrite can be reduced and/or of how the grain growth can be restricted to achieve 
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the 8-10 nm decoupled grains needed for 10 Gbit/in 2. The thermal activation process and 
the magnetic switching were studied in c-axis aligned Ba-ferrite films (Chen et al. 1996) 
and evidence was found that the switching of the magnetization is linked to the incoherent 
rotation. The "deadlayer" caused by the interdiffusion of substrate atoms into the Ba fer- 
rite layer deteriorates the magnetic properties. To overcome this Chen et al. (1998) have 
first deposit a low Ba-content layer on the substrate as an underlayer for the high-Ba con- 
tent film. Higher He, S* and narrow SFD are obtained in these layers. Besides sputtered 
Ba-ferrite thin films also laser ablation deposition films have been produced (Lisfi and 
Lodder 1998). 

5.7.2. Granular films 
Granular films consist of clusters of ferromagnetic materials in an non ferromagnetic 

matrix. This can be prepared by thin film technology and are know as "granular films". 
Examples of such thin films for potential hard disk application are for instance Fe, Co, 
FeCo, CoNiPt, CoCrPt mixed with oxides or nitrides such as SiO2. 

In Murayama et al. (1994) a Cos]Ni7Ph2 alloy target was used with pure SiOa chips 
placed on the target and from this thin films were sputtered on a hard disk substrate. The 
SiOe composition was controlled by changing the number of chips. A schematic drawing of 
changes in magnetic and structural properties as a function of the SiO2 content is presented 
in fig. 5.13. 

The in-plane Hc remarkably increases from 1400 Oe to 2400 Oe and S* slightly de- 
creases by increasing SiO2 up to 4%. The increase of the grain separation is mainly re- 
sponsible for this. Media noise is also reduced as a function of the grain separation (Chen 
and Yamashita 1988; Zhu and Bertram 1988). The grain separation which is determined 
by TEM and grows from about 1 nm (2% SIO2) to very clear separations at 4% oxide. 
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Fig. 5.13. In-plane coercivity (left) and the squarenesses S and S* (right) as a function of the SiO 2 content in 
CoNiPt(SiO2) sputtered films (Murayama et al. 1994). 
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TABLE 5.3 
Recording characteristics in CoNiPt(SiO2) films measured with a thin film head with 
PW50 as a measure for the signal, the integrated media noise (Integr. MN) and the 

signal to media noise ratio (STMR) (Murayama et al. 1994). 

Alloy Hc Signal ampl. P W50 Integr. MN STMNR 
(kA/m) (mY) (ns) (mY 2) (db) 

CoNiPt 134 0.330 103.90 21.35 23.28 
CoNiPt(SiO2)2 161 0.350 96.96 15.67 27.26 
CoNiPt(SiO2)4 193 0.322 95.61 12.31 29.37 

The phase segregation at the grain boundary was studied with HRTEM EDS techniques. 
In a boundary with a width of 1-3 nm in a CoNiPt(SiO2)4 film Si atoms have been clearly 
detected while they are absent in the grain it self and the oxygen content in the peaks are 
at the boundary much higher than those inside the grain. These results indicate that that 
SiOx is located in the grain-boundary region. The CoNiPt shows an HCP structure from 
which the lattice expands as a function of the increasing SiO2 content. The effect of this 
expansion originated from the interfacial stress at the grain boundary and can also make a 
possible contribution to the increased Hc. The crystal size decreases as a function of the ox- 
ide content. Pure CoNiPt films do not show very clear grains with sizes of 20-50 nm while 
very clear outline and shape of the grains are observed in films having an SiO2 content. In 
the case of 4% SiO2 the grain size is 5-20 nm. 

Finally the recording characteristics are given in table 5.3 for three different films pure 
CoNiPt and films added with 2% and 4% SiO2. 

The signal (PWs0) slightly decrease when SiO2 is added but the integrated media noise 
decreases and consequently the signal-to-media-noise ratio (STMNR) increases. A large 
value means lower noise because in this series of media the intensity of read-back signal 
(which is proportional to 3Mr) is almost constant. Consequently, the addition of SiO2 is 
very effective for the reduction of media noise. 

Co-Cr, Co-Pt and Co-Ru granular films in a SiO2 matrix have been made by DC sput- 
tering. In the case of Co-Pt granular films the Hc was about 128 kA/m. 

In Kaitsu et al. (1996) it is suggested, from the results of the resistance measurements, 
that the He increases by grain separations. The crystal size has to be reduced in order to 
improve the magnetic properties 

5.8. Overcoats and lubrication layer 

Thin film disk media have a smoother surface compared to the disks prepared with partic- 
ulate media but they are relatively soft. In order to obtain higher densities the head must be 
very close to the medium surface. From the point of view of tribology there is a principle 
difference between contact and non-contact recording (air film between head and medium). 
Due to the high speed between the head and the medium in a hard disk system a high pres- 
sure is locally present. The head flies above the disk and the air operates as a lubricant 
film. To obtain the maximum storage density the head must be in contact with the medium 
(contact recording). 
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Fig. 5.14. The flying height (black dots) and magnetic layer thickness (open circles) as a function of the year of 
product shipment. For the year 2000 predictions from the literature are used (Visser 1997). 

In fig. 5.14 the flying height between head and the medium as well as the magnetic layer 
thickness are given as a function of the year of product shipment (Li and Menon 1996). 
It can than be seen that based on the predictions of year 2000 they are both approaching 
10 nm. 

Experimental contact recording systems have been used and it is expected that it will 
also be used in commercial systems within 5 years. In the case of thin film media it is 
possible to fly already very close to the disk surface, but it results in higher friction and, 
consequently, more head-to-disk interactions. Therefore thin film hard disks require an 
overcoat for providing wear resistance and low friction. The type of overcoat used are 
plasma polymerized films, sputtered carbon, SiO2 or ZrO2-Y203 thin films. The wear 
resistance of thin film disks in a continuous sliding test is one or two orders in magnitude 
lower than that of particulate disks (Bhushan 1990). 

An increase in effective hardness and Young's modulus of the disk structure improves 
its wear resistance. 

Rigid disk drives run almost continuously for several years, with temperatures at about 
60°C. Consequently, the lubricant used can then be evaporated. The volatility of perfluo- 
ropolyether lubricant (which is very frequently used: such as Fomblin Z-15, Z-25 or Z-dol) 
has been analyzed by (Dillman et al. 1988). The measured and predicted weight losses are 
given in the fig. 5.15. 

Experimental data are obtained with therrnogravimetric analysis (TGA) and the pre- 
dicted curves have been calculated with a so-called volatilization model based on mass 
transfer and thermodynamics (Dillman et al. 1988). It can be estimated from this work that 
at a temperature of 60°C and a realistic volume-to-surface area that the loss of the lubricant 
is only about 7% during 10 years, which is in fact the lifetime of a disk. 



382 J.C. LODDER 

1000 2000 3000 

Time, min 

Fig. 5.15. Measured and predicted weight loss data of perfluoropolyether as a function of time at various temper- 
atures (Dillman et al. 1988). 

5.8.1. DLC coatings 
Flatter and smoother thin film disks which permit lower flying heights and even contact 

recording are necessary. Therefore a protective layer is needed on the magnetic coating to 
avoid corrosion as well as wear due to the contact-start-stop sliding of the slider against the 
disk. The protective coating must be as thin as possible. In current products the thickness 
is about 15-20 nm. On top of the protective coating a very thin lubricant layer is added 
(thickness about 2 nm). 

Carbon-based overcoats are preferable in the disk industry because of their hardness. 
The diamond phase of carbon (f.c.c. lattice) has a very high density of atom arrangement 
resulting in the highest hardness known at present. The DLC films ("diamond-like carbon") 
are amorphous (a-C). The density, elastic stiffness and hardness of the layer are of course 
also very important for the tribological performance. 

The a-C layer can be deposited by plasma CVD and has been known to be useful as a 
protective layer against mechanical wear for a long time (Holland and Ojha 1976; Nayiesh 
and Holland 1984). DLC coating properties, application and deposition methods have been 
reviewed in (Agnus 1991). 

An important development for the hard disk applications is the sputtering of carbon 
during the introduction of hydrocarbon dopants (CH4, C2H2 and C4H10). Recently, carbon 
nitride coatings have also been prepared by reactive sputtering and the durability was tested 
of layers consisting of various amount of incorporated nitrogen (Zou et al. 1995). The 
overcoats having the highest level of nitrogen showed the most resistance against wear. 

The DLC coatings can be also deposited also with a hydrogen dopant (a-C:H) which 
means that layers with a very wide range of properties (hardness) can be prepared based on 
the hydrogen content. Depending on the hydrogen the carbon atoms are bonded with four 
neighboring atoms (sp 3 hybridization) or a threefold co-ordination (sp 2 hybridization). The 
general idea is that the hydrogen increases the presence of sp 3 bonds. 

As the hydrogen content of the carbon films increased from 16% to 53%, the carbon 
bonding character changed from sp 2 to sp 3 (Lee et al. 1993). Structural and tribology per- 
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formance of sputtered a-C and a-C:H overcoats have been investigated systematically by 
(Agarwal et al. 1993). It is also reported that a-C films having a wide range of proper- 
ties can be easily sputtered depending on the sputter conditions such as energy and argon 
pressure (White et al. 1990). 

It was shown (Kokaku et al. 1993) that DLC films can be prepared with the RF plasma 
deposition in-line system together with the magnetic coating (CoCrTa) and an underlayer 
of Cr on a NiP plated A1 substrate. The thickness of the DLC layer was 30 nm. Improve- 
ment of the wear durability has been shown. 

The performance of the DLC film was strongly dependent on the hardness. Besides the 
disk coating sliders have also been coated with DLC films. Commercial 90 mm thin film 
disk have been tested with A1203-TiC sliders coated with 20-30 nm of DLC coatings 
covered by 2 nm of lubricant (Bogy et al. 1994). Also two sliders have been coated with 
7 and 12 nm thick DLC films. Drag and CSS tests were conducted and in both cases the 
friction build-up occurred much more rapidly for the uncoated sliders than for the coated 
sliders. This was also true for the very thin (7 nm) coating. 

Comparison of the tribological performance of pure carbon and the carbon-nitrogen 
coated head sliders is given in (Wang et al. 1996) and it was found that the during CDT 
test the head may fail before the disk does. 

Hydrogenation of the surface of the disk is also very important for the durability. It has 
been shown that overcoats of a-CH have much better properties than those of a-C (Marchon 
et al. 1990). 

Carbon coatings and SiC coatings have been prepared by various deposition methods 
and tested by nanoindentation and microscratch studies (Cupta and Bushnan 1995). From 
this study It can be concluded from this study that cathodic arc carbon coatings exhibit the 
highest hardness, elastic modulus, scratch resistance and wear resistance. 

5.8.2. Lubrication layer 
In order to reduce the wear and friction in hard disk recording a thin layer of a liquid 

lubricant on top of the carbon overcoat is used. Such perfluoropolyether (PFPE) layers 
have a thickness of 1-2 nm and are very stable lubricants (Bhushan 1990). 

Many different polymer structures (in which the hydrogen atoms are replaced by fluorine 
atoms) are used for such lubrication coatings. In general they should have the properties 
of a lubricant,viz, low vapor pressure and high thermal stability. The disks are covered 
with several monolayers of the lubricant and to increase the bonding a baking procedure 
can be applied. The thickness of the lubricant is very critical and depends on the surface 
roughness. In general, if the thickness is above the optimum this can increase the stiction 
and below it the wear will increase. Bonding of the lubricant to the disk surface can also be 
realized by electrostatic interaction between the functional end group of the lubricant and 
the surface of the carbon coating (Sano et al. 1994). 

An alternative coating mechanism of liquid perfluoropolyether lubricants has been 
shown by (Coffey et al. 1994). It is a solvent-free process whereby hysteretic surface ad- 
sorption is used to provide a very thin uniform coating of about 1 nm thick. The contact 
stop/start performance of the disks is equivalent to those coated by dipping. An alternative 
for hard disk lubricant is phosphazene because it has a very low vapor pressure (Nader et 
al. 1992; Yang et al. 1994). Recently an overview about lubrication issues in magnetic stor- 
age devices has been given by (Homola 1996) and a state of the art review about tribology 
by (Bhushan 1996). 
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6. Trends, expectations and future 

Looking back over the past 30 years the recording density has increased by a factor of 
4000 (1966:IBM-2314 having 0.22 Mb/in 2 and in 1995: IBM Travelstar 2LP having 
923 Mb/in 2) as can be seen in table 6.1. 

Based on this trend extremely high density will be available in the 21st century as pre- 
dicted in (Nakamura 1991) for the perpendicular recording mode. This work was based 
on computer simulation studies reported in (Tagawa and Nakamura 1989). Since the Inter- 
mag Conference of 1992, the 10 Gbit/in 2 longitudinal recording, having bit areas less than 
0.1 gm 2, has been discussed (Murdock et al. 1992). From the design point of view many 
improvements can be made to achieve a system for very high density recording (several 
gigabit per square inch). Developments over the years have shown a drastic scale-down of 
the track pitch, bit-cell length, head gap, medium thickness and head-medium spacing. 

Nowadays complete integration of technologies, based on electrical and electronic engi- 
neering, mechanical engineering, physics, magnetic thin film and microsystem technolo- 
gies such as etching, masking is available. This development will show the unlimited pos- 
sibilities for the magnetic recording technologies during the coming years. 

6.1. Bit cell length and track pitch 

Progress in track pitch and bit length for commercially available (solid lines) hard disk 
systems over the last years is shown in fig. 6.1 (Yogi et al. 1990). 

The dotted lines including the shaded areas show the respective contributions from track 
pitch and bit cell length to realize a 1 Gbit/in 2 system. They have been demonstrated since 
1990 (Tsang et al. 1990; Yogi et al. 1990; Futamoto et al. 1991; Murdock et al. 1992). 
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Fig. 6.1. Progress in track pitch and bit cell length implemented in disk files and the expected changes in dimen- 
sions to obtain commercial 1 Gbit/in 2 (0.65 p.m 2) recording (Yogi et al. 1990). 
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As an illustration three key developments have led to increased density. In 1970 a ferrite 
head was used together with a particulate medium having a coercivity of 28 kA/m with 
a head/medium spacing of 430 nm followed 10 years later by a configuration of a plated 
medium (Hc = 56 kA/m), a thin film head and a spacing of 200 nm. In 1990 a magnetore- 
sistive read head combined with an inductive write head were introduced together with a 
sputtered medium having a Hc = 120 kA/m and a head/medium distance of 100 nm. As 
can be seen not only media are being developed with thin-film technologies but also film 
heads. The small spacing for high densities has introduced an additional field of research 
on protective layers and tribology. As has been shown sputtered thin-film media are already 
commercially available for data recording. It can safely be stated that the next generation 
of magnetic recording products will all be dependent on the advances in the volume pack- 
ing density of recorded information. Consequently, there is not only a future for thin-film 
media but also for thin-film magnetic recording heads (smaller gap width and track width) 
based on inductive reading and writing as well as magnetoresistive sensors for the read 
process. 

Developments in multilayer deposition technologies have been the basis for the so-called 
Giant Magneto Resistance (GMR) layers for integration in the read head. 

It has been demonstrated by (Tsang et al. 1990; Yogi et al. 1990; Murdock et al. 1992) 
that for a longitudinal hard disk system, with 1.18 Gbit/in 2, the bit area ba = 0.76 Ixm 2. 
Here, the bit cell length (bl) is 0.19 gm and the track width (tw) 4 ~tm. In a publication 
one year later (Futamoto et al. 1991) reported an areal bit density of 2 Gbit/in 2 with (bl = 
0.21 gm) x (tw = 1.5 ~tm). Mutoh et al. (1996) reported about 5 Ghit/in 2 with (bl = 
0.11 gin) x (tw = 1.2 p.m) using a spin valve head and a Co-Cr-Pt-Ta medium. 

With respect to the recording system, modern developments and knowledge of electron- 
ics, mechanics, control engineering etc. have also led to an increase in the densities in 
actual commercial systems. 

6.2. Head and media interface 

Continuous improvements in head design, air bearing design and disk surfaces have nar- 
rowed head-to-disk spacing from over 10 gin thirty years ago to less than 100 nm today 
(in an IBM hard disk application for 1.5 Mbit /mm 2 it is 50 nm). The reduction in flying 
height requires further development in the areas of micro-tribology and hard coatings. 

Integrated head flexure structures with small mass have also been proposed. These struc- 
tures do not crash and have the potential for very low wear of both head and media when 
operating in continuous sliding contact with rigid media. The microcontact head not only 
contributes to the downsizing trend, but it is also promising for very high linear and high 
track densities. 

Fujitsu achieved an areal density of 2 Gbit/in 2 (linear density of 4700 bits/mm and a 
track density of 670 tracks/mm) with an inductive head used as a monopole design that 
has a 33 turn coil, ferrite return yoke and a magnetic pole of amorphous CoZr which is 
deposited on a planarized surface. The headpole thickness is 0.4 p.m and the track width 
1 I.tm. The monopole is attached to the end of a metal cantilever sized 8 mm long, 0.4 mm 
wide and 40 ~tm thick, the contact force being 50 mg. 

A Magneto-Resistive (MR) element can be used as an integrated element in the inductive 
write head. The inductive head part writes a wide track but the MR head only reads in the 
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middle of the track. Consequently, the head will not jump to or pick up information from 
another track. The sensitivity of the MR head is about four times as high as other types 
which is an advantage when reading the inner tracks of the smaller disks (lower velocity). 

As higher recording densities lead automatically to a weaker magnetic flux above the 
medium, more sensitive head materials are required. A new issue at present is the study 
of the so-called Giant Magneto-Resistive effect (GMR). GMR materials are metallic mul- 
tilayers prepared by deposition technologies consisting of alternating ferromagnetic and 
non-ferromagnetic layers. GMR-based heads (spin valve heads) are expected to increase 
the recording density in hard disks by a factor of 4 to 6 in the next five years. 

In magnetic disk drives the spacing between the head and the disk is reduced as much 
as possible to increase recording density. Contact recording is the final goal which various 
technologies are trying to reach. For example, when using a microslider head; a small head 
slider has a low weight and inertia, and therefore the loading force can be reduced while 
maintaining stable flight. Consequently, a negative pressure-head slider "Guppy" has been 
developed, for ultra low flying at 50 nm above the disk with a new shape of air-bearing 
surface to provide sufficient suction force. 

An integrated head flexure structure with an effective mass of about 300 mg has also 
been proposed. These structures do not crash and have the potential for very low wear of 
both head and media when operating in continuous sliding contact with rigid media. The 
microcontact head not only contributes to the downsizing trend, but is also promising for 
very high linear and high track densities. 

6.2.1. Contact recording 
A slider normally moves on a thin layer of air that circulates above the disk surface. In 

order to increase the density the flying height should become smaller and smaller because 
of the spacing loss factor d B =  54.6 d/)~. Here )~ is the written wavelength on the disk and 
d is the head-medium spacing. At present in hard disk systems )~ is 0.5 ~tm which means 
that d = 50 nm is already critical to avoid significant signal loss. A spacing of 50 nm has 
been reported for 5 Gbit/in 2 recording (Mutoh et al. 1996). For ultra high densities L must 
be less than 100 nm to keep the d below 10 rim. 

It is forecast to be 25 nm in 1998 and 15 nm by 2000 (Simonds 1995). At these low 
distances a 1 ktm particle can easily cause a head crash. If  the disk rotates continuously 
during one year it travels more than 150000 km at a speed of 10 m/s. During that time dust 
can very easily be accumulated on the slider and can cause serious head bumps and failure 
of the drive. It can be easily understood that contaminations are a major problem in the 
case of high densities, therefore disk drives should have a very high contamination control. 
Besides the particle control, also in the case of near contact recording, more attention 
should be paid to the electrostatic discharge between the head and the medium, shock and 
vibration (more stiff suspension), the capillary forces between the head and the lubricant, 
and localized heating (of the head and the medium) (Cooper 1996). 

Head-disk spacings of less than 25 nm have been reported using a so-called continuously 
lubricated interface (French and Lemke 1990). A stiction-free slider has been developed 
coated with hydrogenated carbon and using a ultrasmooth disk surface (Katsamatsu et al. 
1995) and with this configuration flying heights of 20 nm have been obtained. A contact 
recording head for perpendicular recording has been designed and tested (Hamilton 1991, 
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Fig. 6.2. Flexhead for perpendicular "contact" recording (Hamilton 1991). 

1994). The so-called "flex head" integrates head, suspension, and flexure in one structure 
and has a very low mass. 

This results in wear of the head of less than 12.5 nm per week if used in the contact mode 
in a hard disk application. The construction used for the pole head can tolerate a maximum 
of 5 ~tm erosion which means that the head has a lifetime of 7 years (Hamilton 1991). 

6.3. Downsizing hard disk drives 

Most of the improvements in magnetic recording involve the reduction in mechanical di- 
mensions such as flying height, gap length, track spacing and medium thickness. The his- 
tory of magnetic-disk drives has also seen several other important technological innova- 
tions. Head and medium technology, signal processing and precision mechatronics such as 
spindle motor and head positioner have been improved. Head-to-medium interfacing has 
always been hard to control. Reduction in the flying height compromises between read 
and write performance and reliability. Through downsizing, the integration of interface 
electronics and packaging technology became inevitable. The uppermost track density is 
limited by the misalignment between the servo head and the data head. Smaller drives ben- 
efit not only from reduced power consumption but also from storage capacity normalized 
by drive size (form factor). The developments in downsizing (Miura 1991) can be seen in 
table 6.2. 

High density recording accelerates disk drive downsizing both in computer systems 
and in integrated high performance subsystems such as disk arrays. The access time for 
magnetic disk drives is, nevertheless, very long compared to that of solid-state memories. 
Combining cache memory with disk drive could greatly improve disk-access performance. 
Instead of replacing a magnetic disk, solid state memory will combine with disk drives to 
improve performance. If the small disk drives were used in arrays much higher data rates 
and shorter access times could be achieved. Moreover, the hard disk drive, originally a 
computer peripheral, becomes more a component. 



HARD DISK THIN FILM MEDIA 389 

TABLE 6.2 
Downsizing hard disk drives (Miura 1991). 

Disk size [inch] 10.5 8.25 5.25 3.5 2.5 
Drive volume [1] 30 12 2.5 0.6 0.12 
Weight [kg] 36 17 5 1 0.2 
Power consumption [W] 180 100 40 10 2 

Looking ahead, downsizing of the disk diameter will lead to new forms of drive, such 
as removable disk cartridges and chip modules that are mounted directly onto a printed 
circuit board. The magnetic disk drive will be widely used as an on-line file in informa- 
tion network systems. The dimensions of magnetic disk drives are decreasing rapidly. The 
common 5.25 inch disk drive is being superseded by 3.5, 2.5, 1.8 and even 1.3 inch drives. 
The long-term trend is towards smaller drives which will gradually take over the market. 
Production of 2.5 inch drives is increasing rapidly due to their use in notebook computers. 
The technology for even smaller disk drives is being pushed by the development of sub- 
notebook computers and personal digital assistants. Heads and medium, prepared by thin 
film technologies, are the components most responsible for higher density and decreasing 
sizes. 

It is expected (Grochowski and Hoyt 1996) that 3.5 inch form factor drives, originally 
developed for PC applications, will have a sufficient gigabit capacity to be used in large 
system storage such as RAID. In this system over 60 drives per box are used and con- 
sequently the storage capacity is in the hundreds of gigabyte. The smaller form factor of 
2.5 inch will have a capacity larger than 10 GB by the year 2000. 

Smaller disk diameter allows lower linear velocities and, as a result, a weaker signal 
for the inductive heads (sensing the change in the magnetic field with respect to time). 
Also, with a smaller track size, the signal will be weaker. Consequently, the signal level 
decreases as the density increases. The magnetoresistive head offers a way around both 
problems since they are not velocity-dependent and, in any case, provide larger signals. 

Increasing the track density also needs extreme requirements also on the precision of the 
actuator servo system. The servo bandwidth must increase from 1.5 to 2.5 kHz when the 
track density increases from 20 to 25 ktpi. At present research is carried out on the design 
and fabrication of mm sized micro fabricated actuators by Si technology (Fan 1996). 

Fully integrated mm sized wobble micromotor and wobble actuators with potential ap- 
plications for chip sized data storage, such as tip-based high density recording, are also 
made possible by this process (Fan and Woodman 1995). 

6.4. Heads and nanosIiders 

Thin film heads hold the future for many reasons. For instance, the ferrite head technology 
has supposedly reached its limits with respect to machining processes and high frequency 
magnetic characteristics; although the more recently developed metal-iron-garnet head 
offers performances similar to thin film heads. 

Producing an inductive thin film head is a complex process since masking techniques 
(photolithography), selective etching processes (ion milling) and deposition technologies 
(electrodeposition, sputtering) are needed to make a wafer consisting of hundreds of such 
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elements. Such a head consists of various different layers (roughly 10-20) prepared on a 
ceramic substrate. After slicing the wafers the heads are mounted on aerodynamic slid- 
ers and subsequently finished to fly over the surface of a rotating disk. Then a precision 
polishing step is performed to realize the correct air bearing surfaces and the desired elec- 
tromagnetic characteristics. After assembly of the finished slider suspensions and wires the 
complete heads are tested for their writing and reading functions. 

Because of the vertical head dimension limit the number of platters that can be added 
to a disk drive, the size of heads has also been decreasing. Here, the throat height is the 
distance from the head tip to the coil region, which has to be as small as possible because 
it is an area of constant reluctance. This can be controlled by very accurate polishing. 

A very important development is the magnetoresistive read head. The MR head is based 
on the principle that the electric resistivity of a magnetic material changes sfightly when it 
is placed in a magnetic feld. At a steady current through the MR strip the change in resis- 
tance produces a change of voltage. For reading increased densities, the MR element can 
be used as an integrated element in the inductive write head. The inductive head part writes 
a wide track and the MR head reads only in the middle of the track. Consequently, the head 
will not jump to or pick up information from another track. The sensitivity of the MR head 
is multiplied about four times which is an advantage when reading the inner tracks of the 
smaller disks (lower velocity). Not all problems around the MR head have been solved. 
Besides magnetic and material problems careful design also has to be completed. 

As higher recording densities lead automatically to a weaker magnetic flux above the 
medium, more sensitive head materials are required. A new issue at present is the study 
of the so-called Giant Magneto-Resistive effect (GMR). GMR materials are metallic mul- 
tilayers prepared by deposition technologies consisting of alternating ferromagnetic and 
non-ferromagnetic layers, e.g., Co-Cu. It is expected that GMR-based heads can increase 
the recording density in hard disks by a factor of 4 to 6 within the next five years. 

A 3 Gbit/in 2 has been demonstrated (Tsang et al. 1996) by using a narrow track 
inductive-write MR-read dual element head on a low noise Co-alloy thin film disk. 

A new MR head design using the Current Perpendicular to the Plane (CPP-mode) has 
been proposed (Rottmayer and Zhu 1995). In this case the GMR multilayer is placed in 
between two softmagnetic shields with conductors connected to the two sides of the GMR 
film surfaces and also function as writing poles. It was concluded from micromagnetic 
analysis that with this type of head recording, densities as high as 25 Gbits/in 2 can be 
obtained. 

The slider head technology allows the required disk-to-disk spacing to fit within the 
10 mm height ceiling and provides an exceptional reliability of head and disk. HP has 
developed a proprietary technology that acts much like an airbag sensor of a motor car. It 
detects impending impact and causes the drive to revert to a protective mode instantly to 
ensure no loss of data. This technology increases the impact force the HP Kittyhawk can 
exert while in operations to a 3-millisecond shock of 100g. A force large enough to break 
a liquid crystal display screen. 

6.5. Perpendicular magnetic recording media 

Based on the trend of increasing densities an area density of more than 300 Gbit/in 2 will 
be available in the 21st century as predicted in (Nakamura 1991). This statement was based 
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Fig. 6.3. An isolated recorded track with written bits for LMR (a) and PMR (b), PMR in a medium having a 
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(Lodder 1996). 

on computer simulation (Tagawa and Nakamura 1989) using the perpendicular recording 
mode (PMR) instead of the current LMR. 

In fig. 6.3 one track with written bits is given for the PMR mode of magnetic recording. 
As for the LMR, the area density is given by the product of the linear bit density and the 
track density. Higher density means creating narrower tracks and more compact bits. Tran- 
sition shape and length are extremely important for the recording performance. In the case 
of LMR the magnetization vector forms a head-on state of transition which results, for thin 
film media, in a saw-tooth shaped transition. Medium noise, mainly originating from the 
transition becomes larger at higher densities (Belk et al. 1985). In the case of PMR the anti- 
parallel magnetization in the adjacent bits are responsible for a significant reduction of the 
demagnetizing field especially at higher densities. The medium noise mechanism is very 
low in the case of high densities (Belk et al. 1985). After searching the published results in 
the literature one can find that the ratio bitlength/medium thickness (bl/8) for Co-Cr-(X) 
thin film media in LMR is about 10-20 and for PMR about 1/3-1/5.  It can be concluded 
from this data that media having a perpendicular anisotropy can be made with larger layer 
thickness which are favorable for higher densities (higher signal, easier preparation con- 
ditions and smaller crystal size in relation to the critical volume for superparamagnetic 
behaviour). In the case of LMR densities around 10 Gbit/in 2 one of the problems will be 
the thermal stability of the recorded bits (Lu and Charap 1990). In the case of PMR the 
ratio kT/KV is much larger (~  800) than for LMR media. This means that PMR is very 
stable in thermal fluctuation (Yoshida et al. 1996). The SNR of PMR with weak exchange 
interaction are much higher than those of LMR, despite the larger grain size of the PMR 
media. Also in the case of PMR the Hc is not a very important parameter for high densities 
because there is no strong relation between this parameter and the linear density as there is 
in the case of LMR. The amount of PMR research and the published results (PMRC 1989, 
1991, 1994, 1997; Intermag 1996) shows that it is still a serious candidate for super high 
density recording. In Futamoto et al. (1996), read/write experiments are given from the 
combination single-layered perpendicular media (Co-Cr-Pt; Co-Cr-Pt-Ta) and ring-type 
heads. In the case of contact recording using a narrow gap head with gap length smaller 
than 0.2 Ixm and a linear recording resolution (Ds0) of 300 kFCI is confirmed. This cor- 
respond with a linear bit length of 63 nm. Track density can be 25 kTPI. It is concluded 
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from Futamoto et al. (1996) that taking into account medium noise and overwrite charac- 
teristics, signal processing, and bit stability, this single layered/ring head system indicates 
a possibility of 10 Gbit/in 2. This density is also claimed by (Iwasaki et al. 1996) using a 
MIG ring head in combination with a double layered medium (hard Co-Cr layer with a 
soft magnetic back layer). 

High output and high linear density recording of over 300 kFRPI was obtained by using 
Co-Cr-(Nb, Ta, Pt) media in combination with a Single Pole Tip (SPT) head with pole 
thickness of 0.2 p,m (Honda et al. 1996). Also it is demonstrated that a high linear density 
of 1040 kFRPI (bit length 24 nm) can be obtained and an areal density of 29.6 Gbit/in 2 has 
been verified. Before this can be used commercially better write and read performances of 
the head must be realized as well as further reduction of the medium noise. The role of 
perpendicular recording in the future of hard disk storage has been discussed by Thomp- 
son (1997). He concludes that there is a little reason for optimism about the commercial 
availability of PMR considering the today's densities of LMR. 

6.6. Data storage and nanotechnology 

State of the art in hard disk recording is a bit density of 5 Gbit/in 2. The general opin- 
ion is that 10 Gbit/in 2 will be available around 2000. In order to exceed this number for 
longitudinal recording many technical problems must be solved. With the potential of the 
nanotechnology new challenges for ultrahigh density recording are possible either by using 
magnetic detection or not. From that point of view we only want to discuss a few different 
possibilities namely: 

(a) Memories with atomically resolving techniques, 
(b) Magnetic memories with nanometer size bits, 
(c) Preparation of an ordered face centred tetragonal structure. 

The first option is a non magnetic memory and in this case the ultimate density of course 
will be obtained if we can use one single atom per bit. The bit-area would be in the order 
of 0.1 × 0.1 nm 2, thus bit-densities of 6 × 1016 bits/in 2, 250000 times as high as the 
limit for magnetic recording (50 × 50 nm2). The bottle-neck for such a memory, based 
on Scanning Probe Microscopic techniques (SPM), is of course the data-transfer rates. At 
present a scanning speed of about 1000 samples/s is possible. If every sample is a bit, 
than we get a transfer rate of 1 kBit/s. In hard disk memories 10 MByte/s is used, but 
new computer systems will require 100 MByte/s and more. This is a principle obstacle for 
SPM recording which might be solved by using parallel read-out techniques. Assuming 
that a transfer rate of one channel can be made for 10 Mbit/s, then 800 channels would 
be needed in parallel to achieve 100 MByte/s. This does not seem impossible. If  we can 
construct one active cantilever with a Scanning Tunneling Microscope (STM) tip each ~tm, 
the read/write head would be about 1 mm wide. Of course a tremendous effort has to be 
made to achieve this. 

Much attention has to be paid to access times. Assuming a bit cell size of 1 nm, a 
1 Mbit/s data rate per channel will result in a linear velocity of only 1 mm/s.  A disk 
diameter of 1 cm would only make one revolution every 30 s. This will result in an average 
access time as high as 15 s. One solution might be to use scanning probe microscopy piezo 
scanners for media displacement. 



HARD DISK THIN FILM MEDIA 393 

Perhaps it is not necessary to aim for memories which are 250 000 times better than the 
magnetic memories we can expect 10 years from now. If the current rate of a doubling of 
the density per year is continued, this density will only be needed in about 30 years. 

During the coming 10 years, however, the recording industry will be looking for new 
techniques capable of bit areas in the order 10 x 10 nm 2 (6 Tbit/in2). There is an option 
for this type of magnetic memory, but this would require patterned media with isolated 
dots of magnetic material (magnetic memories with nanometer size bits). They could also 
be realized in a kind of magneto-optical system using a nano-magneto-optical disks, using 
Scanning Near-field Optical Microscopy (SNOM) and a nano MO-disk. Of course also 
pure optical recording and AFM techniques can be used in the case. Also for these appli- 
cations there will be the need for parallel write and read heads, with the same demands as 
above (Terris et al. 1997). 

It has been showed (Wiesendanger 1993) to image the magnetic structure of magnetite 
(0 0 1) surface on an atomic scale by a ferromagnetic Fe tip. It was possible to get contrast 
between Fe(3+) and Fe(2+) on the atomic level and local modifications in the surface spin 
configuration have been observed which are localized on a scale of 1 nm. It is suggested 
that such localized changes are induced by the exchange interaction between tip and sample 
at very close tip-surface distances. Potentially this mechanism can be used for the very 
future magnetic data storage applications. 

6.6.1. Creation of small CoPt spheres with high coercivity 
The coercivity in certain alloys, such as CoPt, FeNd, FeAg, can be very high. Together 

with other favorable properties (high magnetization, chemical stability), this makes the 
CoPt alloy an interesting medium for ultrahigh (> 10 Gbit/in 2) recording densities. In 
CoPt alloys a crystal phase transition that the alloys undergo upon annealing, increases the 
magnetocrystalline anisotropy and with that the coercivity. The crystal transforms from 
the disordered f.c.c. (face centred cubic) structure (see fig. 6.4) to the ordered f.c.t. (face 
centred tetragonal) structure (L10-phase). L10-phase In the latter all Co and Pt atoms are ar- 
ranged in rows which means that the anisotropy shows a significant higher values. Coerciv- 
ities as high as 85 kA/m have been reported for annealed thin films of CosoPts0 (Tsoukatos 
et al. 1993). It seems to be very difficult to obtain a thin film in which all grains have the 
ordered phase. 

When the CoPt films are made thinner the grain-size decreases and the coercivity in- 
creases. The theoretical value of the coercivity from the single domain particle theory is 
He -- Hk (see section 1.3.3). For Cos0Pts0 (K = 4 x 106 J /m 3 and Ms = 800 kA/m) 
this gives 600 kA/m. The reason for the difference between the theoretical value and the 
observed coercivity is thought to be due to interactions between the grains. 

The film tends to orientate with the [1 1 1] fibre texture, as is the normal case for metallic 
f.c.c, films. After annealing the ordered L10 thin film has the same orientation with the axis 
of easy magnetization inclined by 36 ° above the thin film, providing primarily longitudinal 
magnetization. In order to prevent excessive grain growth can be reduced by co-sputtering 
CoPt with zirconia (ZrOx) can be applied (about 20% on a 125 .~ thick film). The grain size, 
after annealing at 700°C, is about 50 A, but the coercivity was reduced from 1040 kA/m 
(13 kOe) to 200 kA/m (2.5 kOe). The zirconia and CoPt are expected to be immiscible 
and, as a consequence, different phases can be formed. The samples were grown on Si with 
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Fig. 6.4. Two possible structures of Co-Pt alloys, namely, the ordered f.c.t, structure (left) and the disordered 
f.c.c, structure (right). 

an thermally grown oxide surface layer, by DC magnetron sputtering in 0.4 Pa argon/4% 
hydrogen. The films were annealed in a gas mixture of argon and 4% hydrogen (1 atm) for 
10 minutes at a fixed temperature. Noise performance of disks of these materials (Llo) is 
still inferior to conventional CoPtCr disk optimized for noise, but additional improvements 
to Llo media can be made (Coffey et al. 1995). 

In other cases CoPt films on fused quartz substrates led to coercivities of 2400 kA/m 
(Liou et al. 1996). The films were made by dc magnetron sputtering and annealed after- 
wards in one atmosphere At/H2 (optimal temperature 750°C, 10 nm film, 1760 kA/m). 
After annealing, particles of 50-300 nm are formed on the substrate, while the area near 
the particles is cleaned. In the large particles there are several crystallites. The growth 
of crystallites is partly responsible for the high Hc. Increasing the annealing temperature 
increases the size of the crystallites, which reduces the coercivity due to the formation of 
multidomains. The particles in this case are almost non-interactive, which explains the high 
coercivity. The separation of the particles is greater when the film is thinner. The intrinsic 
coercivity was largest after annealing a 10 nm thick film for 3 hours at 750°C. This Hc of 
2400 kA/m is approaching the theoretical value of 3840 kA/m. 

6. 6. 2. Artificial particulate magnetic recording media 
As we have seen, the extremely high densities demand special requirements for the mag- 

netic medium. The largest noise factor in high density magnetic recording is the medium 
noise. In order to reduce this noise it is desirable to choose a medium that consists of mag- 
netically separated particles. These particles must have a high coercivity. It is possible to 
use several different particles for each bit, but the number of particles per bit has to be at 
least a hundred. 

Another approach is to use one particle per bit. When all particles have the same magne- 
tization and volume, this last solution gives the least noise in the readout signal. However, 
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this requires the particles to be equidistant. The particles will be so small that it is likely 
that they are single domain, which is another advantage from the point of view of the noise. 

There are several approaches to the realization of a magnetic medium that supports high 
areal information densities. The objective is to make the particles in a parallel manner, that 
is it should be possible to produce a large area of particles at the same time by this method. 

It has been shown previously that it is possible to create a medium by writing dots se- 
rially across a substrate. Possible methods make use of electron beams (Chou and Krauss 
1996) or scanning probe microscope nanofabrication (Kent et al. 1994; Bessho et al. 
1996a). 

In New et al. (1994) the patterning of thin magnetic films has been described by multi- 
step masking, e-beam lithography and ion milling processes. Small dots of magnetic ma- 
terial have been made, e.g., 0.1 x 0.25 p_m 2. 

Using an SPM probe local transfer of magnetic material was realized onto a substrate 
by applying voltage pulses between the probe and the substrates (Bessho et al. 1996b). 
Using this method Fe, Co and CoCr dots of several tens of manometers were fabricated on 
insulator and metal substrates. The height of the dots was about 60 nm and the shape was 
assumed to be truncated cone. MFM observations enabled the authors to conclude that the 
magnetic structure of the Co dots is still multidomain. 

There are three key factors for the production of patterned media consisting of arrays of 
single domain particles, namely: (a) particle size should be smaller than 100 nm to avoid 
multidomain behaviour; (b) uniform shape and dimensions over a large area; and (c) in 
principle it must be easy to scale the fabrication method for inexpensive high volume man- 
ufacturing. The interference lithography method seems to be one of the possible methods. 

6.6.2.1. Laser interference lithography for patterned structures. It is possible to use the 
interference of two laser-beams to create a pattern on a snbstrate. Atoms can now be de- 
posited through the laser pattern or a resist-step can be used to create the pattern on the sub- 
strate. The FWHM of these dots is 80 nm and they are approximately 13 nm high (Celotta 
et al. 1996). It is also possible to use metastable rare gases to expose a lithographic resist 
instead of directly writing the material (such as chromium, aluminum). 

Several groups have made the arrays of magnetic dots by interference lithography (Fer- 
nandez et al. 1996; Haast et al. 1998). Haast et al. (1998) have used this method with a 
laser wavelength of 350 nm and a resist thickness of 60 nm. This allows a minimal spacing 
of 175 nm between the dots of 50 nm height. In practice the minimal distance between the 
dots of resist appears to be around 200 rim. An array of CoPt dots from which the width of 
the dots can be varied by varying the exposure time of the resist. The smallest dot diameter 
prepared by this method is 60 nm (Haast et al. 1998). An example of  such a structure is 
shown in fig. 6.5. In the right upper comer the dotlike structure is shown by an AFM image. 
The large figure shows an MFM observation in the remanent state of the magnetic dots. 
Black and white contrast represents magnetization up and down. 

6.6.2.2. Quantum magnetic disk. The so-called Quantum Magnetic Disk (QMD) also 
consists of single domain particles separated from each other by a nonmagnetic matrix. The 
idea of a QMD is not new. The principle idea was already discussed in 1968 (Barlow 1968). 
Later the so-called Alumite medium was introduced by (Kawai and Ueda 1975) and the 
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Fig. 6.5. Arrays of small ferromagnetic dots made by a laser interference pattern of Co alloy, photolithography 
and iorlmilling. The dot size is about 70 nm and the spacing between the dots about 200 nm (Haast et al. 1998). 

first recording experiments were carried out. At that time Alumite consisted of well defined 
needle like particles placed perpendicular to the film plane in a regular array, separated by 
the nonmagnetic A1203 matrix. The ferromagnetic material grows by electrodeposition in 
the pores of the matrix. In 1984 (Tsuya et al. 1986) a method was developed for widening 
the pore diameters to increase the packing density. The needle diameter was varied from 
30-60 nm and the spacing from between 60-120 nm. The disks have shown a perpen- 
dicular anisotropy which in the case of Fe was based on shape anisotropy. In Huysmans 
et al. (1988) it has been shown from the radius dependence of the Hc, that the reversal 
mechanism in the case of the single domain Fe needles is the curling reversal mode. 

The proposed QMD (Chou et al. 1994) having a density of 65 GBit/in 2 (Chou and 
Krauss 1996) is based on the same principles as the Alumite media but the preparation 
technology here is based on IC technology processes. Also a low cost method has been 
proposed and is called nanoimprinting and with this method mass production of sub-25 nm 
structures can be carried out (Chou 1995). Simple writing and reading experiments were 
obtained up to 7.5 Gbits/in 2 in longitudinal QMDs using MFM tips (Kong et al. 1997). 
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Fig. 6.6. Some techniques used for the development of an advanced data storage system (Hosaka 1996). 

6.6.3. SPM based storage 
When replacing the inductive head with a Scanning Probe Microscope (SPM) head 

in principle superhigh densities can be stored. The SPM methods are not only proposed 
for magnetic data storage but are more in general applied atomic manipulation and nano 
surface modification for writing and atomic or nanometer sized probe detection and for 
the reading process. In literature many proposals can be found about such storage sys- 
tems based on Atomic Force Microscopy (AFM) (Hosaka et al. 1993), Scanning Tunnel- 
ing Microscopy (STM) (e.g., Mamin et al. 1990), Magnetic Force Microscopy (MFM) 
(e.g., Ohkubo et al. 1991), Scanning Near-field Optical Microscopy (SNOM) (e.g., Betzig 
et al. 1992). An overview about SPM based storage systems is given in Hosaka (1996). 
A schematic for the development of an advanced high density data storage system is given 
in fig. 6.6. 

In this figure a possible approached is given for writing and reading information with 
bit size smaller than 100 nm, a readout speed of 0.1 Mbyte/s using a medium surface 
roughness smaller than 1 nm and a grain size in the order of 10 nm. In fig. 6.7 the positions 
of the various SPM methods are given in an areal density and readout speed map. 

AFM (1 Tb/in 2) and SNOM (170 Gb/in 2) based storage systems have the potential 
to reach ultra high densities and can achieve a high speed readout of more than 1 Mhz. 
However many problems have to be solved before SPM systems can become a commercial 
product. 

6. 7. Final remarks and trends 

Magnetic hard disk recording technologies are good examples of microsystem technolo- 
gies, the dimensions of the various essential parts being within the definition. There is a 
complete integration of technologies based on electrical and electronic engineering, me- 
chanical engineering, physics, thin film technologies and microsystem technologies such 
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Fig. 6.7. Positions of SPM based storage in an areal ,density readout speed map (Hosaka 1996). 

as etching, masking and magnetism. The evolution to higher densities is not only valid for 
hard disk applications but also other consumer applications based on magnetic and other 
recording technologies. 

The future directions for hard disk high density recording is illustrated in fig. 6.8 (Gro- 
chowski (1997)). In this figure the most important current recording technologies are given 
in relation with the year of introduction and the effect on the density for IBM hard disk 
drives in Gbit/in 2 (left) and Gbit/cm 2 (right). Moreover the corresponding bit area (in nm 2) 
is given also. The principle limit for magnetic recording media is the transition from a fer- 
romagnetic material (particle) into superparamagnetic behaviour. The dotted line given in 
the figure at about 100 nm 2 is the superparamagnetic limit for the LMR mode. Because the 
medium thickness is less critical in the case of the PMR mode the limit for superparamag- 
netism will be above this line which means in principle at a higher density. At the top of 
the figure a dotted line is given for the atom surface area limit and in the dotted line in the 
middle is the reference for application of AFM like storage. It is expected these two type 
of storage technologies will start in 2005 (AFM like storage) and around 2010 (Atom level 
storage). 

Continuous improvements in head design, airbearing design and disk surfaces have nar- 
rowed head-to-disk spacing from over 10 ~.m thirty years ago to less than 100 nm today 
(in an IBM hard disk application for 1 Gbit/in 2 it is 50 nm). It is predicted that for the year 
2000 the spacing between head will be smaller than 20 nm. For future technologies with 
bitlength of 50 nm this distance should be smaller and around 10 nm. 

For very high densities new medium materials (such as multilayers) can give another fac- 
tor of 3, so that in the coming twenty to thirty years 65 Gbit/in 2 can be obtained. However, 
this will require technological breakthroughs in the fields of micromechanics, micromo- 
tors and microactuators. Furthermore, from other recording modes such as perpendicular 
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Fig. 6.8. The storage density road map (based on Grochowski (1997)). 

recording and (magneto-)optic recording we can expect an increase in density. Labora- 
tory demonstrations have already shown a density of 5 Gbits/in 2 in the case of submicron 
trackwidth perpendicular recording. 

Head design is at present concentrated on constant flying height and the reduction of 
flight height aiming at a result in contact recording. This requires more development in the 
areas of microtribology and hard coatings. 

In the case of microsystems, many changes are needed concerning the construction and 
manufacture of the slider. Firstly, the size of the slider (1 x 1 mm 2) has to be reduced. 
Furthermore, a reduction of the flexure and automatic bonding is needed. Finally, for faster 
positioning a lower mass is essential. The future probe head will have a needle shape. 
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1. Permanent magnet materials 

Modern magnetoelectric devices and systems such as stepper motors in computer and of- 
fice equipment, and loudspeakers need small, lightweight and stable permanent magnets 
to produce the utilized fields. The properties of such permanent magnet materials are of 
considerable scientific and technological interest, and so have been the subject of a great 
deal of research and development. This has ranged from the study of the fundamental the- 
oretical aspects, to the development of new materials based on rare earth (RE) and transi- 
tion metal (TM) compounds, with high magnetocrystalline anisotropies and large remanent 
magnetizations. Important advances have been made in the understanding and developing 
of these RE-TM systems by employing the nuclear magnetic resonance (NMR) techniques 
discussed in section 2. 

The maximum value of the product of the flux density B and field H as a magnet is swept 
through its hysteresis loop is a physical parameter useful in determining the suitability of 
a permanent magnet for static applications. Samples with a large maximum energy prod- 
uct exhibit large remanent magnetizations, high coercivities and square hysteresis curves. 
Although (B H)max is an important figure of merit, other significant criteria include Curie 
temperature, mechanical strength, resistance to corrosion and, of course, manufacturing 
and processing costs. Figure 1.1, updated after Rahman and Slemon (1985), illustrates 
some of the remarkable advances made in permanent magnet technology this century. 

At the turn of the century, the available steels had coercivities of less than a few tens 
of mT. In the early 1930s it was discovered that the coercivity of alloys of A1, Ni and Co 
with Cu and Ti dopants had significantly higher coercivities than the best Co steels. The 
next major technological advance came with the development of hexagonal ferrimagnetic 
oxides, known as ferrites, from 1933 to 1944 at the Philips research laboratory in Hol- 
land. These were marketed from 1952 under the tradename Ferroxdure. Their low cost and 
diverse magnetic and dielectric properties give rise to a number of widely used devices 
operating at micro and millimeterwave frequencies, as well as their use in many everyday 
appliances. NMR studies have provided useful information in characterizing the hexagonal 
ferrites. For example, in a study by Stepankova et al. (1995), the overlapping 57Fe NMR 
lines from the seven Fe 3+ sites of barium hexaferrite were resolved by the application of a 
3 T field. 

It can be seen from fig. 1.1, that the most significant steps have been made in the last 
three decades, with the advent of new permanent magnets based on rare earth and transition 
metal intermetallics. In these systems, the TM sublattice principally provides the magne- 
tization, whereas the RE component provides most of the magnetocrystalline anisotropy. 
This anisotropy originates physically from the aspherical 4f charge distribution of the RE 
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Fig. 1.1. Increase in (BH)max this century. A point corresponding to a consistently attainable (BH)max in a 
Nd-Fe-B based system (Scott et al. 1996) is shown. A record (BH)max for Sm2Fe17Nx (Suzuki et al. 1993), is 
also shown together with the theoretical maximum value. The figure is updated after Rahman and Slemon (1985). 

ion (L ~ 0) interacting with the crystal electric field (CEF). Directional preferences of 
the RE from the 4f spin-orbit coupling affect the anisotropy of the whole system via the 
RE-TM exchange coupling. A uniaxial magnetocrystalline anisotropy gives rise to an easy 
axis, along which the magnetic moment will tend lie. The anisotropy field associated with 
this, is an upper limit to the coercivity of the system. 

The coercivity of magnetic systems also depends upon the reversal mechanism, and has 
been the subject of a great deal of study. Magnetic materials either consist of fine, sin- 
gle domain grains or larger multidomain grains, but it is the strong interactions between 
grains which often dictate the magnetic behaviour. Magnetic reversal in single domain par- 
ticle systems can occur by coherent rotation, or by an incoherent process, such as curling, 
fanning or buckling. Magnetic reversal in multidomain particle systems is controlled by 
domain wall nucleation and pinning. 

The presence of soft magnetic phases such as a-Fe can reduce the coercivity of magnetic 
systems, by providing easy nucleation sites. NMR provides an ideal technique for identify- 
ing the presence of unwanted phases such as ~-Fe. This is discussed in sections 3.1.1, 3.2 
and also in section 5, where the removal of the Fe by Nb doping in Sm2Fe17 is discussed. 
NMR techniques can also provide important clues which help to identify pinning sites, 
Kapusta et al. (1992a) and section 4, since NMR signals from nuclei in domain walls are 
enhanced as compared to those from domain interiors. 

In the 1960s it was recognized that RECo5, with a hexagonal CaCu5 structure, pos- 
sessed a large uniaxial anisotropy. The NMR studies on materials of this form are detailed 
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in section 11. In the late 1970s and early 1980s, much of the research was directed to- 
wards the development of RE2Co17 materials with a rhombohedral Th2Zn17 structure. 
Materials of this form have a larger saturation magnetization than the RECo5, but have 
a lower magnetocrystalline anisotropy, tending to lead to an inherently low coercivity. 
Nevertheless, multiphase permanent magnets have been successfully developed. A rhom- 
bohedral cellular structure of the softer 2:17 phase, typically 150 nm in size is precip- 
itation hardened by 4 nm thick platelets of the 1:5 phase forming cell boundaries. En- 
ergy products as large as 262 kJ/m 3 have been reported in a magnet with composition 
Sm(Co0.65Cu0.5Fe0.28Zr0.02)7.67 (Mishra et al. 1981). It is believed that the coercivity 
mechanism is principally one of strong pinning of domain walls at the cell boundaries, 
though the magnetic behaviour as a function of orientation is more like that expected for 
coherent reversal (Kronmtiller et al. 1984; Tomka et al. 1995). Further inforuaation on the 
RECo5 and RE2Co17 may be found in the review by Kumar (1988). Some results of the 
NMR characterization of the RE2Co17 materials are summarized in section 3.6. 

The widespread use of these Sm-Co based permanent magnets was limited by the high 
expense of Sm and Co. In 1984, Croat et al. reported the discovery of an energy product 
of over 110 kJ/m 3 in an Nd-Fe-B-based melt-spun ribbon, which has since been commer- 
cially developed into the family of MAGNEQUENCH Nd-Fe-B-based magnetic powders 
(Croat et al. 1984a, 1984b). These are used to make epoxy bonded isotropic magnets. They 
derive their coercivity from grains, showing a single domain like character, of the highly 
anisotropic Nd2Fe14B phase, with grain sizes typically around 30 nm. These grains are 
partially isolated from each other by grain boundaries consisting of a Nd-rich, B-deficient 
amorphous phase. There is however a strong exchange interaction between neighboring 
grains. Correlation domains, frustrated by the random orientations of the easy axes of the 
grains, have been observed across several grains in ribbons with a fine grain structure. Do- 
main walls are apparently pinned at the grain boundaries, Hadjipanayis and grim (1988). 

A NdzFe14B, magnet made by powder metallurgy and liquid phase sintering, with a 
(BH)max of over 280 kJ/m 3 was announced by Sagawa et al. (1984). Tile larger en- 
ergy product in the sintered material arose because of the crystalfite texturing allowed 
by the powder metallurgy process. Unlike in the melt-spun material, the grains are clearly 
multidomain in the virgin state. Grains are largely defect free Nd2Fel4B and are around 
1000 nm in size. There remains some controversy over the exact nature of the coercivity 
mechanism, but it seems clear that nucleation or pinning processes take place in the Nd- 
rich grain boundary phase. It can be seen that the careful control and monitoring of the 
metallurgy of the magnetic system is essential in optimizing the performance of the per- 
manent magnet. This is exemplified by fig. 1.1 in the publication by Scott et al. (1996), in 
which it has been demonstrated that a (BH)max as high as 397 kJ/m 3 (i.e., about 80% of 
the theoretical maximum energy product) can be consistently attained by careful control of 
alloying and annealing processes in an Nd-Fe-B-based magnet. The study of Nd2Fe14B 
and related systems by NMR form a large part of this review and are discussed in depth in 
sections 7-9. 

The discovery of Nd2Fe14B has prompted the investigation of many related compounds 
in the 2:14 family, though none has been discovered to rival Nd2Fe14B. The substitution 
of Fe by a small amount of Co, for example, does increase the Curie temperature and is re- 
flected in the changes of hyperfine parameters. Upon such a substitution the hyperfine field 



412 CZ. KAPUSTA et al. 

(HFF) of Nd initially decreases and then recovers, whereas the substitution by Ni causes 
a dramatic reduction of HFF (section 7.5). This trend also is clearly seen for RE = Y 
(section 7.4). Furthermore, across the range of RE compounds, Co systems have a strong 
tendency to prefer basal, rather than uniaxial anisotropy. For both TM = Fe and Co, when 
the RE ions have a positive second order Stevens coefficient a j ,  such as RE = Sm, then a 
basal plane anisotropy is preferred (section 7.3). For RE ----- Nd, with a negative o~j, a low 
temperature canted magnetic structure can be observed from NMR measurements of I°B 
resonances, as shown in section 7.3. The Nd2Fel4C system does show promising perma- 
nent magnet properties, however, there are significant difficulties involved in its prepara- 
tion, as discussed in section 8. The Curie temperature of NdzFe14B can be enhanced by the 
introduction of interstitial H, though NMR studies have shown (section 9) that this has a 
detrimental affect on the lattice electric field gradient (EFG), reflecting an associated drop 
in magnetocrystalline anisotropy and coercivity. 

Some other important modifications to Nd2Fe14B include the partial substitution of Nd 
by Dy, which can enhance the Curie temperature and increase the coercivity, and the ad- 
dition of A1, which despite its detrimental effect on the intrinsic properties such as the 
reduction in anisotropy field, has a beneficial microstructural effect, significantly enhanc- 
ing the coercivity. A detailed review of the major developments leading to the development 
of Nd-Fe-B as a commercial magnet, and of the properties of related magnetic systems 
has been given by Herbst (1991). 

Despite these remarkable technological advances, the simplest magnetic system, c~-Fe, 
continues to receive attention, because of the potential impact of the large magnetic mo- 
ment provided by Fe on the future development of permanent magnets. Controversy has 
surrounded an apparent 25% enhancement in the Fe moment when the a-Fe lattice was ex- 
panded by the introduction of N, because of the multiphase nature of samples produced to 
date. However in a NMR investigation of specific sites in Fel6N2, in conjunction with mag- 
netization measurements, it was conclusively demonstrated that an Fe atom in Fe metallics 
can possess a spin of greater than 3.0/z B (Zhang et al. 1996b). These fundamental stud- 
ies have been paralleled by an interest in the development of practical expanded lattice 
permanent magnets, of the form RE2TM17Ax and RETM12-yMyAx (M = Mo, Ti). The 
properties of these magnetic system can be enhanced by the introduction of interstitials A 
such as N, C or H. The NMR studies of REzTM17Ax and RETMlz-yMyAx are detailed in 
sections 3-6 and 10, respectively. 

The widespread interest in these systems was heralded by the publication of the dis- 
covery of the promising new interstitially modified compound SmzFel7Nx (Coey and 
Sun 1990). Indeed the nitrogenation of Sm2Fel7 had a tremendous effect on its mag- 
netic properties, increasing the Curie temperature considerably, from below 440 K to 
above 700 K. Furthermore, the effect of nitrogen on the CEF at the Sm site was found 
to cause the easy magnetization direction (EMD) to switch to the c-axis from the c-plane 
(perpendicular to the c-axis) leading to an enormous increase in the magnetocrystalline 
anisotropy, with a consequent increase in coercivity and (BH)max. The current record 
value of (BH)max = 240.5 kJ /m 3 by Suzuki et al. (1993), for SmzFel7Nx is illustrated 
in fig. 1.1. The theoretical maximum value of (BH)max is also indicated. The main rea- 
son that it has proved difficult to approach this theoretical maximum value is the poor 
thermal stability of the systems. This has hindered the development of the high density 
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anisotropic sintered systems required for magnets with a large saturation magnetization 
Ms and a hysteresis curve with a high squareness. The powders produced by processes 
such as mechanical grinding and alloying or hydrogen disproportionation, desorption and 
recombination (HDDR) however can be used for making epoxy or metal bonded isotropic 
magnets. The effects of hydrogen combination and desorption are discussed in terms of 
NMR data in section 3.1.4. Anisotropic magnets can be made by crushing Sm-Fe ingots 
into homogenized powders of about 10 ktm diameter followed by interstitial modification 
by N2, NH3, and H2 gases at around 450°C, though the gasification and diffusion processes 
can lead to a non-uniform distribution of interstitials through grains of the host lattice, as 
discussed in section 3.1.2 and section 4. The use of C as an interstitial is limited by its 
solubility, x < 1.5 (see sections 3.1.5 and 3.3.2), however it has been reported that car- 
bonitrides prepared by nitrogenation followed by a C2H2 gasification have a better thermal 
stability than pure nitrides (Altounian et al. 1993). 

NMR is the superlative technique for the study of the diffusion processes and can provide 
a quantitative evolution of phases containing light interstitials, since for a series of samples 
distinct spectral lines can clearly be identified for RE nuclei with different numbers of 
interstitial neighbors. The influence of these on the individual site magnetic properties (as 
determined by NMR) of the systems with nonmagnetic RE = Y, Lu are ,discussed in 
sections 3.1 and 3.2, and for RE = Sm, Nd, Tb are discussed in sections 3.3, 3.4 and 3.5, 
respectively. 

For further general information on 2:17 and h 12 interstitially modified intermetallics 
of rare earth and 3d elements, the reader is directed towards the review by Fujii and Sun 
(1995), in this series. General information on the properties of the 2:14 systems can be 
found, for example, in the review by Herbst (1991) and in Interstitial Intermetallic Alloys 
(Grandjean et al. 1995). 

2. NMR techniques for magnetic material investigation 

2.1. The effective field at the nucleus 

The characteristic features of NMR in strongly magnetic materials are related to the pres- 
ence of internal fields resulting from magnetic order. Thus, the resonant condition for a 
nucleus with spin I can be fulfilled at zero applied magnetic field making use of the ef- 
fective internal field at the nucleus with its magnetic induction denoted as Be. Where the 
quadrupole interaction is much smaller than the magnetic interaction, the resonant frequen- 
cies to a first order approximation are given by the relation: 

Pro,m--1 = lYnBe/27"t + Pq(2m - 1)l, (2.1) 

where m runs in integer steps from 1 - I to I and Yn is the gyromagnetic constant relating 
the resonance frequency to the field at the nucleus. Pq is the quadrupole parameter. For ease 
of reference, the gyromagnetic constants of the isotopes of the elements most commonly 
used in permanent magnet systems are listed in table 1.1. The abundance, sensitivity at 
constant field for a given number of nuclei, and the values of I are also tabulated. 
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TABLE 1.1 

Gyromagnetic constants, abundance, nuclear spin and sensitivity at constant field (1H=I) 
for the materials discussed in this review. 

Isotope yn/2~ Abundance Nuclear spin Sensitivity of nuclei 
(MHz/T) % 1 at constant field 

1H 42.5759 99.9844 1/2 1 
I°B 4.575 18.83 6/2 1.99 × 10 -2 
l ib  13.660 81.17 3/2 1.65 × 10 -1 
13C 10.705 1.108 1/2 1.59 x 10 -2 
14N 3.076 99.655 2/2 1.01 x 10 -3 
15N 4.315 0.365 1/2 1.04 × 10 -3 
57Fe 1.38 2.245 1/2 3.38 x 10 -5 
59Co 1.005 100 7/2 2.81 x 10 -1 
89y 2.086 100 1/2 1.18 x 10 -4 
93Nb 10.407 100 9/2 4.82 x 10 -1 

139La 6.014 99.911 7/2 5.92 x 10 .2  
141pr 11.95 100 3/2 2.99 x 10 -2 
143Nd 2.72 12.20 7/2 5.49 x 10 .3 
145Nd 1.7 8.30 7/2 1.33 x 10 .3 
147Sin 1.5 15.07 7/2 7.30 x 10 -1 
149Sm 1.2 13.84 7/2 5.91 x 10 -1 
155Gd 1.2 14.68 3/2 1.33 x 10 -4 
i57Gd 1.7 15.64 3/2 3.34 x 10 .4 
159Tb 7.72 100 3/2 2.99 x 10 -2 
167Er 1.04 22.82 7/2 3.11 x 10 .4 
175Lu 4.86 97.4 7/2 3.12 x 10 .2 

In a N M R  exper iment  at zero appfied field the internal  magnet ic  field Be at a nucleus 

can be  expressed as fol lows:  

Be = Bloc + Bhf, (2.2) 

Bloc is the local  field consis t ing o f  the Lorentz  field and the dipolar  field Bdip, which  is 

usual ly  the dominan t  contribution,  to Bloc. Bdip, however ,  rarely exceeds  1 T. The  hyperf ine  

field Bhf is usual ly  the dominan t  contr ibut ion and Be is somet imes  cal led synonymous ly  

"hyperf ine  f ield" and abbreviated as HFF. Bhf can be  expressed as a sum: 

Bhf = Bs + Borb + Bn, (2.3) 

Bs is the self  polar izat ion t e rm originat ing f rom core  and conduct ion  e lec t ron polar izat ion 

by the spin m o m e n t  o f  the parent  atom. Borb is the orbital  field p roduced  by nonvanish ing  
orbital  momen t s  o f  the 4 f  electrons at the rare earth nucle i  and of  the 3d electrons at the 

3d transi t ion metals  nuclei .  Borb is dominan t  for  the non S-state rare earths and can be  
comparab le  wi th  Bs for the 3d metals.  Bn is the polar izat ion contr ibut ion f rom ne ighbor ing  

magnet ic  a toms often cal led the " t ransferred"  HFF. The  contr ibut ions to H F F  are related 
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to the partial moments through the hyperfine coupling and can be written as Bi = Ai/zi, 
where T stands for 's' and 'orb' indexes. 

The quadrupole parameter can be expressed as: 

-3eQn Vzz (2.4) 
Pq - 4 h i ( 2 I -  1)' 

where Qn is the nuclear quadrupole moment and Vzz is the electric field gradient compo- 
nent with maximum absolute value. For a nucleus with I > 1/2 and a "small" quadrupole 
interaction, i.e., with 2mPq << ynBe, the spectrum has the form of 21 equidistant lines. 
From the quadrupole splittings AVq derived from the line separations of the quadrupole 
spectra the corresponding values of the EFG component along the hyperfine field ~i  can 

be derived using the formula: 

2•(2• -- 1)hAvq 
I V~il = (2.5) 

3elan[ 

The EFG at the nucleus of a non-S state rare earth originates mainly from a nonspherical 
distribution of the 4f electron density of the parent ion as well as from the asphericity of 
the 6p and 5d electron density of the parent ion due to the presence of neighboring atoms 
in the lattice (Coehoorn and Buschow 1991). Thus, the diagonal EFG component along the 
byperfine field direction may be written as: 

l,]i = l,]i(4f) + Vii(latt). (2.6) 

In the compounds where the RE-TM exchange interaction is much stronger than the 
crystal electric field, e.g., in RE2TM17Ax, where TM = Fe, Co and A = N, C, H, the rare 
earth usually preserves its fully polarized ground state with Jz = J irrespectively of the 
direction of magnetization. Thus, Vii(4f) is independent of the magnetic moment direc- 
tion and has its maximum value denoted as Vzz(4f), which is proportional to the quantum 
number Jz. Also Borb preserves its maximum value. 

2.2. NMR of ferromagnets 

The NMR frequency of a given atom is sensitive to its local environment and is often domi- 
nated by nearest neighbor (NN) interactions. Changes in the local environment can result in 
changes in both the quadrupolar interaction and the hyperfine field. The NMR spectra can 
also depend on the direction of the easy axis of the material, as in Sm2Fe17Nx, for example. 
The whole spectrum of a nucleus, such as 147Sm, very often covers a range corresponding 
to a few hundred MHz, so the most useful technique is frequency swept spin-echo NMR at 
zero applied field. A standard two-pulse sequence of radiofrequency (rf) pulses is usually 
applied and the amplitude of the nuclear spin-echo appearing after the second pulse after a 
time equal to the pulse separation is measured. An external magnetic field can be applied 
for saturation of the sample or determination of the origin of an unknown signal. Progress 
in broadband rf electronics has allowed the construction of an untuned, 10-1000 MHz, 
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computer controlled frequency swept spectrometer (Lord and Riedi 1995), and made the 
NMR research in magnetic materials much more effective. 

The presence of magnetic domain structure in ordered materials leads to enhancement 
of the rf field and lowers the pulse power required to form a spin echo. However, NMR 
signals corresponding to different magnetic regions appear and very often overlap, which 
brings about some difficulties in the interpretation of the spectra. For studying anisotropic 
properties such as orbital contributions to magnetic moments and EFGs it is essential to be 
able to obtain a signal corresponding to a well defined direction of local magnetization with 
respect to the crystallographic axes. In the subsequent paragraphs we will briefly outline 
the way of solving this problem. 

The enhancement effect is caused by oscillations of the electronic magnetization excited 
by the rf pulses. A rf field enhanced through the hyperfine coupling appears at the nucleus. 
The effect is much larger at the centre of the domain walls than in domains so the signals 
from domain walls are usually observed. The rf enhancement varies across the domain 
wall and is larger at the domain wall centre (DWC) than at the domain wall edge (DWE). 
Thus, the DWC signals can be distinguished from the DWE signals on the basis of their 
dependence on the rf pulse power. The maximum of the former corresponds usually to a 
much lower pulse power than for the latter. Thus, by increasing pulse power we can scan 
through the domain wall. For large enough power we can study DWE regions adjacent to 
domain interiors, where the directions of magnetic moments are nearly parallel and are 
representative of moments direction in the domain interior. 

Another possible way of distinguishing between the DWC and DWE signals is to make 
use of the differences between the nuclear relaxation rates. Since the relaxation of the 
DWC signal is much faster than the DWE signal, measurement at large pulse separation 
removes the DWC signal but leaves the DWE signal, e.g., the La resonance in La2Fe14B, 
section 7.9. 

A feature of zero applied field NMR worth noting is that the spectrum depends on the 
mutual directions of Be, which usually follows the local magnetization, and the principal 
axes of the EFG tensor, which are rigidly coupled to the crystal lattice. The spectra of 
polycrystalline samples are therefore equivalent to those of single crystals. 

2.3. Measurement of NMR spectra 

If a rf pulse of the correct power (a 7t/2 pulse) is applied to a magnetic system, the nuclear 
spins will precess about Be. Slight differences between fields at each nucleus result in 
different precession rates and a rapid decay in the resonant signal. However, the application 
of a second ff pulse (a 7t pulse) can effectively flip the precessing moments through 180 ° 
and reverse the sense of the precession, causing the appearance of a spin-echo. If  the first 
pulse is at time t = 0 and the second pulse is at time t = r, then an echo with an integrated 
signal amplitude A will appear at a time t = 2r, with A given by the expression 

a(2~)  = a(O)e -2r/T2, (2.7) 

where T2 is the transverse relaxation time. The receiver of the spectrometer will have a dead 
time (Td) that is typically around 5 p,s. The maximum NMR signal available is therefore 
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A(2Td) and may be below the level of detection against thermal noise if A(0) is too 
small or 2Td/T2 is large. 

The importance of the two terms depends upon the particular nucleus under investigation 
and the temperature range of interest. The 57Fe isotope for example has a large T2, but it is 
present in only 2.2% abundance in natural Fe (see table 1.1), so A(0) is small, whereas for 
Sm, the signal is strong at 4.2 K, but T2 becomes too short above about 10 K for A(2Td) to 
be detected. 

The value of A(0) for a given nucleus is proportional to B2/T, where T is the absolute 
temperature, though the measured value of A (0) may also depend on enhancement effects, 
as discussed above. T2 may change according to T2T ~ constant, as is found in Fe for 
example, or it may decrease exponentially with temperature as in Sm. Most of the NMR 
measurements discussed here have been carried out at or below 4.2 K. 

A rf pulse of angular frequency coo and width ~ r~o will excite nuclei with resonant 
frequency within ~ l/to) about coo. In most of the spectra discussed here, the spread of 
NMR frequencies, even within a single quadrupole split line, is greater than l/zoo. The 
spectrum is therefore constructed point by point by sweeping the frequency. The spin-echo 
signal is usually measured with "quadrature detection". At each point, the spin echo signal 
is split and measured with respect to a reference signal and with respect to the reference 
signal phase-shifted by 7x/2. Although the spin echo signal is at an unknown phase ~b to 
the reference signal, the integrated amplitudes S~ and S(~+rt/2) can be combined to form a 
phase insensitive quantity 

S = (S~  ± c 2  ,~1/2 
~'(q~+Tx/2) J , (2.8) 

which is then plotted as a function of frequency. A good discussion of the relation between 
the driving pulses and the NMR spectrum has been given by Walstedt (1992). 

3. RE2TM17Ax 

The host compounds of the form RE2TM17Ax crystallize in the rhombohedral structure 
for the light rare earths and in the hexagonal structure for Y and the heavy rare earths. 
The compounds of primary interest here are with RE = Nd, Sm, Y, Gd, Er and Tb, with 
TM ---- Fe and Co, and with A = N, C and H. 

The reaction of RE2TMI7 with N2, NH3 or H2 gases to form interstitial nitrides and 
hydrides, preserves the structure of parent materials. The interstitial carbides of hexagonal 
host compounds prepared by melting, however, show a preference for the rhombohedral 
structure, if the concentration of interstitial carbon is high enough (Coene et al. 1990; Sun 
et al. 1990). A schematic diagram of unit cells of both structures is presented in fig. 3.1. 
Both structures contain four inequivalent TM sites denoted as 12k, 12j, 6g, 4f in the hexag- 
onal form, which correspond to 18h, 18f, 9d, 6c, respectively, in the rhombohedral com- 
pound. RE elements occupy a single site 6c in the rhombohedral and two sites: 2b and 2d in 
the hexagonal structure. Neutron diffraction experiments have shown that in the interstitial 
carbides prepared from melt the C atoms randomly occupy the interstitial positions 9e (6h) 
(Helmholdt and Buschow 1989). The hydrogen atoms locate at 9e and 18g (6h and 12i) 
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Fig. 3.1. A building block of rhombohedral or hexagonal RE2TM17A x . Large empty circles = RE. Small empty 
circles = TM. Filled squares = A 9e(6h) sites. Filled circles = A 18g(12i) sites. 

sites (Isnard et al. 1992a). The 9e (6h) sites can be completely filled, whereas the maxi- 
mum of 1/3 of  the total number of  the 18g (12i) sites can be occupied only, which leads to 
the maximum content of  the interstitial hydrogen, x = 5 (Isnard et al. 1992b). 

There is some controversy concerning the location of  nitrogen atoms at the interstitial 
positions in the material. According to Isnard et al. (1992c), nitrogen locates entirely at 9e 
(6h) interstitial positions to a maximum content of  x = 3 in the formula RE2TM17Nx when 
prepared in N2 gas atmosphere. For the hydrogen pre-treated samples nitrided in ammonia, 
Brennan et al. (1994), reported the nitrogen content of  4 and concluded that some 18g or 3b 
sites are occupied in addition to the 9e sites. Some authors reported the nitrogen contents 
x as large as 5 (Uchida et al. 1993), 8 (Wei et al. 1993), or even 10 (Uchida et al. 1992). 
Most of  the interstitial sites, e.g., 3a or 3b, are too small to contain the relatively large 
N atoms (Christodoulou and Takeshita 1993), however, the location of  some N atoms at 
the 18g (12i) sites (as concluded by Wei et al. (1993) and Yan et al. (1993) from neutron 
diffraction measurements) in addition to the 9e (6h) site occupation seems to be feasible. 
The number of  9e (6h) and 18g (12i) NN positions to RE sites is 3 and 6, respectively. 

Further work on REzTM17A x is also discussed in sections 4, 5 and 6. In section 4, effects 
on the properties of  SmzFe17 based magnets prepared by different processing routes is 
reviewed. Section 5 contains a discussion of  the effects of  the addition of  Nb, used to reduce 
the content of  unwanted ~-Fe and in section 6, the results of  some important measurements 
on the influence of  pressure on RE2TM17Nx systems are reviewed. 

Structural and magnetic properties of  interstitial nitrides, carbides and hydrides have 
been surveyed by Fujii and Sun (1995). A summary reviewing important data on HFF and 
CEF parameters of  Sm2Fe17Nx and related compounds is given in table 3.1. 

3.1. 89y resonance 

3.1.1. Y2Fel7Cx 
The NMR spectra measured on the samples prepared by co-melting appropriate amounts 

of  the constituents have been reported by Kapusta et al. (1990, 1991). The spectra, shown 
in fig. 3.2, consist of  three well resolved satellite lines, in addition to the 89y (I  = 1/2 - 
no quadrupole splitting) line of  the host compound. The lines at 42, 37, 29 and 17 MHz 
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were assigned to the Y sites with 0, 1, 2 and 3 C atoms respectively. A comparison of the 
corresponding Be values shows that for the 1C configuration Be is reduced by 12% with 
respect to the value in YzFe17. For the 2C and 3C environments it is reduced by 31% and 
60%, respectively. As Be on yttrium largely originates from transferred hyperfine fields, 
there must be a large C NN influence on the valence electron distribution and polarisation 
at the RE site. Note that the inelastic neutron scattering measurements of Loewenhaupt et 
al. (1995, 1996) have shown similar reductions of the molecular field coefficient nGd-Fe 
caused by one or two carbon atoms neighbouring to a Gd atom. The reduction was found 
to be 12% and 29% for the Gd sites with 1C and 2C neighbours, respectively. The main 
contribution to the molecular field coefficient nRE--Fe in these materials has been associ- 
ated with the RE-5d electrons and with polarisation via 3d-5d hybridisation (Brooks et al. 
1989). The transferred HFF on the RE nucleus has been found to arise from the 6s and 5d 
valence electrons (Y-5s and 4d, respectively) (Coehoorn and Buschow 1993). The almost 
identical changes in the transferred hyperfine field and in the molecular field coefficient 
showed the same reduction ratio for the 6s and 5d (Y-5s and 4d) electron polarisation. This 
reflects the reduction of nRE--Fe, caused by the presence of carbon neighbours. 

In fig. 3.2 the line at 46 MHz, appearing in the spectra of the carbides, has the broad echo 
shape characteristic of an 57Fe signal from a spurious c~-Fe phase. The 57Fe signals from 
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Fig. 3.2. 89y spin-echo NMR spectra of Y2FelTCx at 4.2 K. After Kapusta et al. (1991). 
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the Fe sites in the structure are overlapped by the much stronger signal of 89y. However, 
the Fe resonance line at about 50 MHz has been detected in all the samples. 

3.1.2. Y2FelTNx 
The S9y NMR measurements have been reported by Kapusta et al. (1991) and Zhang et 

al. (1995a). The 57Fe and 14N study has been carried out by Zhang et al. (1995b, 1995c). 
Kapusta et al. (1991) measured 89y spectra of four samples prepared by heating the Y2Fe]7 
powder in an atmosphere of N2. The amount of absorbed nitrogen x was estimated from 
the pressure difference before and after the reaction for the first three samples. With in- 
creasing reaction time between subsequent samples, approximate values of x = 0.5, 1.2 
and 2.5 were obtained. However, the distribution of nitrogen was found to be non-uniform, 
as discussed below. 

The S9y spectra, shown in fig. 3.3, consist of four resonance lines; the main line at 
42 MHz and the lines at 36, 30 and 26 MHz, respectively. As with the carbon containing 
compounds, the 36, 30 and 26 MHz lines have been assigned to Y atoms with IN, 2N and 
3N atoms as NNs, respectively. The set including 1N, 2N and 3N lines has been found to 
increase in intensity with x with respect to the ON line. The intensity ratio within the set, 

1 Y 2 F e 1 7 N ~  
I I , l l l t l l l l l l = l l l l l l l l l l l l l l l l l  1 
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Fig. 3.3.89y spin-echo NMR spectra of Y2FelTNx at 4.2 K. After Kapusta et al. (1991). 
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however, remained unchanged, reflecting the growth of the nitrided outer shells of grains. 
As X-ray diffraction has shown, the samples contained both the expanded nitride phase and 
the unnitrided phase. Most of the ON intensity can therefore be attributed to the unnitrided 
cores of the grains. The intensity of the 2N line is the largest and the relative intensities 
within the set of 1N, 2N and 3N lines are approximately constant with x. This indicates 
that, during the growth of the nitrided outer shell, the nitrogen concentration in it was ap- 
proximately constant, with 2 < x < 2.5. The 89y spin-echo spectra of a set of the samples 
of different nitrogen content, treated by regrinding and subsequently vacuum annealing, 
have been studied by Zhang et al. (1995a). The measurements did not show any noticeable 
changes of the spectrum on annealing, except for an increase in the amount of ot-Fe. As an 
example, the spectra of the sample with x = 1.8 are shown in fig. 3.4. A similar pattern 
to that found by Kapusta et al. (1991), with a pronounced ON line for the samples with 
low x, was also found by Zhang et al. (1995b). Zhang et al. (1996a) proposed a model of 
nitrogen diffusion which involves two states of nitrogen atoms in the lattice; a free type 
and a trapped type. In this model the free nitrogen atoms diffuse towards the interface be- 
tween the nitrided shell and the unnitrided core where they become trapped. The diffusion 
can proceed only in nitrogen atmosphere and at appropriately high temperatures. Once the 
nitrogen atmosphere is removed, the interface stops its advance towards the centre of the 
grain and the nitriding is stopped. The nitrided region is characterised by an x value which 
is slightly larger than 2, neither x nor nitrogen distribution normally change on annealing. 
Some of 5% of the total amount of nitrogen absorbed in the material can, however, desorb 
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on vacuum annealing. The amount of interstitial nitrogen was found to be smaller than the 
total value of x deduced from the mass enhancement or from the change of nitrogen pres- 
sure. The applicability of the above model seems to be limited. Some authors have reported 
existence of Sm2Fel7 nitrides with intermediate nitrogen content 0 < x < Xmax based on 
results of X-ray diffraction (Brennan et al. 1994), AC susceptibility (Katter et al. 1992), 
and electron microscopy studies (Edgley et al. 1994). The results of the samarium NMR 
study of Sm2Fe17 nitrides (Kapusta et al. 1994), confirm this finding, as will be discussed 
in more detail in the section 3.3. 

In the carbon containing compounds the reduction of the Y HFF per NN atom decreases 
with the increasing number of neighbours, while in the nitrides an opposite tendency is 
observed. For the environments with three N neighbours the reduction compared to the 2N 
and 1N environments is especially small. This finding and a double peak structure of the 
14N resonance line reported by Zhang et al. (1995c), led the authors to conclude that, in 
the yttrium environments with three nitrogen neighbours, two of the nitrogen atoms occupy 
the octahedral sites 6h and one occupies the rhombohedral site 12i. This is in contrast to 
the carbides, in which carbon exclusively occupies the rhombohedral sites. The evaluation 
of dipolar fields, produced by neighbouring Fe moments on the 6h and 12i sites, shows 
that they vary by more than 2.5 T (11 MHz), with the magnetisation direction in the basal 
plane. This causes a large splitting or broadening of the 14N resonance line, and can lead 
to difficulties in the interpretation of the nitrogen resonance (Zhang et al. 1995c). In view 
of these difficulties and problems in the interpretation of the neutron diffraction results for 
the hexagonal structure, because of the disorder of the RE and the Fe dumb-bell sites, the 
conclusion that the tetragonal sites are partially occupied by nitrogen (Jaswal et al. 1991; 
Zhang et al. 1995c), must be treated with some caution. 

3.1.3. Y2Fel7CNx 
The 89y NMR spectrum presented in fig. 3.5 has been reported by Kapusta et al. (1991). 

It consists of 6 lines at 42, 36, 30, 25, 20 and 15 MHz, respectively. The results are con- 
sistent with those for carbides and nitrides. Thus, the 36 MHz line is assigned to Y atoms 
either with 1C or with IN as NN, the 30 MHz line to either 2C or 2N as NN and 25 MHz 
line to either 3N or 2N + 1C as NN. The 20 MHz line is thought to arise from 2C + 
1N NN and the 15 MHz line from a 3C configuration. The environments with 2C and 
1N -t- 1C contribute to the shoulder at about 27 MHz. The lowering of the Y HFF in 
2C + 1N and 1C + 2N environments, calculated by summation of the contributions per 
one atom in 3N and 3C configurations of Y2FelTC and Y2FelTNx, provides the expected 
resonance lines at 19.5 MHz and 22 MHz respectively, very close to that observed ex- 
perimentally. From this it may be concluded that C and N independently influence the Y 
HFF in mixed environments, resulting in an additive contribution from nitrogen and carbon 
neighbours. 

3.1.4. Y2Fe17Hx 
The 89y spectra have been reported by Kapusta et al. (1991), fig. 3.6, and Shen et al. 

(1996b), fig. 3.7. The spectra of the hydrides reported in both papers do not show the 
satellite pattern observed for the nitrides or carbides. Only one Y resonance line has been 
detected, see fig. 3.6 after Kapusta et al. (1991). The line was found to broaden from a 
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Fig. 3 .5 .89y spin-echo NMR spectra of Y2FelTCNx at 4.2 K. After Kapusta et al. (1991). 

2.7 MHz linewidth for x ---- 0 to 4.0 MHz and 4.2 MHz for x = 1.6 and 5.5, respectively. 
The resonant frequency shifted from 42.5 to 41.5 and 40.9 MHz for x = 0, 1.6 and 5.5, 
respectively. A larger shift was observed by Shen et al. for the fully hydrided sample, see 
fig. 3.7. After removal of  hydrogen from the sample the resonance line was found to return 
to the position observed for the host compound. It can be concluded that hydrogen only 
has a slight global influence on the Y HFF. The Y-H distance is 2.5 A for the hydrogen 6h 
sites and 2.35/~ for the 12i sites. As found by Isnard et al. (1992b), the 6h sites are filled 
for x < 3 and up to two of  the 12i sites can be occupied, leading to a maximum x = 5. 
The excess over x = 5 in the values of  x equal to 5.5 given by Kapusta et al. (1991), 
and 5.8 given for the hydride of  Gd2Fe17 by Shen et al. (1996b), is possibly related to the 
formation of  a spurious rare earth hydride phase. 

The 1H spectra reported by Zhang et al. (1995c), and Shen et al. (1996b), as shown 
in fig. 3.8, contained two distinct peaks. The authors discussed possible line assignments 
and they attributed the upper line corresponding to a HFF of  1.5 T to hydrogen in the 
octahedral sites and the lower line with a HFF of  1.1 T to hydrogen in the tetrahedral 
sites. The results indicated that the tetrahedral sites may already begin to be occupied for 
hydrogen contents of  x < 3. As discussed in the preceding paragraph (section 3.1.2), when 
the easy magnetisation direction is in the basal plane, there is a splitting of  the octahedral 
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sites into magnetically inequivalent sites. The difference in the values of the largely dipolar 
Be at these inequivalent hydrogen sites is 2.5 T. This difference may provide an alternative 
explanation for the presence of the two peaks, observed by Zhang et al. (1995c) and Shen 
et al. (1996b). Further studies are needed to clarify the nature of the 1H spectra. 

3.1.5. Y2Fe17-yfoyCx 
The 89y NMR measurements of the samples prepared by co-melting with x = 0 and 

0.8 have been reported by Kapusta et al. (1991). The main line at 18.5 MHz (Be = 8.9 T) 
as well as a weaker line at 21 MHz (Be = 10.1 T) appearing in Y2Co17 sample accord- 
ing to Figiel et al. (1976), were assigned to Y resonance in rhombohedral and hexagonal 
structures, respectively. The additional weak line observed in Y2Co17C0.8 at 15.7 MHz 
(Be = 7.5 T) has been attributed to Y environments with one carbon NN, as shown in 
fig. 3.9. The corresponding relative decrease of HFF equals 14.5% and is very close to that 
observed in the Fe based compound (13%) which indicates that the relative influence of 
carbon on the polarisation of the yttrium valence electrons is similar in both systems. The 
difference in magnitude of the HFF decrease between compounds containing different 3d 
elements must have its origin in the 3d moment interaction rather than in the Y valence 
electron distribution alone. 
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The relative intensity of  the 15.7 MHz line to the main line is 7%. Assuming a random 
distribution of  C atoms over the 6h sites and using the binomial distribution function, the 
authors arrive at a true concentration of  interstitial carbon of  x = 0.07. This is an order of  
magnitude smaller than the nominal value of  x = 0.8, deduced from weight measurements. 
This shows that only a slight amount of  carbon can be introduced into the Y2Co]7 lattice 
by co-melting. It is worth mentioning here that the accuracy of  determination of  interstitial 
carbon content is of  order of  x = 0.01, which is far beyond the accuracy that can be 
achieved with the neutron diffraction technique. 
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From NMR, samples with nominal compositions Y2Fe6Col 1Cx (x = 0.8) and Y2Fe3- 
Co]4Cx (x = 0.8), were estimated to have true compositions with x = 0.8 and x = 0.5, 
respectively (Kapusta and Riedi 1995). These values can be treated as solubility limits for 
the compounds prepared from the melt. With increasing Co concentration the solubility of 
carbon decreases from x = 1.5 for Y2Fe]7 down to x = 0.07 for Y 2 C o 1 7 ,  fig.  3.10. 

3.1.6. Y2Co17Nx, Y2Co17Hx 
A similar evolution of the 89y spectra with x to that in the iron based compound is 

reported by Kapusta et al. (1992c), fig. 3.11. However, the effect of broadening of the lines 
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is stronger, especially for the nitride. The real concentration of the interstitial nitrogen 
evaluated on the basis of satellite line intensities in the NMR spectrum is close to x = 2. 
For the measured sample of Y2ColTH3.3, as in Y2Fe]THx, no local influence of hydrogen 
on the yttrium hyperfine field is observed• The resonance line broadens, but remains at the 
same position as in Y2Co17. 

3.2. 57 Fe resonance 

The 57Fe signal in Y2Fe17Ax, where it does not overlap with the much stronger Y signal 
or with the 57Fe signal from c~-Fe impurities, has been observed at 50 MHz (Be = 36.2 T) 
by Kapusta et al. (1991), fig. 3.5. The position of this line in carbides was found to be 
independent of x and no other Fe signals appeared at higher frequencies• This line was 
assigned to the 4f (6c) dumb-bell site. 

In the nitrogen containing compound an additional Fe resonance line at 55 MHz 
(Be = 40.0 T) appeared, in good agreement with M6ssbauer results of Zhou et al. (1993), 
whereas the 50 MHz line still remained at the same frequency• A significant decrease of 
the NMR enhancement factor indicated a considerable influence of nitrogen on local mag- 
netic anisotropies of Fe sites. Such changes are not observed in the carbon and hydrogen 
containing interstitial compounds. 

A better resolved 57Fe spectrum has been reported for Y2Fe17N2.s by Zhang et al. 
(1995b), fig. 3.12. The authors proposed assignments of the six 57Fe lines observed in 
the 44-55 MHz range from Y2Fe17N2.8 to specific Fe sites in the compound. Single lines 
corresponding to the 6c (4f in the hexagonal structure) and 18h (12k) sites were sug- 
gested, whereas two pairs of lines were attributed to the 9e (6g) and 18f (12i) sites re- 
spectively. The unchanged position of the 6c (4f) dumb-bell site has been related by the 
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Fig. 3.13.57Fe spin-echo NMR spectra of Lu2Fel7A x at 4.2 K. After Kapusta et al. (1992e). 

authors with unchanged distances of Fe atoms neighbouring the 6c site. These assignments 
were confirmed by the neutron diffraction study by Kajitani et al. (1993). The assign- 
ments correspond to the following order of the absolute values of the hyperfine fields: 
Be(g) < Be(f) < Be(k) < Be(i). This, however, is not consistent with that obtained from 
a M6ssbauer study by Hu et al. (1991), where Be(f) < Be(g) < Be(i) < Be(k) was re- 
ported. Also the values of HFF given by Zhang et al. (1995b) are much higher than those 
obtained from M6ssbauer measurements. Thus, the question arises whether the 57Fe spec- 
trum shown contains all the Fe resonance lines, or whether it is possible that some of the 
lines overlap with the strong yttrium signal. 

The 57Fe spectra of Lu2Fe17Ax have been reported by Kapusta et al. (1992e), fig. 3.13. 
Polycrystalline samples prepared in the same way as yttrium containing compounds were 
measured. In the real structure of Lu2Fe17 a statistical distribution of the Lu atoms and 
the Fe dumb-bells (4f) has been found, Givord et al. (1972). This leads to a splitting of the 
HFF values at the Fe sites making the comparison of results with those for the Y-containing 
compounds difficult. The average HFF has been found to increase more in the nitride than 
the carbide, but to decrease for the hydride. 
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Two competing mechanisms have to be taken into account in analysing the Fe HFF 
changes; the magnetovolume effect and the local influence of the interstitial atom via 
bonding effects. The former mechanism leads to an increase of magnetic moments (and 
HFFs) as the lattice expands, whereas the latter causes a decrease. Thus, in the hydride, 
where the lattice expansion per one interstitial atom has been found to be about three times 
smaller than in the nitride, the local influence appears to be dominant, in contrast to the 
carbide and nitride. It is worth noting here, that a similar decrease of the average hyperfine 
field upon hydriding was found in Mrssbauer measurements for Y2FelTH2.7 by Qi et al. 
(1992). 

3.3. 147Sm and 149Sm resonance 

3.3.1. Sm2Fel7Nx 
The host compound Sm2Fel7 possesses a planar anisotropy due to the anisotropy of the 

Fe sublattice which overcomes the preference of the Sm sublattice to align along the c- 
axis. The introduction of nitrogen gives rise to a dramatic increase of the CEF potential at 
the Sm site, leading to a strong enhancement of the anisotropy of the samarium sublattice. 
This results in the large uniaxial magnetic anisotropy of SmeFe17Nx making it suitable 
for permanent magnet application. NMR measurements on two groups of finely powdered 
samples, prepared as described by Katter et al. (1991, 1992) (A) and Buschow et al. (1990) 
(B) were reported by Kapusta et al. (1994) and (1992b), respectively. The samples (A) were 
prepared with concentrations of nitrogen in the range 0 < x < 3. Sample (B) was fully 
nitrided with x = 2.5. The 147Sm spectra of Sm2FelTNx, x = 0, 0.4, 1.2, 2.0, samples (A), 
and x = 2.5, sample (B), are shown in fig. 3.14. The 149Sm and 147Sm spectra were found 
to be consistent with each other. The observed sets of quadrupole septets (the nuclear spin, 
I ,  for both Sm isotopes is 7/2) have been assigned to Sm 6c sites with different numbers 
of nitrogen neighbours. The samples (A) have linewidths 5 times larger than those of (B). 
This difference was attributed to much larger local inhomogeneifies as a result of a fine 
pulverisation of samples (A). 

Measurements on the aligned samples and as a function of applied field have shown 
that the observed signal in Sm2Fe17Nx originates from the DWE. The directions of the Sm 
moments were found to depend on x. It was found that they were perpendicular to the c- 
axis for Sm2Fe17, parallel to the c-axis for x > 1.2 and tilted from the c-axis for x = 0.4. 
The main septet for x = 0.4 was ascribed to Sm with ON, the change of its quadrupole 
splitting with respect to SmzFe17 could be ascribed to the change of easy magnetisation 
direction (EMD). A septet with a lower signal intensity was attributed to Sm with 2N 
neighbours and the septet in the fully nitrided sample (B) to Sm with 3N neighbours. 
A deviation of the intensifies of the septets from those expected for a random distribution 
of nitrogen may have arisen from large differences in the individual site anisotropies and a 
consequent smearing of the signal of the low symmetry Sm sites, with 1 and 2 N atoms as 
nearest neighbours. 

The slight change of HFF with magnetic moment direction for the ON site indicates that 
Sm preserves its fully polarised state with Jz = J = 5/2. As the lattice EFG (eq. (2.6)) 
at the ON site is axially symmetric with its Vzz along the c-axis, Laplace's equation can be 
applied, i.e.: 

Vcc (latt) = - 2 Vpp (latt), (3.1) 
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Fig. 3.14. 147Sm spin-echo NMR spectra of  Sm2Fel7Nx at 4.2 K. After Kapusta et al. (1994?). 

where 'c '  and 'p' stand for c-axis and c-plane (i.e., perpendicular to the c-axis) compo- 
nents. Vzz(4f) and Vce(latt) were obtained using eq. (2.6) and from the measured quadrupole 
splitting for Sm2Fe]7 and for the ON septet in the nitrided samples. The slightly smaller 
quadrupole splitting of the ON septet observed for x = 0.4 than for x = 1.2 indicated a 
deviation of EMD from the c-axis. The angle between the c-axis and EMD for x = 0.4 
was estimated to be 26 ° . 

For ON sites the Vcc(latt) value of 26 × 1020 V/m 2 was obtained, and for the 3N en- 
vironments Vcc(latt) as large as 122 × 1020 V/m 2 is measured. The latter value agrees, 
within experimental error, with Gd M6ssbaner measurements for Gd2Fe17Nx, Vcc (latt) = 
126 × 1020 V/m 2 (Dirken et al. 1991). 

For Vzz(4f) a value of - 2 4 9  × 1020 V/m 2 was obtained, about 20% larger than the 
absolute value of 211 × 1020 V/m 2 derived from an atomic beam experiment (Bleaney 
1972), indicating a contraction of the 4f shell in the compound as compared with that of a 
free atom. 

The lowest order term of the CEF interaction corresponds to the interaction of the 
quadrupole moment of the 4f electron shell with the EFG produced mainly by the aspheric- 
ity of the 6p and 5d shells of the parent atom. This asphericity arises from the presence of 
neighbours in the lattice (Coehoorn and Buschow 1991). The CEF coefficient A 0 used 
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in the CEF formalism is proportional to this EFG. The lack of a strict relation between 
the EFG at the nucleus and the EFG exerted by the 4f shell, necessitates the use of the 
approximation: 

A0 = _ D e Vcc (latt). (3.2) 

Taking the value of 1/320 for the coefficient D, as obtained from a comparison of a Mrss- 
bauer spectroscopy study with bulk magnetic data for Gd2Fe17 and other RE-3d inter- 
metallics (Gubbens et al. 1989), the CEF coefficients A ° for the Sm sites with different 
numbers of nitrogen neighbours in the compound can be determined. They change from 
- 6 6  K ao 2 for ON to - 3 0 9  K ao 2 for 3N atoms as nearest neighbours to the Sm site, where 

a0 is the Bohr radius. The value of - 2 4 2  Kao  2 reported for A ° in Sm2FelTN3 from ex- 
trapolation of bulk anisotropy data by Li and Coey (1992), is about 20% smaller than the 
value of A°2 for Sm with 3N derived from the nuclear magnetic resonance spectra. 

The A ° value derived from 166Er Mrssbauer measurements on Er2FelTN2.7 by Gubbens 

et al. (1991a) and Moolenaar et al. (1991), amounts to - 4 0 0  Kao  2, 30% larger than 
the above value derived from NMR for Sm2FelTN3. However, the value obtained by 
Gubbens et al. (1991b), from 169Tm Mtissbauer measurements for Tm2Fe17N2.7 amounts 
to - 3 0 0  K ao 2. Thus, there is an agreement within experimental limits between the values 
obtained from Mrssbauer and NMR experiments. 

3.3.2. Sm2FelzCx 
The 147Sm and 149Sm NMR spin echo spectra and the spin echo decays of the samples 

with x = 0, 0.5, 1 and 3 have been reported by Kapusta et al. (1996a), fig. 3.15. Carbides 
Sm2Fe17Cx with x = 0.5 and 1 were prepared by arc melting and the carbide with x = 3 
was prepared by heating a fine powder of Sm2Fe17 in acetylene. These samples, together 
with a Sm2Fe17 sample were measured. Similar changes in the Sm spectra to those for 
the nitrides have been observed upon carbon uptake. A change of quadrupole splitting of 
the 0C septet between Sm2Fe17 and Sm2FelTC0.5 has been attributed to the change of 
EMD between the compounds. A conical magnetic structure was found for Sm2Fe17C0.5 
at 4.2 K, with the EMD slightly tilted from the c-axis. This was similar to the magnetic 
structure of Sm2Fe17N0.4 (Kapusta et al. 1994). The quadrupole splittings of the septets 
have been attributed to the Sm environments with 1C and 3C NN, corresponding to the 
EFG values Vcc(latt) of 64 × 1020 V m -2 and 137 x 102o V m -2, respectively. 

Relating Vcc(latt) and A ° as above, the values of - 1 6 2  Kao  2 for the 1C site and 

- 3 5 0  K a o  2 for the 3C site were obtained. The change of A ° caused by 1C neighbour 

was determined to be - 9 6  K ao 2, whereas 3C neighbours changed A ° by - 2 8 4  K ao 2, 

which corresponds to - 9 5  K ao 2 per one C neighbour. Therefore it can be concluded 

that the contributions to A 0 from the individual carbon neighbours are additive. For the 

Sm2Fe17 nitrides the contribution to A ° expressed per one N neighbour was found to in- 
crease with increasing number of N neighbours. Gubbens et al. (1991a) have derived from 
166 0 Er Mrssbauer measurements for Er2Fe17C1 the A 2 value of - 2 9 0  K ao 2, which, as with 

the nitrides, is much larger than the - 162 K ao 2 of Sm2Fe17C1. 
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Fig. 3.15. 149Sm spin-echo NMR spectra of Sm2Fel7Cx at 4.2 K. After Kapusta et al. (1996a). 

From a value of Vcc(latt) = 122 × 1020 Vm -2, a corresponding value for A 0 of - 3 0 9  

K a o  2 was derived for the 3N sites in the Sm2Fe17. This is smaller in magnitude than 
for the 3C sites in the carbides, implying that a hypothetical SmzFe17C3 would have a 
larger magnetocrystalline anisotropy than SmzFea7N3. Unfortunately, however, as with 
YzFel7Cx (see sections 3.1.1 and 3.1.5), the solubility limit for SmzFelvCx prepared from 
the melt is x ~< 1.5. 

The difference in HFF between 1C and 0C sites is 7.7 T. For the 3C sites the change in 
HFF of 23.9 T, which when expressed per one carbon neighbour corresponds to a change 
in HFF by 8 T. This is slightly larger than for the 1C sites. The result is consistent with that 
for the YzFel7 carbides (Kapusta et al. 1990), where the magnitude of carbon influence on 
the yttrium HFF, per one C neighbour, was also found to increase with increasing number 
of nearest neighbour C atoms. 

3.3.3. Sm2Fel7Hx 
The 1478m NMR spectra of the Sm2Fe17Hx (x = 0, 2.9, 4.6) series at 4.2 K are reported 

by Kapusta et al. (1996b). Powder samples prepared in the same way as for the YzFe17 
hydrides were measured. Hydrogen enters the octahedral 9e and the tetrahedral 18g sites, 
as shown in the neutron diffraction study on the isostructural rhombohedral NdzFel7Hx 
(Isnard et al. 1992b). Hydrogen atoms were found to fill the 9e sites first, up to their full 
occupation corresponding to the formula Sm2Fe17H3, and subsequently to enter the 18g 
sites. The maximum concentration of hydrogen in the compound corresponds to the for- 
mula SmzFe17Hs, i.e., the maximum number of H atoms occupying the 18g sites is two 
per formula unit. 
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Fig. 3.16. 147Sm spin-echo NMR spectra of Sm2Fel7Hx at 4.2 K. After Kapusta et al. (1996b). 

The 147Sm spectra of Sm2Fel7 and Sm2Fel7H2.9, fig. 3.16 after Kapusta et al. (1996b), 
consist of a single septet with very similar central line positions and line separations for 
both samples. The quadrupole splitting and the HFF, which were obtained from the spec- 
tra in the same way as for SmzFel7Nx, are 11.9 MHz and 323.7 T (central frequency 
569.1 MHz) for SmzFelvH2.9, which is very close to the values of 12.0 MHz and 323.1 T 
(central frequency 568.8 MHz) for the host Sm2Fe17. For the Sm2Fel7H4.6, two overlap- 
ping septets with different quadrupole splittings and HFFs have been found to appear. This 
feature can be explained in terms of a partial occupation of the 18g sites. At such a concen- 
tration, all (3 per formula unit (f.u.)) 9e sites are filled, and the remaining hydrogen atoms 
(1.6 H per f.u.) are distributed over the 18g sites (2 per f.u. available to hydrogen). Using 
the formula of binomial distribution for 1.6 H atoms randomly distributed over these two 
available 18g sites, the probabilities of finding 0, 1 or 2 hydrogen at 18g sites as nearest 
neighbours to a Sm atom are 4%, 32% and 64%, respectively. The last two values are close 
to the relative intensities of the two septets in the NMR spectrum of SmzFel7H4.6. Thus, 
the septet with larger intensity can be attributed to the Sm sites with 3H atoms at the 9e 
and 2H atoms at the 18g NN sites. The septet with the smaller intensity can consequently 
be assigned to the Sm sites with 3H atoms at the 9e sites and 1H atom at the 18g sites. As 
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the Sm sites with 3H atoms at the 9e sites and OH atoms at the 18g sites have an order of 
magnitude smaller population, the corresponding septet in the spectrum is not resolved. 

A significant influence o f H  18g and a slight influence o f H  9e on the lattice EFG can be 
explained in terms of the strength of the bonding effects being strongly distance dependant. 
According to the above results the influence of H on the RE 5d and 6p electron population 
becomes apparent for the Sm-H(18g) distance of 2.35 A but is negligible for the Sm-H(9e) 
separation of 2.5 A. 

3.3.4. SmxY2-xCOl7 
The spin echo spectra of 147Sm and 149Sm of SmxY2-xCo17 at zero applied field have 

been reported by Kapusta et al. (1993a). The spectra show a step-like change of quadrupole 
splitting and hyperfine field between the samples with x = 0.1 and 0.2. The effect is 
attributed to change of EMD from the c-plane (perpendicular to the c-axis) for x = 0.1 
to the c-axis for x = 0.2. From the difference in the quadrupole splittings between the 
samples, the 4f electron contribution to the EFG was evaluated. It was found that Vzz(4f) = 
- 2 4 0  x 1020 V / m  2. This was very close to that for the Fe based samples, as discussed in 
section 3.3.1. The Vcc(latt) of 35.7 x 102° V / m  2 and the corresponding A2 ° of - 9 1  K ao 2 

were derived. The A ° value was found to be 40% larger than the corresponding value 
deduced from NMR for SmzFe17. 

3.4. 143Nd and 145Nd resonance 

3.4.1. Nd2Fe17Nx 
The rhombohedral Nd2Fe17 sample and its nitride, with x close to 3 prepared as de- 

scribed by Buschow et al. (1990), were measured by Kapusta et al. (1995a). The 145Nd 
spectra are presented in fig. 3.17. The spectrum of Nd2Fe17 consists of a quadrupole septet 
(nuclear spin of 145Nd I = 7/2) corresponding to the single Nd crystallographic site in the 
structure. A single septet with a shoulder at the low frequency side is also obtained for the 
nitride and assigned to the Nd sites with three nitrogen NN. 

As with to the Sm based series (Kapusta et al. 1994), the value of Be for the Nd sites with 
nitrogen neighbours was found to be higher than that of the non-nitrided sample. Since for 
Sm and Nd, Borb is dominant and antiparallel to the transferred HFF, the effect is consistent 
with that for the Y-based compounds. 

The planar anisotropy of the Nd and other rare earths with the second order Stevens 
factor i?/j -~ 0, strengthens with nitriding. Thus, from the difference between quadrupole 
splittings between NdzFel7 and the nitride the EFG change caused by the three nitrogen 
neighbours A Vp3pN (latt) can be obtained. The value of A V3cN(latt) was found to be 111.2 x 

1020 V / m  2, close to that of 96 x 1020 V / m  2 obtained in the Sm based nitride (Kapusta et 
al. 1994). This indicates that the change of A ° caused by 3N neighbours is only weakly 
dependent on the RE type in these compounds. 

3.4.2. Nd2Co17Ax 
The t45Nd and 143Nd NMR spin-echo spectra have been reported by Streever (1977). 

The central frequencies of 563 MHz and 905 MHz were obtained, respectively. The 
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Fig. 3.17. 145Nd spin-echo NMR spectra of Nd2Fel7N x at 4.2 K. After Kapusta et al. (1995b). 

quadrupole splitting of 143Nd of 7 MHz was derived. The 145Nd and 143Nd NMR spin- 
echo spectra and echo decays for Nd2Col7 and its interstitial nitride Nd2Col7N3 and hy- 
dride Nd2ColvH3.6 have been measured by Kapusta et al. (1997a). The 145Nd spectrum 
of Nd2Co17, fig. 3.18 shows a well resolved septet corresponding to a single Nd site 6c 
of the compound. The quadrupole splitting and the HFF for this material was found to 
be 3.88 MHz and 391.7 T (central frequency 563.7 MHz), respectively. In the spectrum 
of the hydride the linewidths were much larger than in the host NdzCOl7 and two septets 
could be distinguished. The overall quadrupole splitting determined from the line spacing 
was 3.8 MHz and Be values of 391.7 T and 389.3 T (central frequencies 563.7 MHz and 
560.0 MHz, respectively) were obtained. The 145Nd spin echo decays show characteristic 
oscillations, fig. 3.19, caused by quadrupole interactions (Abe et al. 1966). The oscilla- 
tion period rq was related to the quadrupole splitting Vq by the equation Vqrq = 1, giving 
Vq = 3.66 MHz for the hydride. The value is close to that obtained fi'om the line spacing. 
A non-monotonic decay of the oscillations indicates presence of two quadrupole frequen- 
cies of very close values, corresponding to the presence of two septets in the spectrum. 
Assuming that 3 H atoms per f.u. occupy 9e sites and 0.6 H enters the two 18g sites, as 
with Nd2Fel7Hx, and using binomial distribution function the probabilities of 0.49, 0.42 
and 0.09 for 0, 1 and 2 H 18g atoms as the NN to a Nd site were obtained. Thus, the upper 
septet has been assigned to the Nd sites with 3 H 9e neighbours and the lower septet has 
been assigned to the Nd sites with 3 H 9e and 1 H 18g sites. Hydrogen has only a slight 
influence on the Nd hyperfine parameters. When H occupies the 18g NN site, a decrease 
of quadrupole splitting of 0.1-0.2 MHz and a decrease of Be by 2.4 T has been observed. 

A single unresolved line has been obtained for both Nd isotopes in Nd2ColvN3, corre- 
sponding to Be of 386.4 T. The spectra of an aligned powder show a shift of the line to 
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Fig. 3.18. 145 Nd and 143 Nd spin-echo NMR spectra of Nd2 Co 17 Ax at 4.2 K. The top frequency scale corresponds 
to the 143 isotope. After Kapusta et al. (1997a). 

higher frequencies in an applied field. This shows that the hyperfine field of Nd is positive 
with respect to the magnetisation direction as expected from a parallel coupling of Nd and 
Co moments and a dominant positive orbital contribution of the 4f electron shell to the 
hyperfine field of Nd. The NMR signal is found to originate from Nd atoms in domain wall 
edges, where moments are nearly parallel to the applied field. 

The values of vq determined from the quadrupole oscillations of spin echo decays were 
0.37 MHz and 0.71 MHz for 145Nd and ]43Nd, respectively, which corresponds to the 
EFG component along the hyperfine field direction, ~i = 8.7 x 1020 V m  -2. The easy 
magnetisation directions in the host compound, the hydride and the nitride, as with the 
Fe based compounds, were found to lie in the plane perpendicular to the crystallographic 
c-axis. The HFF, which arises predominantly from the 4f electron shell of the parent atom, 
is only slightly changed upon nitriding, again as in the Fe based compounds. Thus, it can 
be concluded that the spectroscopic state of the 4f shell is practically unchanged upon 
nitriding or hydriding and the contribution of the 4f shell to the EFG remains unchanged 
too. The difference of EFG between the nitride and the host Nd2Co]7 of - 8 2  x 102o V m -2 
could then be attributed mainly to the influence of the nitrogen NN atoms. An analysis 
similar to that cited above for the Fe based compound has led to a value of the increase 
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After Kapusta et al. (1997a). 

of the EFG component along the c-axis, A V3cN(latt) of 164 × 102°Vm -2. Mulder et al. 
(1992) derived the corresponding value of 149 × 1020 V m -2 from a M6ssbauer study of 
Gd2Fe17Nx. Relating the above vc3N(latt) to A ° gives a value as large as - 4 1 6  K ao 2 for 
Nd sites with three nitrogen atoms as NN. This is about 50% greater in magnitude than for 
the isostructural Fe based compound, Nd2Fel7Nx (Kapusta et al. 1995a). The decrease of 
A ° related to the hydrogen uptake in Nd2ColvH3.6 was found to be 12-24 K ao 2, which 
is similar in magnitude to the effect of hydrogen in SmzFel7H2.9, but of opposite sign 
(Kapusta et al. 1996b). In Nd2ColvH3.6 the change of the EFG is related to the influence 
of hydrogen atoms at 18g sites (in the amount 0.6 H atom per f.u.) located along the c- 
axis direction. This is unlike in Sm2Fel7H2.9 where only the 9e sites located in the plane 
perpendicular to the c-axis are occupied. Hydrogen atoms at the 9e site are expected to 
have a slight effect with the signs of the EFG and of A ° opposite to those of the 18g sites. 

3.5. 159Tb resonance 

The zero field NMR spectrum of 159Tb in a mixed phase Tb2Fel7 has been measured by 
Li et al. (1995), fig. 3.20. The spectra arising from the unique RE site in the rhombohedral 
phase and from the two inequivalent sites in the hexagonal phase have been distinguished. 
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Fig. 3.20. 159Tb spin-echo NMR spectra of Tb2Fel7 at 4.2 K. After Li et al. (1995). 

Different hyperfine magnetic and quadrupole parameters were found for these sites and the 
corresponding B ° parameters were evaluated at 1.9 K and - 0 . 6  K for the hexagonal sites 
and 0.9 for the rhombohedral site. Note that the values of the parameter for the hexagonal 
sites are of opposite sign. The error margin of the evaluation, however, exceeds 100%. 

3.6. 59Co resonance 

The 59Co spectrum of Nd2Co]7, fig. 3.21, reported by Kapusta et al. (1997a), was found 
to consist of a structured signal at 160-200 MHz. A similar spectrum, with some addi- 
tional weak resonances at lower frequencies and the signal of a spurious cobalt phase at 
210-230 MHz was obtained for the hydride. The nitride showed a different spectrum, con- 
sisting of much narrower lines with different relaxation times T2. Since the local symmetry 
of the Co sites is low, the anisotropy of HFF related to the anisotropic orbital contribution 
to the Co moment affects the 59Co spectra (Streever 1979). It can give rise to separate 
resonance fines, corresponding to the local easy direction and local hard direction of the 
site. This was found to be the case for Y2Co17 by Machowska (1993). At a large pulse 
separation, faster relaxing hard direction signals vanished, and the spectrum was found to 
consist of four peaks at 100 MHz, 130 MHz, 150 MHz and 175 MHz. A similar spectrum 
was obtained in an applied magnetic field for the aligned sample, but the lines were found 
to shift to lower frequencies with increasing field. The antiparallel alignment of HFF with 
respect to the magnetisation, dominated by Co moments, indicates a major core polarisa- 
tion contribution to the Co HFF in the compound. The Co hyperfine fields in the nitride 
are different from those in the host compound. Furthermore, "hard direction signals" can 
be observed. This indicates that nitrogen has a significant influence on the Co HFF and on 
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Fig. 3.21. 59Co NMR spin-echo NMR spectra at 4.2 K of Nd2COlT, Nd2Co17H3.6 and Nd2ColTN 3 with 
(a) pulses (0.2 and 0.4 Vs) separated by r = 10 p,s and (b) pulses (1.0 and 2.0 ~ts), r = 300 Its eliminates 

hard direction signals. After Kapusta et al. (1997a). 

the magnetocrystalline anisotropy energy (MCAE) at the Co sites. This in turn affects the 
orbital contribution to the Co magnetic moments. 

A similar behaviour of the 59Co spectra in Y2Col7Ax (A = N, C, H) was reported 
by Kapusta et al. (1992c). Nitrogen was found to cause much stronger changes of the 
spectrum of the host Y2Co17, than hydrogen. Since a tiny amount of carbon (x = 0.07) 
was found to enter the octahedral sites, a slight change observed in the spectrum of the 
carbide could be attributed to the change of crystallographic structure from hexagonal, for 
the host Y2Co17, to rhombohedral for the carbide, rather than to the influence of interstitial 
carbon atoms. Different spectra for the rhombohedral and hexagonal Y2Co~7 compounds 
have been reported by Figiel et al. (1977), Figiel and Jaszczewski (1980). 

4. Sm2Fe17 nitrides prepared under different conditions 

As has been pointed out above, the nitrogenation of Sm2Fe]7 can result in a reorientation 
of the easy direction of from the c-plane (perpendicular to the c-axis) to the c-axis, with 
a consequent enhancement of permanent magnet properties. The nitrogenation process is 



448 CZ. KAPUSTA et al. 

"Z 
> 
c 

m 

0 

0 
t.U 

10 
5 
0 

20 

0 
10 

5 
0 

10 

= 0 

m 

o 0 e.. 

N 

° o  
E 
O 

Z 

0 
450 460 470 480 490 

Frequency [M Hz] 

Fig. 4.1. 149Sm spin-echo NMR spectra of Sm2Fel7Cx at 4.2 K. Samples prepared under different conditions 
have differing amounts of unnitrided phase: (a) Sm2FelT, (b) x = 0.4, (c) x = 3 in N 2 at 500°C, (d) in N2 at 

450°C, (e) and (f) in NH3/H 2, (g) quasistatic in NH 3. After Kapusta et al. (1996c). 

usually conducted in a N2 or NH3 atmosphere. The reaction with ammonia is much more 
vigorous than with nitrogen, which can lead to strains and microcracks in the Sm2FelTNx 
grains. The nitriding process is a nonequilibrium phenomenon, with the equilibrium state 
corresponding to a decomposition into Sm nitrides and Fe. In order to inhibit the formation 
of  the magnetically soft ol-Fe phase, minimise decomposition, and avoid an inhomoge- 
neous nitrogen distribution in the grains, nitriding times, temperature and pressure must 
be adjusted to a compromise. NMR can be used to study the diffusion processes and can 
provide information on the presence of  spurious phases. 

A study of  the NMR spectra of  147Sm and 149Sm in Sm2Fe17 powders nitrided under 
different conditions in NH3 and N2 has been reported by Kapusta et al. (1996c). The power 
dependence of  the signal and the echo decays of  the spin echo spectra in zero applied 
field, were measured to obtain information on the distribution of  the nitrogen interstitials 
adjacent to Sm sites. The spectra, fig. 4.1, were found to correspond to the domain wall 
edges in the materials. The contributions to the overall spectrum from each of  the sites 
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with 0 and 3 nitrogen neighbours were found to have the form of quadrupole split septets 
with their intensities depending on the nitriding conditions. Different conditions resulted 
in different nitrogen distributions and thus, in differences in the domain wall structure. For 
the samples nitrided in ammonia the septets corresponding to Sm sites with N neighbours 
were found to be smeared out, which led to the conclusion that these samples have many 
more defects in the atomic environments than those nitrided in nitrogen. It was also found 
that annealing in helium changed the distribution of nitrogen and the structure of domain 
walls in the material. 

From the variations in the intensity of the septets on annealing, the changes of nitrogen 
distribution and the domain wall structure have been deduced. The ON septet which appear 
in some samples nitrided for a short time revealed the presence of unnitrided material. 
In the samples nitrided for a short time, the unnitrided phase has its EMD in the basal 
plane. In the samples nitrided for a long time, the unnitrided phase has its EMD along the 
crystallographic c-axis. As little as 1% unnitrided material can be detected using NMR. 
Thus, the sensitivity of the NMR technique to the amount of the unnitrided phase is an order 
of magnitude higher than X-ray or TMA techniques. The application of a 7 T field had no 
effect on the zero field 149Sm NMR signal of fine milled nitrided powders. This result 
means that the domain walls at the interface with unnitrided regions were not removed, 
even in such high fields. 

5. Nb containing Sm2Fe17 powders and their nitrides 

The preparation process of Sm2Fel7 has generally been accompanied by the formation of 
ot-Fe. The presence of magnetically soft o~-Fe grains results in a reduction of coercivity. 
One method of removing these nucleation sites is by the process of extended annealing, 
however, work of Platts et al. (1992), has led to an effective process of preparing ot-Fe free 
as-cast material. The addition of ~ 4% Nb suppresses the formation of ot-Fe, resulting 
in the pure 2:17 phase, with traces of NbFe2. For Nb contents of ~ 10%, a-Fe cannot 
be detected by SEM or M6ssbauer measurements. A small amount of Nb does enter the 
Sm2Fel7, but this results in a lattice expansion and a consequent enhancement of the mag- 
netic properties (Sinan et al. 1995). 

A 57Fe, 93Nb, 147Sm and 149Sm nuclear magnetic resonance study of powders for per- 
manent magnet applications based on Sm2Fe17 with 0%, 4%, and 10% Nb additions, and 
their nitrides has been reported by Kapusta et al. (1996d). Spin echo NMR spectra at zero 
applied field and the echo decays were measured in order to determine the sites of the el- 
ements in various phases of the materials. Two 93Nb resonances observed were identified, 
corresponding to Nb in ~-Fe and Nb in the 2:17 phase. The presence of Nb in the majority 
2:17 phase was also found to be reflected in the linewidths and quadrupole splittings of the 
samarium spectra. The quantity of niobium entering the 2:17 phase was dependent on the 
amount of Nb added. This confirmed the results of the magnetic and metallographic studies 
(Platts et al. 1992; Sinan et al. 1995). On the basis of the Nb and Sm NMR signals a study 
was made (Kapusta et al. 1996d) of the difference between Nb distribution in the samples 
prepared using conventional and HDDR routes. The smallest Nb content in the 2:17 phase 
was found for the sample prepared using a HDDR route, which is consistent with the study 
of Gutfleisch et al. (1996). 
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From the intensities of the corresponding 57Fe and 93Nb lines the amount of c~-Fe was 
estimated at 0.5% to 0.7%. A strong decrease of the signal of Nb in ot-Fe, together with 
a shift of the corresponding 57Fe line to lower frequencies observed upon nitriding was 
attributed to the occupation by nitrogen of the sites adjacent to Nb atoms. The NMR of 
149Sm spectra provided a sensitive probe used to monitor the degree of nitrogenation of 
the majority 2:17 phase. For a sample in which the nitrogenation was incomplete, it was 
presumed that the 5% unnitrided material was located in grain interiors. The results were 
found to be consistent with those obtained for the Nb free Sm2Fe17 material and with the 
metallographic and magnetic data (Platts et al. 1992; Sinan et al. 1995). 

6. NMR measurements at high pressure 

Considering the importance of lattice expansion in the enhancement of the properties of 
Sm2Fe17 and related RE-TM systems, surprisingly little significant NMR research has 
been undertaken as a function of pressure. It seems clear that the reduction in overlap 
between the Fe 3d states, caused by a lattice expansion enhances interatomic exchange 
interactions between Fe atoms, leading to an increase in the Fe moment and an increase 
in the Curie temperatures. However, the presence of N atoms close to Fe atoms causes 
a drop in the magnetic moment of the Fe atom, because of strong hybridisation between 
N 2p states and Fe 3d states. Similarly, interstitial neighbours are likely to influence the 
distribution and polarisation of RE valence electrons. Therefore it is of fundamental value 
to perform measurements as a function of applied pressure in order to disentangle the 
effects of "chemical" and "real" pressure. 

NMR measurements of 89y and 147Sm spin-echo spectra at 4.2 K and pressures to 10 
kbar for samples of Y2Fe17, Y2Fe17Cx, Y2Fe17Nx, Y2Fe17Hx, Y2FelTCNx and Sm2Fe17 
have been reported by Armitage et al. (1989), and Kapusta et al. (1996e). Pressure deriva- 
tives of Y HFF were determined for different numbers of interstitial C, N and H neighbours, 
fig. 6.1. From quadrupole split Sm spectra of Sm2Fe17 changes of EFG with pressure have 
been derived. Changes of HFF with pressure correspond to a decrease of transferred hy- 
perfine field, arising from the polarisation of valence electrons at the rare earth sites by 
neighbouring Fe moments. 

The effect of pressure on Y resonance lines with the same number of N (C) neighbours 
depends on the crystal structure (rhombohedral or hexagonal) of the material. Resonance 
lines corresponding to the sites with no interstitial neighbours have been shown to have the 
same pressure dependence as in the hexagonal host Y2FelT. In the rhombohedral carbide 
and carbonitride, the pressure sensitivity has been observed to be about 40% lower than for 
the hexagonal compounds. In the hexagonal carbide, the sensitivity of resonance lines to 
pressure decreased slightly with increasing numbers of C neighbours, whereas an increase 
is observed in the rhombohedral compound. 

For the Y HFF in the hydride, in which the local influence of interstitial H neighbours 
is not significant, a slightly larger dependence of HFF on pressure was observed than in 
Y2Fe17, whereas N neighbours dramatically reduce the pressure dependence of the Y HFE 
A reduction as large as 90% for two N neighbours in the nitride and carbonitride has been 
observed. The effects may be considered in terms of the influence which interstitial neigh- 
bours have on the distribution and polarisation of Y (Sm) valence electrons. The LMTO 
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Fig. 6.1. Pressure derivatives of HFF at RE nuclei as a function of number of nearest neighbours. After Kapusta 
et al. (1996e). 

ASA calculations for Y2Fe17 and its interstitial nitrides, carbides and hydrides carried out 
by Beuerle and F~hnle (1992), have shown that there exists a difference in the influence 
of interstitial elements on the magnetic moments of yttrium 5s and 4d electrons and thus 
that there are different contributions from these electrons to the HFF. The sirrfilar pressure 
derivative of Y and Sm HFF in Y z F e l 7  and S m 2 F e l 7  indicates that the 4f electron shell 
remained unchanged for the range of pressures used in the experiment. The effect of pres- 
sure must therefore be largely related to the behaviour of valence electrons. The pressure 
change of the 147Sm quadrupole splitting measured for Sm2Fel7 can thus be attributed to 
a change of the EFG related to non-4f electrons. On this basis it is deduced that the crystal 
electric field coefficient A ° decreases by 0.7% per kbar. For an isotropic compressibility an 

increase of A ° is expected, therefore the results indicate that there exists a large anisotropy 
in the compressibility of the material. 

7. R E 2 T M I 4 B  

In RE2TM14B compounds a strong exchange interaction of the 3d metal sublattice gives 
rise to the high Curie temperature and saturation magnetisation. Whereas it is the rare earth 
element which is responsible for the magnetocrystalline anisotropy, through the interaction 
of its aspherical 4f electron shell with the CEF, and the strong RE-TM exchange interac- 
tion. The crystal structure of RE2TM14B, shown in fig. 7.1, was first determined by Herbst 
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Fig. 7.1. Unit cell of Nd2FeI4B. The c/a ratio is exaggerated to show the puckering of the hexagonal Fe nets. 
After Herbst ( 1991 ). 

et al. (1984, 1985), by neutron powder-diffraction analysis, and by Givord et al. (1984) 
and Shoemaker et al. (1984), from single crystal X-ray investigations. All the materials 
described in this section of the review are isomorphic, with a tetragonal structure (space 
group P42/mnm). There is some variation in the notation used by authors to denote the 
location of the different atomic sites in this structure, as detailed by Herbst (1991), but the 
structure is now well established. As shown in the figure, the unit cell consists of a stack 
of eight atomic layers in the c-direction, with all B, Nd and 4 out of 56 Fe atoms located 
at z = 0 and z -= 1/2. There are two inequivalent rare earth sites (4f and 4g in the no- 
tation after Herbst). The 4f site has two B atoms at a distance of 3.30 A, whereas the 4g 
site has a much closer single boron neighbour at 2.87 A. Both sites have the same number 
of 3d neighbours. These are at a distance of 3.06 A-3.27 A for the 4f sites and 3.09 A -  
3.40 A for the 4g sites. The number and distances of the rare earths are 2 at 3.76 A and 3 at 
3.49 ,~-3.76 ,~ for the 4f and 4g sites, respectively. The coordination of the B is straight- 
forward, with every B atom in centre of a trigonal prism of Fe atoms at around 2.11 ,~ 
with 3 Fe above and 3 below the plane containing the B and neighbouring Nd atoms. There 
are 6 inequivalent Fe sites, denoted by c, e, jl, j2, kl and k2 as detailed by Herbst (1984), 
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and shown in fig. 7.1. The compound RE2Fe14C is isostructural to RE2Fel4B and exhibits 
extremely similar magnetic properties. Some results of an NMR study of the RE = Gd 
compound are given in section 8. Section 9 discusses the effect of hydriding Nd2Fe14B. 

The reader is directed towards a detailed review of the crystallography, and the material 
and magnetic properties of RE2TM14B and related compounds by Herbst (1991). A sum- 
mary reviewing important data on HFF and CEF parameters of RE2Fe14B and related 
compounds is given in table 7.1. 

7.1. 57 Fe resonance 

Combined NMR-M6ssbauer studies of the RE2Fel4B and RE2CoI4B compounds have 
been reported by Rosenberg et al. (1985, 1986a, 1986b, 1989), Erdmann et al. (1987, 
1988a, 1988b) and Ge et al. (1992). For NdzFel4B NMR studies have also been carried 
out by Zhang et al. (1987, 1988a, 1988b, 1989). The authors take the advantage of using 
both 57Fe Mrssbauer and NMR techniques in order to obtain the values of hyperfine pa- 
rameters and assign them more reliably to the six Fe sites in the compounds. A particularly 
good agreement between the data has been obtained by Ge et al. (1992), table 7.1. The 
authors have used a sample prepared from boron enriched in l°B isotope, similar to that of 
Zhang et al. It allowed them to obtain an 57Fe NMR signal not overlapped with the strong 
11B signal of natural abundance boron. 

Most of the authors, including Rosenberg et al., Erdmann et al. and Ge et al. have at- 
tributed the largest 57Fe resonance frequency (the largest hyperfine field) to the j2 site, 
which has the largest number of Fe nearest neighbours. Also in Mrssbauer work of 
Fruchart et al. (1987), the largest HFF in RE2Fel4B (RE = Nd, Gd, Tb, Dy, Ho, Er) 
has been assigned to this site. Theoretical calculations of magnetic contact hyperfine fields 
with LMTO-ASA (Hummler et al. 1992) and FLMTO (Hummler and F~ihnle 1996), how- 
ever, have predicted that the largest field should appear at the k2 site. The discrepancy may 
be due to the HFF contribution from the unquenched orbital moment, omitted from the 
theory. This contribution is likely to be quite significant at the j2 site, since its symmetry is 
very low, i.e., the highest symmetry axis is only twofold. 

Rosenberg et al., Erdmann et al., Ge et al., as cited above, and other authors have re- 
lated the values of hyperfine fields to the Fe magnetic moments using a comrersion factor 
of 15 T//XB. This gave a large value of magnetic moment at the j2 site of 2.4-2.7/ZB de- 
pending on the rare earth. From a neutron diffraction study, Givord et al. (1985), obtained 
a larger value of 2.85/~B for the j2 site in Nd2Fe14B. The discrepancy between the values 
obtained from NMR (M6ssbaner) and neutron diffraction can be as large as 0.7-1/xB at 
the 4c site in Nd2Fe14B (Ge et al. 1992; Fruchart et al. 1987; Givord et al. 1985). The 
discrepancies arise from difficulty in deriving the values of magnetic moments from the 
hyperfine fields. The core polarisation is proportional to the 3d spin moment, but other sig- 
nificant contributions, including the valence electron polarisation term, are not (Hummler 
and Ffihnle 1996). Therefore the use of a single conversion factor between HFF and mag- 
netic moment is often too crude an approximation. This may explain the discrepancy of 
up to 0.7/xB between magnetic moments obtained from the NMR HFF and the theoretical 
moments, table 7.1. 



454 CZ. K A P U S T A  et al. 

7 
o 

Z 

-ff 

t ' q  
,4 

-d Z 

G 

% 

~-q o ~ 

I'-- kO ¢¢~ 

Z 



MAGNETISM OF PERMANENT MAGNET MATERIALS 455 

O 

t.~ 

, . . a  

-g 

o 
z z 

g 

z 
2: 

e ~  

~ O - r..) 
" ~  t'N t'q 



456 CZ. KAPUSTA et al. 

o 

o 

£ 

E 

r ~  

¢ q  

~d 

A 

~d 

Z 

0 3  
I I 

~-q ¢-q 



M A G N E T I S M  O F  P E R M A N E N T  M A G N E T  M A T E R I A L S  4 5 7  

.== 
O 

© 

O 
Z 

~D 

,~ ~ .=  

~ ~ i ~ 

,--1 r..) 

o r.j 

c-.i c5 ~ 

~3 

2; 

eq.. 

z 

,..2. r-.: t.-.: 
~v t th tt3 ~ c 5  



458 CZ. KAPUSTA et al. 

o 

Z 

© 

d o o  
~ O o O  .N 

¢~AX V/Ak 

8 ~ 
O 
g 

z 

o ~ o o o 

z 
& 

O 
g 

T 

z 

v 

m. 

% %  

8 ~ 



MAGNETISM OF PERMANENT MAGNET MATERIALS 459 

o 

"2. 

r.t? 

o 
2: 

,g 

.g 
r~ 

e,i ~ ["" ~ 

"2. 

t-q ~ cq 

rg) 
H 



460 CZ. KAPUSTA et al. 

t 'Q 

H ~5 

rJ ii 



M A G N E T I S M  O F  P E R M A N E N T  M A G N E T  M A T E R I A L S  461 

t~ 

oo 

A 

.ff -g 

"2. t"q ,,~ 
c5 c5 

o 
r.) 

eq 

Z 



462 CZ. KAPUSTA et al. 

~S 

I I I I I I I  
I 

o 

r J  



MAGNETISM OF PERMANENT MAGNET MATERIALS 463 

a o  

¢J 

i= 

-1 

kl,. 

,.s 

E < 
O ¢1. 

O 
m 
e- 

es 

RE2Fel4B 

4.2K 

RE = N d  

Gd-157 
in GdFe2 

La 

Gd 

30 40 50 60 70 80 
Frequency [MHz] 

Fig. 7.2. Frequency corrected spin-echo spectrs of RE2Fel4B at 4.2 K. After Rosenberg et al. (1986b). 

7.2. 1°B and 11B resonances 

The NMR spectra of UB and I°B in the RE2Fe14B and RE2Col4B compounds have been 
reported by Rosenberg et al. (1985, 1986a, 1986b), Erdmann et al. (1987, 1988a, 1988b), 
Zhang et al. (1987) and Ge et al. (1992). The hyperfine field at the boron site was found to 
vary from 2.43 T for Gd2Fel4B to 3.1 T for Nd2Fel4B (Rosenberg et al. 1986a, 1986b). The 
spectra are shown in fig. 7.2. Erdmann et al. (1987) applied different pulse separations in 
order to separate 57Fe and 89y signals overlapping with the UB signal, which had a shorter 
relaxation time, fig. 7.3. The HFF at boron nuclei originates mainly from the polarisation of 
the valence electrons of boron by nearest magnetic neighbours. The FLMTO calculations 
by Hummler and FNanle (1996) showed that for Nd2Fel4B the HFF at the boron site should 
be 3.9 T. A discrepancy between theory and experiment is possibly caused by a large 
dipolar field from magnetic RE (Gd, Nd) neighbours. This accounts for a 0.7 T difference 
between the experimental HFF values in Gd and Nd compounds. The HFF values at the 
boron site in Y2Col4B and La2Col4B reported by Erdmann et al. (1987), were found to be 
0.92 T and 0.88 T, respectively. Note that the HFF in the Y based compound is larger than 
in the La based compound, in spite of a slightly smaller magnetisation of Y2Col4B. This 
discrepancy is possibly related to the strong dependence of the boron HFF on the magnetic 
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Fig. 7.3. NMR spectra of Nd2Fel4B at 4.2 K. Full line is for pulse separation r = 200 Its. Dashed line, r = 
500 #s removes l iB signal. After Erdmann et al. (1987). 
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Fig. 7.4. 57Fe frequency normalised spin-echo spectrum at 1.3 K for 10B enriched Nd2Fel4B. Solid line is zero 
field. Dotted line is at 6 kOe. After Zhang et al. (1988b). 

neighbour separation. The average distance between B and its Co nearest neighbours is 
smaller in the yttrium based compound than in the lanthanum based compound. 

Measurements of 57Fe and 11B spectra of Nd2Fe14B and Y2Fe14B under applied field 
by Zhang et al. (1988b), have shown that the Fe and B hyperfine fields have a negligible 
anisotropy, i.e., they have the same values at the domain wall centres as at the domain wall 
edges. In the spectrum shown in fig. 7.4, only one line was found to disappear under applied 
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field and, thus, it was assigned to a domain wall centre signal of a site with a possible large 
anisotropy of the field related with anisotropic dipolar field contribution. A non-collinear 
magnetic structure of Nd2Fe14B at 4.2 K and 77 K was concluded from a deviation of the 
slope of the resonant frequency vs. applied field dependence from the 11B gyromagnetic 
ratio. For Y2Fel4B, which shows a collinear structure no deviation was found. A shift of 
Fe and B resonance lines in the applied field to lower frequencies revealed an antiparallel 
orientation of the Fe and B HFF with respect to the magnetisation. 

7.3. 59C0 resonance 

The spin echo spectra of the RE2Col4B compounds with RE = Nd, Y, Pr, La are reported 
by Kapusta et al. (1986), Berthier et al. (1988), W6jcik et al. (1988, 1990) and Panissod 
et al. (1989). The study of the compounds with substituted rare earths has been carried 
out by Kapusta and Figiel (1988), Ichinose et al. (1990, 1992; Ichinose and Nagai 1993); 
Jedryka et al. (1991) and Myojin et al. (1993). The most pronounced differences in the 
spectra of the compounds are related to their different easy magnetisation directions. The 
cobalt sublattice prefers an easy plane anisotropy, but compounds containing rare earths 
with a negative second order Stevens factor, or j ,  prefer a uniaxial anisotropy (for Nd a 
canted structure appears below 30 K). The substitution of the rare earth with negative 
otj by a RE with a positive otj (or Gd, Lu, Y) can lead to a change of the EMD with 
the RE concentration. The dramatic changes in the spectra upon crossing the boundary 
concentration for this change are illustrative of the huge anisotropy of the Co HFF. 

Kapusta and Figiel (1988), studied the (NdxYl-x)zCol4B system and found that a 
change between EMD in the basal plane and EMD along the c-axis (canted) takes place 
between x = 0 and 0.2. A similar transition region 0 < x < 0.15 was found by Ichinose et 
al. (1990), fig. 7.5. Jedryka et al. (1991) have studied the (NdxYl-x)zCol4B system with 
smaller steps in x in the transition region and found that a sudden change in the charac- 
ter of the spectra measured at 4.2 K occurs at x = 0.08, where the anisotropy of the Nd 
sublattice overcomes the planar anisotropy of the Co sublattice, so that the compound with 
this Nd content is no longer planar. Measurements of the (Nd0.1Y0.9)2Col4B spectra as a 
function of temperature showed that the resonance lines corresponding to both axial and 
planar anisotropies coexist around the spin reorientation temperature Tsr2. From this, the 
conclusion has been drawn that the transition between the uniaxial and planar state is first 
order, with the transition temperature probably varying from grain to grain. 

The substitution of Pr, Sm, Gd and Tb for Nd was studied by Ichinose et al. (1992), 
and Ichinose and Nagai (1993). They observed that the transition from planar to uniaxial 
anisotropy on the substitution of gadolinium occurred at x = 0.1, close to that of the 
yttrium. For samarium, the boundary concentration was found to be at x = 0.55. For Pr no 
significant changes in the spectrum were observed, other than the appearance of a doublet 
structure of the lines at x = 0.8. This was attributed to the presence of a canted magnetic 
structure, using a similar interpretation of the spectra to that used for Nd rich compounds 
by Jedryka et al. (1991). Additional magnetic measurements led to the construction of spin 
phase diagrams of the systems, figs 7.6 and 7.7. 

A study of (RExYa-x)zCol4B compounds with RE = Gd and Tb by Myojin et al. 
(1993), led to the conclusion that the change of the EMD for the Tb containing compound 
occurs at 0.02 < x < 0.04. For the series of Gd containing compounds no significant 
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Fig. 7.6. Spin phase diagram of (Nd l_x Smx)2COl4 B compounds (Sm ctj > 0). The solid curve is a guide to the 
eye. The dashed curve is a theoretical calculation. After Ichinose et al. (1992). 

changes have been observed in the spectra and thus it can be concluded that there is no 
change of  the EMD. Since Gd is an S-state ion, there is no CEF induced contribution to 
the magnetocrystalline anisotropy from the Gd site. The contribution to the MCAE from 
the dipolar interaction can, however, be quite significant. This was found to be the case for 
GdzFel7 (Kakol et al. 1987), and for GdCo4B (Kapusta et al. 1992d). A planar anisotropy 
of  GdzCol4B indicates, that the contribution to the MCAE from the cobalt sublattice is 

dominant, as in YzCol4B. 
Temperature measurements of  the NMR spectra of  Nd2Col4B have been reported by 

Panissod et al. (1989), fig. 7.8. They have shown that the spectrum changes smoothly with 
increasing temperature between 20 and 32 K. From their measurements they have con- 
cluded that a second order transition occurred at 32 K. They showed that this transition 
involved a spin reorientation from a conical to the axial state. Furthermore, it was found 
that the canting angle changed smoothly between 20 and 32 K from 12 ° below 20 K to 
0 ° above 32 K. A multiplet structure which appeared in the canted state was attributed to 
the HFF anisotropies of  the individual sites and to the presence of  conical domain walls. 
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(1992). 

The directions of the corresponding Co moments in the domain walls with respect to the 
crystallographic axes were established from an analysis of the power dependence of the 
resonance lines by W6jcik et al. 1990. The analysis allowed the resonance lines to be reli- 
ably assigned to the six crystallographic cobalt sites in the compound, fig. 7.9. 

The spectra for samples in which the Co was partially substituted by Fe have been re- 
ported by Zhang et al. (1988a), Jedryka et al. (1988) and W6jcik et al. (1989). Zhang et al. 
found that for a very low Co content the Fe occupied the k2 sites preferentially, whereas 
Deppe et al. (1987) concluded from M6ssbauer experiments that there was a preferential 
substitution at the j2 sites in the low Fe concentration range. Jedryka observed an increase 
of the HFF of the k2 site with increasing iron content in the range above 50% Fe. This was 
much stronger than for the other sites and it was concluded that an enhancement of the Co 
moment at this site was a result of preferential substitution. NMR signals from b.c.c. Fe-Co 
alloys with 25% Fe, 50% Fe and 75% Fe have been detected, corresponding to almost the 
whole range of possible substitution. Fe substitution was found to cause a strong decrease 
in the large anisotropy of the hyperfine field originating from an orbital contribution to the 
cobalt magnetic moment at this site (W6jcik et al. 1989). 

The substitution of TM ---- Mn, Fe and Ni for Co in Sm2(Col-xTMx)14B has been studied 
by Maruyama et al. (1990). The hyperfine fields at the Co sites were found to increase 
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rapidly for the j sites and gradually for the k sites with Fe substitution, whereas Ni or Mn 
substitution caused a decrease in the HFF. The results indicate that the Co HFF is very 
sensitive to the type of 3d metal atoms substituted at the neighbouring sites. 

7.4. 89y resonance 

Erdmann et al. (1987) have reported on the 89y spectra in Y2FeI4B, fig. 7.10, and 
YaCo14B, fig. 7.3. Berthier et al. (1986) have reported only one Y resonance line in 
Y2Fe14B corresponding to a HFF of 23 T. For the Fe containing compound Erdmann ob- 
tained HFF values of 17.6 T and 23.2 T and assigned them to the yttrium 4g and 4f sites, 
respectively. It was assumed that the larger HFF corresponded to the site where magnetic 
neighbours were closer, i.e., to the 4f site. For the Co based compound the HFF values were 
7.0 T and 10.2 T, respectively. Note that the ratio of HFF at the 4f site in the Fe containing 
compound to that in the Co containing compound is 2.5. This is very close to the value of 
2.3, obtained for the 4g sites. 

7.5. 143Nd and 145Nd resonances 

143Nd and 145Nd NMR measurements in Nd2Fe14B have been reported by Potenziani 
(1985). Identical spectra have been obtained for the alloy NdlsFe77B8 indicating that its 
Nd signal arises from the Nd2Fe14B phase. A broad double peak structure was attributed 
to two Nd crystallographic sites with unresolved quadrupole splitting (nuclear spin of both 
isotopes, I = 7/2). Potenziani attributed the hyperfine field values of 348 T and 356 T 
to the 4f and 4g sites, respectively (the notation is after Givord et al. (1985)). A polarised 
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Fig. 7.9. 59Co spin-echo NMR spectra of Nd2Col4 B and Y2C014 B. After W6jcik et al. (1990). 

neutron diffraction study gave the values of magnetic moments at the Nd sites of 2.25- 
2.3/zS (Givord 1985). These are much smaller than that of 3.27 #B for the free ion. This 
may be because the polarised neutrons measure the projection of the Nd moment along the 
direction of magnetisation. Indeed the HFF values obtained from NMR measurements do 
indicate that the Nd moments in the compound have their values close to that of the free 
Nd 3+ ion. 

A better resolved 143Nd spectrum has been reported by Berthier et al. (1986) and the 
authors gave HFF values for the two Nd sites of 345 T and 360 T, respectively. The authors 
attribute the difference between the free ion HFF and the values obtained for the two sites 
to different transferred HFF contributions. These contributions mainly arise from the po- 
larisation of the RE s-like valence electrons by neighbouring Fe moments. Berthier et al. 
have attributed the larger transferred HFF to a RE site to which Fe neighbours are closer 
(4f in the notation of Herbst). They have obtained the same ratio of the transferred HFF for 
the two RE sites in the compounds with Y and Lu. For the rare earths with large magnetic 
moments a significant contribution of the RE neighbours to the transferred HFF has been 
found. 

Double resonance of 145Nd has been used by Nadolski et al. (1989a), in order to deter- 
mine quadrupole splittings of the unresolved 145Nd spectrum. The method is very useful 
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in the study of unresolved quadrupole spectra. It relies on the application of a third pulse 
of a frequency slightly different from that of the main two pulses (Pieper et al. 1986). 
By varying the frequency of the third pulse the amplitude of the spin-echo signal under- 
goes modulation caused by the quadrupole interaction. The difference in the frequency 
between subsequent maxima (minima) corresponds to the quadrupole splitting. Nadolski 
et al. (1989a) obtained two values for the quadrupole splitting of 3.3 MHz and 2.2 MHz 
for the low frequency line, but with a single value of 1.5 MHz for the high frequency line, 
fig. 7.11. They assigned the two quadrupole splittings at the low frequencies to overlapping 
resonances from two magnetically inequivalent 4f sites, whereas the high frequency line 
was attributed to the 4g site. A noncolinear magnetic structure of Nd leads to a splitting of 
the 4f site into two magnetically inequivalent sites, and thus, two values of the quadrupole 
splitting appear. 143Nd and 145Nd spectra of Nd2Fel4B have also been reported by Kapusta 
et al. (1993b) as discussed in section 7.6. 
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A 145Nd study of Nd2Co14B has been carried out by Figiel et al. (1987). A single line 
at 566 MHz with two quadrupole splittings was observed. The overlooked 544 MHz line 
was found by Nadolski et al. (1989a), fig. 7.12. The quadrupole splittings have values of 
2.58 MHz and 0.3 MHz for the low frequency and the high frequency lines, respectively. 
The evolution of both resonances observed in a later study of the (Ndl-xYx)2Co14B system 
by Kapusta et al. (1997b), has shown that the 544 MHz and the 566 MHz lines can be 
attributed to the Nd 4f and 4g sites, respectively. 

A NMR study of 145Nd in Nd2(Fel-xCox)14B by Jedryka et al. (1992) revealed the 
presence of an additional Nd signal at lower frequencies in the intermediate concentration 
range, assigned to the appearance of Nd ions in a different spectroscopic state from that in 
the Nd2Fe14B and the Nd2Co14B compounds. 

A 143Nd study of the Nd2(Fel-xCox)14B and Nd2(Fel_xNix)14B systems has been re- 
ported by Shimizu et al. (1995). A significant reduction of the HFF with substitution of 
Ni for Fe has been observed. Cobalt substitution was found to cause a smaller reduction 
of HFF and, after an initial decrease, the HFF was found to recover at high Co concentra- 
tions. The authors concluded that the amount of nickel corresponding to x = 0.1 caused a 
reduction of Nd moment averaged over the two sites, from 3 #B to 2.9 #B. 

7.6. 147Sm and 149Sm resonances 

147Sm, 149Sm, 143Nd and 145Nd spectra of Sm2Fel4B and Nd2Fel4B have been measured 
by Kapusta et al. (1993b). The Nd spectra, fig. 7.13 had a better resolution than those of 
Potenziani described above, therefore allowing the determination of the quadrupole split- 
ting for the 143Nd. The Sm spectra were relatively well resolved septets, especially 147Sm 
with its much larger nuclear quadrupole moment, fig. 7.14. Since the highest symmetry 
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axis for both RE sites, 4f and 4g, is only two-fold, the lattice EFG is not axially symmetric 
and Ei(latt) can be expressed as: 

~i(latt) = -0 .5  Vzz(latt)(1 - 3 C O S 2 0  - -  r] sin20 cos 2q9), (7.1) 

where ~/is the asymmetry parameter, 0 is the polar and ~0 is the azimuthal angle between 
the direction of the principal EFG component of the maximum absolute value, Vzz and 
~i. From the quadrupole splittings the EFG values in the c-plane (perpendicular to the 
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c-axis, from Sm2Fe14B) and at 30 ° to the c-axis (from Nd2Fe14B) were obtained. By 
subtracting the 4f electron contributions to the EFG, the "lattice EFG" values were de- 
rived. The corresponding Vcc(latt) values were found to be - 6 7  x 1020 V m -2 for the 4g 
site and - 2 5  x 102o V m -2 for the 4f site. The lattice EFG components Vzz(latt) were, 
- 6 7  x 1020 V m  -2 and 82.9 x 1020 V m  -2, and the asymmetry parameters ~ were 0.22 
and 0.40 for the 4g and 4f sites, respectively. Assuming proportionality between Vcc(latt) 
and A2 °, as in the preceding paragraphs, A ° values of 170 K a o  2 for the 4g site and 63 

K ao 2 for the 4f site were derived. The Vzz(latt) values are taken with respect to the c- 
axis for the 4g site and to the c-plane for the 4f site, as with the Gd M6ssbauer results of 
Bog6 et al. (1986). The values of Vzz(latt) given by Bog6 et al. were -75 .9  x 102o V m  -2 
and 114.1 x 102o V m -2. These are larger than those obtained from the NMR. The asym- 
metry parameter ~ was found to be 0.66 for the 4g and 0.35 for the 4f site. Unlike the 
results of the NMR study, the Vcc(latt) values were nearly the same for both sites, i.e., 
-75 .9  x 1020 V m -2 and -77 .0  x 102o V m -2 for the 4g and 4f sites, respectively. 

7. 7. 159Tb and 167Er resonances 

Spectra of Tb2Fe14B, Er2Fe14B and (Er0.1Gdo.9)2Fel4B have been reported by Shimizu 
(1993), fig. 7.15, and of (Eq-xTbx)2Fe14B by Shimizu and Ichinose (1995a), fig. 7.16. 
In the former cited work, HFF values of 367.4 T and 356.5 T for the 4f and 4g sites, 
respectively, were derived. Using the values of the asymmetry parameters after Bog6 et al. 
(1986), and combining the NMR and M6ssbauer data for the Tb, Er, Dy and Gd containing 
compounds Shimizu obtained the lattice EFG values Vzz of 15.6 x 1020 V m  -2 for the 
4f site and ,10 .3  x 102o V m -2 for the 4g site. The corresponding A ° coefficient of 430 

K ao 2 for the 4f site and 420 K ao 2 for the 4g site in Tb2Fe14B were given, table 7.1. From 
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the Er resonance in Er2Fe]4B an A ° coefficient of 400 K ao 2 for the 4f site and 350 K %2 
for the 4g site was derived. Within error, the same values of the Er hyperfine field and 
EFG as in ErzFeI4B have been found in (Er0.1Gd0.9)zFel4B, and thus, the same values 
of A ° have been deduced for this compound. This result indicates, that the compound 
has its EMD at 4.2 K in the basal plane, as in Er2Fe]4B and the spectroscopic state of 
Er ion remains the same upon such doping. It also indicates, that the difference in the 
lattice EFG (A °) values between the two compounds is less than 5%. The Tb spectra in 
(Erl-xTbx)2Fe~4B show a large difference in HFF and quadrupole splitting between the 
axial TbzFe14B and planar compounds with x < 0.1. The hyperfine fields at the 4f and 4g 
sites decrease from 367.4 T and 356.5 T in TbzFe14B, respectively, to 360 T and 352 T 
in (Er0.98Tb0.02)zFe14B, respectively (Shimizu and Ichinose 1995a). The observed shift 
of the resonance lines to lower frequencies when a magnetic field is applied is consistent 
with an antiparallel coupling of Tb and Fe moments. The dominant orbital contribution 
to the Tb HFF is parallel to the Tb moment. A conical structure has been deduced for 
0.15 < x < 0.4 region, where broad resonances with unresolved quadrupole splittings 
have been found. 

7.8. 141pr resonance 

A study of Pr2Fe14B and (Pr0.9Lu0.1)2Fel4B has been reported by Shimizu and Ichinose 
(1995b). The HFF values of 257.4 T for the 4f site and 280.3 T for the 4g site are obtained 
for Pr2Fe14B. Similar values of 256 T and 280.4 T for the respective sites, have been 
derived for (Pr0.9Lu0.])zFe14B. The authors used the Y transferred hyperfine field data 
of Erdmann et al. (1989a), to relate a decrease of HFF from the Pr 3+ free ion value to 
a decrease of Pr magnetic moment. The values of 2.9/z• for the 4f site and 3.0/ZB for 
the 4g site have been derived, compared with the value of 3.2/z~3 for the free ion. There 
is no quadrupole splitting of the resonance lines and quadrupole oscillations of the spin 
echo decays do not appear. This has been attributed to the very small nuclear quadrupole 
moment of 141pr and the presence of large inhomogeneous magnetic hyperfine broadening. 
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7.9. 139La resonance 

The spin echo spectra of  La2Fel4B have been reported by Kapusta and Riedi (1995). As 
lanthanum has the 4f ° configuration, the 4f  electron contributions to the HFF  and EFG 
vanish, giving the opportunity for an accurate determination of  the lattice EFG and trans- 
ferred HFF  at the 4f and 4g crystallographic sites. Similar Vcc(latt) and A ° values for both 
sites were found from the Gd M6ssbauer measurements of  Bog6 et al. (1986), as from the 
theoretical calculations for GdzFe14B of  Coehoom and Buschow (1991). However, both 
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values differed by a factor of more than two for the Sm and Nd NMR in Sm2Fe14B and 
Nd2Fet4B (Kapusta et al. 1993b). 

The spectra obtained for different pulse separations are presented in fig. 7.17. No 
quadrupole pattern could be resolved from the two broad resonance lines of  the spectrum 
obtained for the pulse separation of r = 15 Its. As indicated in section 2, in order to 
remove DWC signals large pulse separations were used. For r = 200 p,s, two resolved 
quadrupole septets were obtained. The resolution further improved for r = 500 p.s. As the 
EMD for La2Fel4B is the c-axis, the quadrupole splitting corresponds directly to Vcc(latt). 
Following the theoretical calculations of the "transferred" HFF by Coehoorn and Buschow 
(1993), the upper septet is assigned to the 4f site and the lower septet to the 4g site. The 
corresponding Be are 36.1 T for the 4g and 44.1 T for the 4f site. 

The values of  the quadrupole splittings are 4.05 MHz for the 4g and 1.93 MHz for the 
4f site indicating that Vcc(latt) and thus A ° of  the 4g site is more than two times larger 

than that of  the 4f site. Different values of  A ° parameters of  136 K a o  2 for the 4f site 

and 190 Ka~  2 for the 4g site have been derived from the analysis of  the spin structure 
of the compounds by Yamada et al. (1985). However, the theoretical FLMTO calculations 
by Hummler and F~ihnle (1996), have given similar Vcc(latt) values for both sites. Thus, a 
question arises concerning errors in the calculation of EFG with this newest computational 
method. 
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On the basis of the EFG values obtained from NMR it was concluded that the lowest 
order contribution to the CEF at the 4g site is about two times larger than from the 4f 
site. The FLMTO calculations by Hummler and Fahnle (1996) led to the A ° values of 476 

K ao 2 for the 4g and 284 K ao 2 for the 4f site with their ratio of 1.7, which is close to that 
derived from NMR. 

A strong line intensity corresponding to the 4g site was observed in the spectra of 139La 
for samples La0.2Ndl.8Fe14B and La0.2Y1.8Fe14B (10% La substitution), fig. 7.18 after 
Kapusta (1996). The ratio of the area under the 4g and the 4f peak was found to be 1.8 for 
the Nd and was found to be 3.7 for the Y sample. These values axe a measure of the ratio 
of lanthanum occupancy at the 4g and the 4f sites. The larger ratio for the Y sample is in 
agreement with a prediction based on the difference of the atomic radii. This difference is 
larger for La and Y than for La and Nd. 

The measurement on La0.1Y1.9Fel4B (corresponding to 5% La substituted for Y) gives 
the ratio of 3.9. This is larger than for the sample with 10% La, i.e., at a low content of the 
substituent, the deviation from a random distribution is larger than for the more substituted 
sample. 

8. R E 2 F e 1 4 C  

The magnet properties of the 2:14 carbides are extremely similar to the 2:14 borides, but 
have not been developed into commercial magnetic systems, because of the difficulties in 
the material preparation. Crystallites of R2Fet4C will not form from the melt, but can be 
prepared via a solid-solid transformation. It may be due to these difficulties that contradic- 
tory reports on the effects on Curie temperature of replacing B by C have been published 
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(see Herbst (1991) for a detailed review). The only notable NMR study of HFF at iron and 
carbon nuclei in Gd2Fe14C was reported by Erdmann et al. (1989b). The HFF at carbon 
nuclei found from the resonance frequency of the 13C line, fig. 8.1, was found to be 2.38 T, 
the same as at the boron nuclei in Gd2Fe14B. The hyperfine fields at the Fe sites were found 
to be smaller than in Gd2Fe14B. This was attributed to a stronger electron transfer from the 
carbon to the iron than that from the boron to the iron. 

9. R E 2 F e l 4 B H  x 

As with Sm2Fe17, section 3.3.3, the RE2Fe14B materials are able to absorb ~ 5 hydrogen 
atoms per formula unit, in agreement with a model by Fruchart et al. (1985), based on 
hydrogen occupying tetrahedral RE3Fe and R E 2 F e  2 coordination sites. The introduction 
of interstitial hydrogen can lead to up to a 6% increase in the unit cell volume, slightly 
enhances the Fe moments and increases Tc, but strongly decreases the anisotropy field 
(Herbst 1991). This observed decrease in anisotropy field is in agreement with the marked 
drop in A ° found from NMR measurements, discussed below. 

A 145Nd NMR study of NdlsFev7B8Hx has been reported by Nadolski et al. (1989b). 
The hydride had a 1% larger NdzFel4B unit cell volume than the unhydrided material. 
As for the unhydrided material, fig. 9.1, the spectrum of the hydrided material consisted 
of broad lines with an unresolved quadrupole splitting. The resonant frequencies of these 
lines were found to decrease on hydriding, with the spectrum of Nd15Fe77B8Hx extending 
from 430 MHz to 500 MHz and exhibiting a peak at 455 MHz and two smaller peaks at 440 
and 485 MHz, Using the double resonance technique of Pieper et al. (1986), the authors 
measured the quadrupole splitting of the unresolved spectrum and found a decrease of 
quadrupole splitting on hydriding from that shown in fig. 9.1. There were found to be 
two values of the quadrupole splitting; one increasing monotonically from a value of 2 
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to 3 MHz in the range 440 and 480 MHz, and the second with a value of 1 MHz in the 
range 445 to 475 MHz. The authors have suggested that these changes may be the result 
of a reduction, by the hydrogen, of the Nd-Fe magnetic coupling. This is reflected in the 
influence of hydrogen on the spin reorientation, as observed by Pourarian et al. (1986) and 
Zhang et al. (1988). A 139La study of La2Fe14B and its hydrides by Kapusta et al. (1996f), 
showed that hydrogen strongly decreases the magnitude of the lattice EFG. Hence the 
uptake of hydrogen results in a reduction of A °. Therefore the presence of hydrogen does 
appear to influence the RE contribution to the magnetocrystalline anisotropy in RE2Fel4B 
compounds. 

10. REFel2_yMyNx 

A promising RE-TM magnetic phase with a high Fe content, and thus a potentially 
very high saturation magnetisation and theoretical maximum energy product is the 
RE Fel2-yMyNx series. To date, however, the best interstitially unmodified candidate, 
SmFellTi, has a lower (BH)max and saturation magnetisation than the Nd-Fe-B based 
magnets described in the previous sections. Binary compounds RFel2, are not stable, but 
a 1:12 phase may be formed with addition of M = Mo, Ti, V or with a number of other 
additives. The RE Fe12_yMyNx family of compounds have the body centred tetragonal 
ThMnl2 structure (space group I4/mmm). The structure is shown in fig. 10.1, after Fujii 
and Sun (1995), which illustrates there are three inequivalent sites occupied by the Fe and 
M atoms denoted 8f, 8i and 8j. The RE and N atoms each occupy only one kind of crystal- 
lographic site. The 2b sites occupied by the N interstitials are equivalent to the 9e and 6h 
sites in the 2:17 compounds, the RE site potentially having two N nearest neighbours. The 
maximum site occupancy is x = 1, at which concentration the lattice expands by ~ 3%. 
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Fig. 10.1. Crystal structure of REFel2_yMy (ThM12 structure - I4/mmm). After Fujii and Sun (1995). 

Nitrogenation can significantly enhance the magnetic properties of these systems, as shown 
by NMR for example in NdFellTiNx, as discussed below. 

Structural and magnetic properties of REFel2_yMy and the interstitial nitrides have 
been reviewed in detail by Fujii and Sun (1995). 

The 57Fe, 95Mo and 97Mo resonances of YFeloV2 and of GdFeloMO2 have been stud- 
ied by Sinnemann et al. (1989). The broad spectrum of GdFel0Mo2 below 50 MHz with 
pronounced peaks was attributed to the 57Fe signal, whereas the resonances in the range 
54-71.3 MHz were assigned to 95Mo and 97Mo resonances. Some ot-Fe with dissolved Mo 
has also been identified in the 57Fe signals at 40.8 and 47.7 MHz, whereas the 43.5 MHz 
signal has been attributed to Mo resonances in the GdFel0Mo2 phase. The low frequency 
spectrum was found to have distinct peaks. These reflect the presence of well defined HFF 
values at the Fe nuclei, related to the influence of Mo NN atoms on the Fe magnetic mo- 
ment. The authors also reported on a M6ssbauer study of GdFeloMo2 and other materials. 
They found that the HFF obtained from the NMR and from the M6ssbauer measurements 
were only in partial agreement. They attributed the discrepancies to the influence of the 
dipolar field distribution in the domain walls. Such a field distribution can give rise to a 
shifting and a broadening of the NMR resonances when compared to the HFF obtained 
from M6ssbauer measurements which correspond to domain interiors. Possible discrep- 
ancies may also arise where proper account is not taken of contributions from 155Gd and 
157Gd resonances, which have similar intensities to those of the Mo resonances. 

The spin echo spectra on 147Sm nuclei in SmFel2_xMx (M = Ti, Mo) and SmCollTi 
have been reported by Kapusta et al. (1996g), fig. 10.2. The spectra have the form of 
septets of broad lines and are assigned to the single (2a) crystallographic site of Sm. The 
broadening of the fines is attributed to the influence of M elements distributed over the 8i 
sites. The structure visible on each line of the septet in the spectrum of SmFelo.5MOl.5 
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Fig. 10.2. 147Sm spin-echo NMR spectra of SmTM12_yMy at 4.2 K. After Kapusta et al. (1996g). 

indicates a superposition of at least four septets. This spectrum has been interpreted in 
terms of the presence of different numbers of Mo atoms at the four 8i nearest neighbour M 
sites. The authors suggested that the narrower linewidths in the compounds with a larger 
x (SmFel0.sMol.s) than in the samples with smaller x, was related to tendency of M to 
stabilise the ThMn12 type structure. Samples with x close to the boundary composition for 
the formation of the structure have a higher local disorder and are thus expected to have 
broader spectral lines. 

An increase of HFF with increasing Mo content was observed and attributed to an as- 
sociated decrease of the transferred HFE The presence of one extra Mo nearest neighbour 
resulted in a decrease of the transferred HFF at the RE of 1.2 T. This decrease of the trans- 
ferred HFF with x is in accord with the reduction of the Fe sublattice moment with x in 
the RE Fel2-xMox reported by Agnostou et al. (1994) and Middleton et al. (1995). 

From the quadrupole splittings, the lattice contribution to the electric field gradient and 
the crystal electric field coefficient A2 ° were obtained. The magnitude of A ° is larger for 
SmFeu Ti and SmCo11Ti than for Mo containing compounds and it decreases with increas- 
ing Mo content. 

The 145Nd spectra of NdFel i Ti and its interstitial nitride have been reported by Kapusta 
et al. (1995b), fig. 10.3. A single line with an unresolved quadrupole splitting was observed 
for the host material. This line was assigned to the single Nd site 2a in the structure of the 
compound. A narrow line at high frequency, appearing in the spectrum of the nitride, was 
attributed to the Nd sites with two nitrogen at the nearest neighbour 2b sites. The very 
small linewidth was related to a large reduction of the quadrupole splitting caused by a 
huge increase in magnitude of the lattice EFG produced at the Nd site by the neighbouring 
nitrogen atoms. The larger HFF at the Nd sites with nitrogen neighbours was consistent 
with the effects observed for the related RE2Fel7 nitrides. 



MAGNETISM OF PERMANENT MAGNET MATERIALS 483 

+-, 
Q_ 

F 
0 

0 
_c: 
(D 

- 0  
(D 
N 

ID 

E 
L _  

0 
c- 

i i i i J i i i i I i i t i I i i I I I i I I I L i I ~ 

0 
1- 

0 
, f i i I , f ~ J i ~ i i , i I i i , I i i ~ , I i i i i 

4so 475 soo s2s 55o s75 6oo 
frequency (MHz) 

Fig. 10.3. 145Nd spin-echo NMR spectra of NdFe 11TiNx at 4.2 K. After Kapusta et al. (1995b). 

Fitting the lines with septets of equidistant lines (nuclear spin of 145Nd is 7/2) allowed 
a determination of the change of Nd quadrupole splitting caused by the introduction of ni- 
trogen neighbours. The change of the lattice EFG, Vcc(latt), caused by two nitrogen neigh- 
bours was found to be - 7 3  x 102o V m -2, corresponding to a change of A°2 by 185 Kao 2. 

The change calculated per one N neighbour was 92.5 K ao 2, whereas for Nd2Fe]TNx a 

value of - 9 4  K ao 2 was obtained. The difference in sign reflects the opposite contributions 
of the nitrogen atoms located along the c-axis in the RE Fel 1TiNx structure and in the basal 
plane in the RE2FeI7Nx structure. The effect is consistent with bulk anisotropy measure- 
ments on the RE2Fe]7 nitrides, for which a strong uniaxial anisotropy appeared for the rare 
earths with the second order Stevens factor otj > 0, whereas for the RE Fe12-yMy nitrides, 
uniaxial anisotropy was obtained for rare earths with u j  < 0. 

11. RE Cos 

Magnetic materials of the form RE Co5 were the first RE-TM compounds to be identified 
as important candidates for permanent magnet applications. The results of an investiga- 
tion of SmCo5 by NMR were reported by Streever in 1975. These materials crystallise in 
the hexagonal CaCu5 structure (space group P6/mmm) as shown in fig. 11.1. The crys- 
tal structure is similar to that of NdzFe]4B, see fig. 7.1, which also consists of stacks of 
hexagonal and triangular layers with hexagonal TM prisms enclosing RE atoms. Although 
SmCo5 was superseded by the rhombohedral Sm-Co 2:17 system in the early 1980s, it is 
important to note that it is the uniaxial grain boundary 1:5 phase, with its large magne- 
tocrystalline anisotropy, which is thought to give the 2:17 materials their high coercivity. 
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Fig. 11.1. Crystal structure of RE Co 5 (CaCu5 structure - P6/mmm). After Herbst (1991). 

The intrinsic properties of the 1:5 systems are therefore of continuing interest and may still 
play a role in future developments of permanent magnet technologies. 

59Co spectra of YCo5 have been reported by Inomata (1976), Streever (1978, 1979), 
Figiel et al. (1977) and Laforest et al. (1983). The spectra and the site assignments differed 
between the authors. The discrepancies were caused by the presence of signals originating 
from the Y2Co17 impurity phase in some of the samples studied, as well as from the coex- 
istence of the domain and domain wall signals. The ambiguity has been removed by Yoshie 
et al. (1987, 1988, 1991, 1993; Yoshie and Nakamura 1989), who have reported the spectra 
of RE Co5 (RE = Y, Ce, Pr, Nd, Sin, Gd, Tb, Dy, Ho) under applied magnetic fields of 
up to 5.5 T. From the study they determined the values and the signs of hyperfine fields at 
the Co sites in magnetic domains of the compounds. In particular, for YCo5 they found a 
positive hyperfine field of +1.5 T at the 2c site and a negative field of - 9 . 2  T at the 3g 
site, fig. 11.2. They attributed the effect to a huge positive HFF arising from a large orbital 
contribution to the Co magnetic moment, dominating the negative core polarisation term 
at the 2c site. Theoretical calculations of the Co magnetocrystalline anisotropy and HFF 
in YCo5 and GdCo5 (Daalderop et al. 1996), have shown that the contributions from the 
valence electrons differ much more between the sites than the orbital contributions do. The 
authors evaluated the valence electron contribution at +5.0 T for the 2c site and - 5 . 2  T 
for the 3g site, whereas the orbital contributions were +16.4 T and +18.3 T, respectively. 
The orbital contributions to the magnetic moment were 0.23/ZB at both Co sites. 

The huge magnetocrystalline anisotropy of YCo5 has been attributed by Streever (1978, 
1979) to the anisotropy of the cobalt orbital moment, and the corresponding anisotropy of 
the spin-orbit interaction. The author related the anisotropy of HFF of a cobalt site (i.e., 
the difference in the HFF between the easy and the hard magnetisation directions) with 
the anisotropy of the orbital moment. This was related to the individual site contribution 
to the magnetocrystalline anisotropy. The largest contribution to the magnetocrystalline 
anisotropy energy was found to arise from the 2c site. This result was supported by the 
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Fig. 11.2. Magnetic field dependence of 59Co resonance frequency of YCo 5 at 4.2 K. After Yoshie et al. (1987). 

LMTO ASA calculations by Nordstri3m et al. (1992) and Daalderop et al. (1996). In these 
calculations the magnetocrystalline anisotropy energy was found to follow the anisotropy 
of the Co orbital moment. 

The 89y resonance in YCo5 at zero applied field has been reported by Figiel et al. (1976) 
and by Kapusta et al. (1992d). A single resonance line corresponding to the HFF of 10.2 T 
was attributed to the single crystallographic yttrium site la in the compound. 

147Sm and 149Sm spin echo spectra of SmCo5 have been reported by Streever (1975). 
A resolved quadrupole spectrum of ]47Sm was obtained and the HFF of 342 T and the 
quadrupole splitting of 9.4 MHz was derived. The values are nearly identical with those 
in the Sm2Co17 system of 342.1 T and 9.3 MHz reported by Figiel et al. (1991). Thus, 
the signal attributed to the SmCo5 phase possibly originated from a small amount of the 
Sm2Co17 impurity phase which produces a relatively strong signal. This interpretation has 
been confirmed by the unsuccessful attempts of Kapusta et al. (1996h), to obtain a mea- 
surable Sm NMR signal from a good single phase SmCo5 sample. The lack of a signal 
in the 10-1000 MHz range is possibly caused by a huge magnetocrystalline anisotropy 
of the compound and the same uniaxial anisotropy preference of both Sm and Co sublat- 
rices. 

141pr and 159Tb spectra of PrCo5 and TbCos.1 are reported by Shimizu et al. (1994). At 
zero applied field a double hump resonance of 141pr and a double line structure of the two 
quadrupole satellites of 159Tb is obtained, as shown in figs 11.3 and 11.4. An unresolved 
quadrupole splitting of Pr was attributed to the small nuclear quadrupole moment of the iso- 
tope. Under an applied magnetic field of 4 T, single line resonances were obtained, which 
in both cases originated from magnetic domain interiors. In zero field, the broad structure 
for Pr and the additional fine observed for both Tb quadrupole satellites were attributed to 
the signals from domain walls. The HFF values of 293.5 T and 394.3 T were obtained for 
domain signals of Pr and Tb, respectively. The measured hyperfine fields and quadrupole 
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Fig. 11.3. 141Pr spin-echo NMR spectra of PrCo 5 at 4.2 K in (a) zero external field, (b) 40 kOe, (c) 50 kOe. After 
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parameters were compared to the theoretical values obtained from an analysis of the ex- 
change and CEF Hamiltonian. It was shown that the true Pr HFF is much lower than the 
theoretical and the free Pr 3+ ion HFFs. For Tb, however, a good agreement between the 
experimental and the theoretical values was found. Similar discrepancies have also been 
observed by Han-Min et al. (1992), in a Pr NMR study of PrxREl_xCo5 (RE = Y, Sin). 
The anomalously low Pr HFF was attributed to valence fluctuations in the compounds. 

12. Conclusions 

Frequency swept spin echo NMR provides a technique which allows the accurate deter- 
mination of hyperfine fields and electric field gradients at individual sites. NMR may be 
performed on the nuclei of most of the constituent elements of modem materials used for 
permanent magnet applications. The resolution which can be obtained from NMR is gener- 
ally higher than in M6ssbauer measurements. The development in construction of untuned, 
computer controlled NMR spectrometers has made the experiments much more effective. 

The local influence of the neighbouring atoms on HFF and EFG can be studied with 
a high accuracy. Note that the technique is highly sensitive to the presence of light inter- 
stitial elements which influence the valence electrons of neighbouring atoms of the host 
material. These features enable the determination of the content and distribution of inter- 
stitial elements at the various atomic sites. They allow the phases present in the material 
to be distinguished and provide an ideal tool to study the effects of substitution or doping 
with a sensitivity, which is often impossible to achieve by other experimental techniques. 

The measurement of nuclear relaxation times, power dependence and the changes in 
behaviour under applied magnetic fields are helpful in the determination of the origin of the 
NMR signal. These measurements make it possible to distinguish between the domain wall 
centre and domain wall edge signals, enabling a reliable and comprehensive interpretation 
of the NMR results to be made. 

The accurate determination of the spectroscopic state of the rare earth sites is a source 
of information on the EFGs at individual sites which can be used to ascertain the origin of 
the magnetocrystalline anisotropy. This, together with the information on the distribution 
of elements over atomic sites, is vital for a correct description of magnetic and anisotropic 
properties of materials such as NdzFe14B with rare earth substitution. 

The study of the 3d metal sites is a method of monitoring the distribution of the 3d 
elements and changes of easy magnetisation direction upon substitution. The anisotropy of 
the cobalt HFF arising from orbital contributions to the magnetic moment can be related 
with the individual contributions to the magnetocrystalline anisotropy from the Co sites. 

Some information on the crystallographic and magnetic structure can also be obtained 
from NMR signal of "nonmagnetic" light elements such as boron, nitrogen or hydrogen. 

There is a significant enhancement of the NMR signal in magnetic materials. This is 
especially large for the low anisotropy materials, enabling a very accurate comparative de- 
termination of the amounts of spurious soft magnetic phases such as ct-Fe or unnilrided 
Sm2Fe17. Such information, as well as the information which NMR can yield on the dis- 
tribution of the small quantities of dopant elements such as Nb or Ga, used to tailor the 
properties of commercial permanent magnetic materials, can be applied to optimise the 
technological routes of magnet processing for specific end products. 
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1. Introduction 

The crystal field interaction in rare-earth intermetallic compounds is responsible for an 
enormous variety of magnetic phenomena. In such compounds, magnetism is partially due 
to the incompletely filled 4f shells. The wavefunctions of these electrons are known to be 
reasonably well localized. This implies that, to a good approximation, the rare-earth ions 
have a characteristic free ion behaviour, with the ground state obeying the Hund rules. The 
LS (spin-orbit coupling) therefore characterizes the ground state in terms of the total angu- 
lar momentum J = L 4- S. The large spin-orbit coupling gives rise to separations between 
multiplets of more than 200 meV, with the notable exceptions of Sm 3+ and Eu 3+ ions (ta- 
ble 1). At temperatures of interest for most magnetic materials only the lowest multiplets 
will thus be populated. The electrostatic interaction experienced by these ions, arising from 
the presence of near neighbor ions and outer valence electrons is much smaller than the 
spin-orbit coupling, because of the minute spatial extent of the 4f electron wavefunctions. 
This CF (crystal field) interaction gives rise to splittings of the ground state multiplet of the 
order of 1-100 meV for lanthanide intermetallics. The consequences of such an interac- 
tion for the electronic structure and magnetism are well established and documented. The 
crystal field Hamiltonian is an important source of magneto-crystalline anisotropy, and can 
govern the existence of magnetic order. The 4f shells interact with the rest of the electrons 
in the system and consequently stabilize the magnetization and anisotropy. Given that the 
electronic properties of 4f ions are rather well understood, good estimates of the rare-earth 
ion contribution to the anisotropy depend crucially on the crystalline environment around 
the appropriate rare-earth ion. 

An intimate knowledge of the CF parameters is a necessary prequisite for a detailed anal- 
ysis of physical properties such as susceptibility, specific heat, and complex magnetization 
processes and transitions. The CF interaction reflects the crystallographic point symmetry 
of the lanthanide ion and splits the (2J + 1) fold degeneracy of the ground state accord- 
ing to rules dictated by group theory, first elegantly formulated by Bethe (1929). Another 
pertinent interaction is that which arises from magnetic interactions between ions. In many 
instances both these interactions compete with each other, resulting in a truly phenomenal 
variety of magnetic properties. The three important limiting cases of (i) a dominant CF 
interaction, (ii) a dominant exchange interaction, and (iii) CF and exchange interactions 
of comparable size are found to exist in virtually all lanthanide intermetallics in various 
stages of structural complexity. 

The situation pertaining to compounds with an unstable or delocalized 4f shell leads to 
complications due to the manner in which conduction electrons can couple to 4f electrons. 
Compounds of Ce, for example, are a notable example and give rise to valence fluctuating 
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TABLE 1 
Spin, orbital and total angular momentum quantum numbers for lanthanide R 3+ ions. Other terms 
are: n, the number of 4f electrons, g j ,  the Land6 factor, A, the energy separation between the 

grotmd and first excited state multiplets (in meV). 

Ion n S L J g j Ground state A 

Ce 3+ 1 1/2 3 5/2 16/7 2F5/2 275.7 
Pr 3+ 2 1 5 4 4/5 3H4 267.1 
Nd 3+ 3 3/2 6 9/2 8/11 419/2 232.7 
Sm 3+ 5 5/2 5 5/2 2/7 6H5/2 120.6 
Gd 3+ 7 7/2 0 7/2 2 8S7/2 - 
Tb 3+ 8 3 3 6 3/2 7F 6 249.9 
Dy 3+ 9 5/2 5 15/2 4/3 6H15/2 405.0 
Ho 3+ 10 2 6 8 5/4 5I 8 646.3 
Er 3+ 11 3/2 6 15/2 6/5 4115/2 810.0 
Tm 3+ 12 1 5 6 7/6 3H 6 732.4 
Yb 3+ 13 1/2 3 7/2 8/7 2F7/2 129.5 

or Kondo systems. Rare-earth mixed valence or Kondo systems have 4f  spin-fluctuation 
energies which are comparable or even larger than the CF splitting. This gives rise to a 
characteristic extremely broad excitation neutron scattering spectrum and henceforth there 
are no sharp and distinct lines which can be interpreted as arising only from a CF splitting 
(Murani 1997). Similar circumstances appear to be pertinent for 5f heavy-fermion inter- 
metallics (Krimmel et al. 1996). 

The experimental determination of  the parameters that control both CF and exchange 
interactions is now extremely well established with an enormous literature. Both spec- 
troscopic and thermal techniques are widely used. Optical spectroscopy is, however, ob- 
viously limited to transparent materials, virtually precluding all lanthanide intermetallics 
from any systematic study with this technique. Other spectroscopic techniques such as 
ESR and hyperfine interaction techniques (NMR and the M6ssbauer effect) are important 
but indirect ways of  determining unique CF interaction parameters that can sufficiently 
account for magnetic properties observed by other different experimental methods. Tradi- 
tional thermal methods are an excellent way for investigation of  the magnetic interactions 
present in these materials. Combined interpretation of  specific heat, magnetic susceptibil- 
ity, thermal expansion, magnetostriction and high field magnetization measurements can 
provide a consistent description of  the CF interaction. Transport measurements such as 
electrical conductivity and resistivity are important for determining coupling of  rare-earth 
ions to conduction electrons and phonons, but provide no direct way of  determining the CF 
eigenvalues and eigenfunctions. 

By far the most unique and perhaps direct experimental method for the determination 
of  both CEF and exchange interactions in rare-earth intermetallics is provided by neutron 
scattering. The reasons are extremely simple. Neutron scattering is still the most funda- 
mental investigative probe of  the microscopic magnetization (Hirst 1997). Neutron inelas- 
tic scattering yields the spatial  and time dependence  of the dynamical susceptibility, a most 
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fundamental quantity for magnetic species. Past experience in investigations of the CF in- 
teraction in tetragonal, hexagonal and orthorhombic symmetries has clearly demonstrated 
that a combined effort using both INS and traditional techniques is necessary for a realistic 
determination of the CF parameters. 

The purpose of this chapter is to provide a comprehensive review of crystal field effects 
in stable lanthanide intermetallic compounds, as determined by inelastic neutron scattering 
over the past 30 years, and to compare the results obtained with more traditional techniques 
such as those cited above. Much new work has appeared since the appearance of previous 
review chapters, principally driven by vastly improved methods in neutron instrumenta- 
tion and a corresponding large emphasis on systems with rather low CF point symmetries. 
The contents of this review are based essentially only on systems with stable 4f electrons, 
principally for reasons of lack of space, but also because extremely comprehensive reviews 
on neutron scattering studies of valence fluctuating and anomalous lanthanides already ex- 
ist (Loewenhaupt and Fischer 1993a, 1993b; Aeppli and Broholm 1994; Holland-Moritz 
and Lander 1994). Higher order, and generally weaker, magneto-elastic and quadrupo- 
lar interactions are also of some importance in rare-earth intermetallics, and thorough re- 
views of these types of interactions have been performed by Morin and Schmitt (1990) 
and Thalmeier and LUthi (1991). This chapter is outlined in the following manner. A to- 
tal of approximately 250 rare-earth intermetallics which have been investigated by INS 
have been classified according to their respective crystal structures, commencing with the 
simplest, and by far most numerous systems, those with a cubic crystal field and then pro- 
gressively proceeding down to CF of a lower point symmetry. Material concerning INS 
studies of the magnetic excitations in the rare-earth elements has been excluded, as it does 
not form a part of the scope of this review and has been in any case reviewed elsewhere 
(Sinha 1978; Jensen 1982; Moon and Nicklow 1991) as well as in what has now become 
a classic text by Jensen and Macintosh (1991). Brief mention is also made of some lim- 
ited work on the CF interaction in dilute R alloys. A discussion of CF effects in hydride, 
carbide, icosahedral and amorphous systems then follows, terminating in a brief resume 
of the current theoretical and computational efforts which have been devoted to obtain a 
microscopic description of the CF interaction in metallic systems. Much of the contents of 
this chapter are complementary to the reviews of Loewenhaupt and Fischer (1993a) and 
Gignoux and Schmitt (1997). The latter review, in particular, is an up-to-date compilation 
of the magnetic properties and magnetic structures of a large part of the compounds dis- 
cussed in the present chapter. A much earlier review, compiled by Wallace et al. (1977), 
summarizes in some detail crystal field effects in rare-earth aluminum, nickel, cobalt and 
iron compounds. 

2. Neutron scattering from rare-earth intermetallics 

The notion that neutron scattering could be used as a direct probe of the crystal field inter- 
action in solids was first demonstrated in studies of CF excitations for the oxides Ho203 
(Cribier and Jacrot 1960) and Er203 (Brockhouse et al. 1962) and since then the CF exci- 
tations for an enormous number of important systems such as the high Tc superconducting 
cuprates have been studied in detail by INS techniques (e.g., Henggeler et al. 1996) and 
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other non-metallic rare-earth compounds (e.g., Schmid et al. 1987; Loong et al. 1993; Fur- 
rer and Gtidel 1997). Reviews of such investigations have been compiled by Loong and 
Soderholm (1994) and, in particular, by Mesot and Furrer (1997), and Henggeler and Fur- 
rer (1998) for rare earth based high temperature superconductors. The first observation of 
CF transitions in metallic systems by inelastic neutron scattering was reported as far back 
as 1967 (Furrer et al. 1967) followed by measurements of Ce monopnictides by Rainford 
et al. (1968). Inelastic neutron scattering studies of intermetallics up till this date have 
been briefly reviewed by Furrer (1974). The existence of a neutron magnetic moment has 
enormous consequences for magnetic materials and other specific advantages of thermal 
neutrons should also be recalled, such as, rather low absorption coefficients compared with 
X-rays and electrons. The details of neutron sources and production can be found in the 
appropriate monographs and reviews (e.g., Windsor 1981; White and Windsor 1984). The 
topic is very extensive and so this chapter can attempt to emphasis only the study by neu- 
tron inelastic scattering of well defined crystal field excitations and spin dynamics in stable 
intermetallic compounds. 

The de Broglie relationship between the neutron energy and wavevector is of the simple 
form: 

h 
E = k 2, (2.1) 

2mN 

where mN is the neutron mass, 1.67495 x 10 -27 kg. Convenient conversion factors for 
neutrons of energy E (in units of meV) and wavevector k (in units of,X,-]) or wavelength 
)~ (in A) are: 

81.799 
E = 2 . 0 7 2 k  2 and E -  ) ~  (2.2) 

The above expressions thus clearly show that neutrons, with wavelengths which are of the 
same order of magnitude as typical interatomic distances in solids, also have energies of the 
order of the low lying elementary excitations. This means that changes in the neutron en- 
ergy after an interaction with an elementary excitation are quite significant and hence easy 
to measure. The radii of typical nuclei and the short range of the strong nucleon-neutron 
interaction, of the order of 10-15 cm, implies a point-like isotropic nuclear scattering and a 
scattering amplitude totally independent of scattering angle. This interaction of the neutron 
with the nucleus is most suitably parameterized by the Fermi pseudo-potential 

27rh 2 
V(r, R) = [b + B I .  cr]8(r - R), (2.3) 

mN 

where the neutron and nucleus are located at r and R, respectively (Squires 1978; Hicks 
1996). The short range nuclear interaction has an amplitude given by the Fermi scattering 
length b and the remaining term in eq. (2.3), BI.  a, represents the interaction of the neutron 
with the magnetic moments of the nuclei, I, with B the spin-dependent nuclear scattering 
length and a the Pauli spin matrices. Values of b and the spin dependent nuclear scattering 
cross sections for the elements are tabulated in most monographs on neutron scattering, in 
particular by Marshall and Lovesey (1971), Lovesey (1984) and Sears (1992). 
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2.1. Magnetic neutron scattering cross section 

A full treatment of inelastic magnetic neutron scattering is not within the scope of this 
review. Only the basic results most frequently used for investigations of magnetic in- 
teractions in rare-earth intermetallics will be quoted. The details of the theory of mag- 
netic neutron scattering can be found in the classic monographs of Marshall and Lovesey 
(1971), Squires (1978), Lovesey (1984), Jensen and Mackintosh (1991), Izyumov and 
Chernoplekov (1994) and in a less detailed manner by Bacon (1975). A historical per- 
spective on the impact of neutron scattering techniques in magnetism is discussed by 
Brockhouse (1995) and Shull (1995). The earliest computations of the cross section of 
neutrons scattered from the electrons of a magnetic crystal was reported by Bloch (1936) 
and Halpern and Johnson (1939). A theoretical treatment of the magnetic cross section 
for paramagnetic rare-earth ions in the Hund ground state and with RS (Russell-Saunders) 
coupling was then reported by Trammell (1953). De Gennes (1963) presented a calculation 
of the expected inelastic cross section for transitions within a purely crystal field split mul- 
tiplet. More specialized reviews on magnetic excitations in rare-earth intermetallics already 
exist (Sinha 1978; Fulde and Loewenhaupt 1985; Stifling and McEwen 1987). The latter 
review is totally dedicated to magnetic excitations in crystal-field split 4f metallics. A truly 
outstanding review of the experimental and theoretical techniques of neutron diffraction 
used in the determination of magnetic structures was written by Rossat-Mignod (1987). 
Other relevant monographs, with both theoretical and experimental aspects, are those by 
Izyumov and Chemoplekov (1994) on neutron spectroscopy, and Izyumov et al. (1991) 
on magnetic neutron diffraction, respectively. The theory and experimental methods re- 
quired for the use of polarized neutron scattering is detailed in the monograph by Williams 
(1988). The use of polarization analysis of neutron scattering in order to separate in an 
unambiguous manner magnetic from non-magnetic neutron elastic and inelastic scatter- 
ing, first experimentally demonstrated by Moon et al. (1969), is reviewed by Hicks (1996). 
The aspects of this technique relevant to magnetic systems are summarized by Stifling and 
McEwen (1987). 

The obvious power of neutron scattering for magnetic species lies in the fact that the 
measured neutron cross section is most easily expressed in terms of the generalized sus- 
ceptibility, a quantity which describes the dynamics of magnetic moments and can be 
calculated theoretically. The rule of energy conservation implies that the sample energy 
difference must be transferred in its entirety to the neutron: 

h e k 2 
co = 2mN ( i  --k2), (2.4) 

whilst the conservation of linear momentum implies the momentum transferred to the sam- 
ple is hQ = hki - hkf, where the scattering vector is defined by 

Q = ki - kf. (2.5) 

In its entirety, a neutron scattering experiment is all about measuring the scattered intensity 
neutron as a function of these two fundamental variables, the neutron energy transfer co and 
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momentum transfer hQ. The operator for the neutron magnetic dipole moment is defined 
by 

/t N = -1.913/ZNCr (2.6) 

where/ZN is the nuclear magneton and tr the Pauli neutron spin operator. 
The total magnetic field B generated by an electron at a point R is given by the sum of 

the spin and orbital contributions 

A A 

s x R  _ p  x R  1 
B ( R ) = -  V x - - ~  + h R2 j ,  (2.7) 

where s is the electron spin operator and p is the electron momentum operator. The mag- 
netic interaction operator for a neutron with a dipole moment in this field thus becomes 

V (R) = - I t  N • B(R). (2.8) 

In the Born approximation and using time dependent perturbation theory, valid for ther- 
mal neutrons since the interaction is very weak, the experimentally determined differential 
magnetic scattering cross section, for neutrons scattered into an element of solid angle d ~  
and with a corresponding energy transfer, o) = Ef - Ei, is given by 

( d2o" "~ k f (  rnN "~ 2 
dI-2 dE ] q i , q f  = k~l \ ~ -~ ' ]  ~ ~-~ PiP~i (o'fqf [ V (R)Io'iqi)(o'iqi IV* (R)Io-fqf) 

qi qf 
x ~ (o9 + Ei -- Ef) (2.9) 

where cri,f and qi,f are initial and final states for the neutron spin and sample, respectively. 
The associated thermal occupation factors for sample and neutron spin states are denoted 
by pi and P,ri. Evaluation of the matrix elements requires an integration over the spatial 
neutron co-ordinates and results in the standard expression for the magnetic scattering 
cross-section 

de°" ~ = kf(yre)2~-~piP~i(~fqfla.n±l~iqi)(criqil~.M*mlcrfqf) 
dI2 dE]qi,q f ki qf,qi 

× S (co -4- Ei - Ef), (2.10) 

where the magnetic interaction operator M± (Q) is defined by: 

I i ] M±(Q) = Z. ~ X ($j >(Q) "Jr- - ~ ( p j  X Q) expi(Q.rj) 
J 

(2.11) 

with rj the electron co-ordinate. Other terms are: 2/, the neutron gyromagnetic ratio, equal 
to 1.913, and re = e2/(meC2), the classical electron radius (2.818 x 10 -15 m). The term 
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(yre) 2 corresponds to a magnetic cross section of 0.29058 barns (1 barn = 10 -28 m2). 
This is the general expression for the partial differential neutron magnetic scattering cross 
section. The approximation for dipolar transitions is always generally used in investigations 
of the unpaired 4f electrons in rare-earth intermetallics. Estimates of the cross sections for 
magnetic quadrupolar or octupolar excitations have been calculated (Chiu-Tsao and Levy 
1976; Levy and Trammell 1977; Sablik 1985) for circumstances where quadrupolar or 
similar higher terms are larger than dipolar interactions. 

The matrix element which needs to be evaluated in the case of nuclear scattering is less 
complicated, not depending on the value of Q, since the interaction is extremely short- 
ranged. Its magnetic counterpart is more complex, being of a longer range and non-central. 
In the context of rare-earth intermetalfics, where J is the appropriate quantum number for 
the rare earth ion, manipulation of eqs (2.10) and (2.11) gives the following general result 
for the unpolarized magnetic neutron scattering cross section, in the dipole approximation, 
for localized electrons (the dipolar scattering is dominant for Q .  r << 1, an approximation 
particularly valid for rare-earth ions where the mean radius of unpaired electrons, r, is 
typically about 0.6 A) 

\dS~dE] = ~ (×r°)2 ~gj f (Q) ~ ,  (8~ - O=O~) ~],pi y~(ilJJ~lf)(flJ~li ) 
ot,fl i,f i , j  

X e x p i Q  • (ri  - r j )  ~ ( w  q- E i  - E l )  ( 2 . 1 2 )  

with gj  the Land6 g-factor. In arriving at this general result, the important vector identity: 

M±(Q) . M~(Q) : (Q × M(Q) × Q) . (Q × M*(Q) × Q) 

: 

~,fl 

(2.13) 

has been utilized (a, fi are Cartesian components of the scattering and magnetization vec- 
tors). In table 2 are listed the nuclear and paramagnetic scattering cross sections relevant 
for lanthanide ions. The magnetic form factor f (Q) is defined as the Fourier transform 
of the magnetization density of unpaired electrons and comprises both spin and orbital 
magnetization terms. An accurate measurement of the form factor will allow, in principle, 
a determination of the ground state electron wavefunction and hence the appropriate CF 
and exchange parameters. In such cases, the eigenstates are described in terms of linear 
combinations of states I J, M j)  of the total angular momentum J, 

I~> ~ ZMIJ, Mj). (2.14) 
Mj 

The magnetic form factor can be expressed in terms of tensor operators and calculated 
by conventional Racah algebra (Johnston 1966; Lovesey and Rimmer 1969; Stassis and 
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TABLE 2 

Thermal neutron scattering and absorption cross sections for the most com- 

monly studied lanthanide ions. acoh, ain c and aab s are the bound coherent, 
incoherent scattering and absorption cross sections, respectively (in units of 
barns, 1 barn = 10 -28 m2). The para-magnetic scattering cross section amag 

(also in units of 10 -28 m 2) is calculated for the forward direction, where 
f (0)  = 1 (Trammell 1953; Squires 1978). All the parameters listed here 
refer to neutrons with a thermal energy of 25.30 meV (293 K), wavelength 

= 1.798/~. and velocity of 2200 m/sec (adapted from Sears (1992)). 

Ion O-co h ain c aab s O'mag 

Ce 2.93 2.93 0.63 3.9 
Pr 2.64 0.02 11.5 7.8 
Nd 7.43 16.6 50.5 7.9 
Sm 0.42 39.0 5922 0.43 
Gd 29.3 151.2 49700 38.3 
Tb 6.84 0.004 23.4 57.5 
Dy 35.9 54.4 994 68.9 
Ho 8.06 0.36 64.7 68.5 
Er 7.63 1.1 159 55.9 
Tm 6.28 0.10 100 34.8 
Yb 19.4 4.0 34.8 12.5 

Paramagnetic cross sections are calculated from the expression: 

8rt 2[1 -]2 
O'mag = -~(yre) L~gjf(Q)J J(J + 1). 

Deckman 1975). The magnetic scattering length is then defined as a vector E, with com- 
ponents Eq ({2) given by 

Eq(Q) = - 2 ~ " 4 ~ _ ,  Z rK"'n'rAtK ,~.11 ~, , K')  + B ( K " , K ' ) ]  
Krq ~ K"q" 

× ~ '~M~'M'(K'q'J'M'IJM}(K"q"K'q'Ilq}. 
MM ~ 

(2.15) 

The coefficients A(K, K') and B(K, K r) are the orbital and spin contributions to the form 
factor, which are appropriate linear combinations of radial integrals 

(jK (Q)) = fo ~ r2lf (r) 12jK (Qr) dr (2.16) 

for K = 0, 2, 4, 6, where If(r)l  2 is the probability distribution of  the radial component 
of  the 4f electron wavefunction and jK (Qr) are spherical Bessel functions. These linear 
combinations are tabulated for the rare-earths (Lander and Brun 1970) and radial integrals 
have also been calculated within a relativistic approximation (Freeman and Watson 1962; 
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Freeman and Desclaux 1979). In most experimental configurations, with a magnetic field 
applied in order to saturate the moment in a direction perpendicular to the scattering vector, 
only the component E0 is actually measured, and this is simply related to the R moment; 

Eo(Q) : --#RfR(Q), (2.17) 

where 

f(Q) = (jo) + c2(j2) + c4(j4) + c6(j6), (2.18) 

with the coefficients, importantly, independent of the scattering vector. Thus, the form 
factor is separated into angular and radial components. In this manner, the coefficients )~M 
and the magnetic moment are determined with a good precision. 

Experimental and theoretical techniques of this highly specialized aspect of elastic mag- 
netic neutron scattering are discussed in detail for rare-earth intermetallics by Sinha (1978) 
and in the chapter on neutron determination of magnetic structures by Rossat-Mignod 
(1987), as well as by Lander (1993). These measurements are generally performed using 
single crystals and polarized neutrons. Form factor measurements have been performed on 
numerous rare-earth intermetallics in order to obtain the relevant coefficients of the eigen- 
states. In certain circumstances, it is not possible to assign unambiguously a CF ground 
state from INS data alone. An example is the case of Ce (J  = 5/2), in a cubic CF, for 
which the ground state multiplet splits into two levels, a / '7  doublet and a/ '8  quadruplet, 
INS observes only the splitting between these two levels. The ground state assignment can 
be obtained by an accurate determination of the magnetic moment in the ordered state. 
Magnetic form factor investigations are ideal for this purpose. The Q-dependence of the 
form factor implies that magnetic scattering tends to fall off rapidly with increasing Q, 
with the exception of Sm (Boucherle et al. 1982), where the orbital magnetization density 
almost cancels the spin density and due to the more localized nature of the spin density, 
the magnetic form factor exhibits a maximum at a non-zero value of Q. It is one of the 
means by which magnetic scattering can be simply isolated from the nuclear scattering. 
The temperature dependence of the magnetic scattering, via the population term pi, also 
provides a means of isolating the magnetic scattering, as CF excitations obey Boltzmann 
statistics, whilst phonons obey Bose-Einstein statistics. 

The phonon cross section increases with increasing Q, in contrast to the magnetic scat- 
tering, which generally decreases with decreasing Q. This is the simplest way to isolate the 
inelastic magnetic scattering from the phonon contribution. The definitive way to separate 
the two contributions is to perform experiments with polarized neutrons (Williams 1988). 
In the simplest case, analysis of the scattering is performed with the direction of the neu- 
tron polarization along the z axis. The Cartesian components of the Pauli spin matrices are 
given by 

oi] ,  z[l o ]  
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In this formalism, the matrix element, (crfl~r • M± [o-i), of the neutron spin-magnetization 
operator can be decomposed into the appropriate spin-state matrix elements 

(÷ I~'M±[ ÷)= M-z, 
(÷ 1~ .M± I - ) =  M±x ÷iM±y, 

( -  let-M±[ - )  =-M±z, 
(-]~.M±l÷)=M±x-iM±y, 

(2.20) 

where terms of the type (-t-I~r • M±I-t-) imply a scattering process which does not reverse 
the polarization of the incident neutron spin (non spin-flip), whilst the terms (4-1o" • M± IT) 
involve scattering with neutron spin-flip. The corresponding spin dependent matrix ele- 
ments for nuclear scattering are obtained from an identical manipulation of eq. (2.3) 

B 
( ÷ Ib'(k)l ÷ ) : b ÷  ~Iz,  

B 
(+ Ib'(k)l- ) = y(z~ + Iy), 

B 
(-Ib'<k)l- ) :  b - 7/z, 

B 
(-Ib'(k)l ÷ ) =  ~ ( I x  - Iy). (2.21) 

Thus the spin-flip scattering is entirely magnetic with an additional contribution from the 
interaction with the nuclear spin. The non-spin-flip scattering amplitudes have both nuclear 
and scattering contributions, unless the scattering vector is along the neutron polarization 
direction and, therefore, M±z = 0. A full three dimensional polarization analysis of the 
scattered intensity, where analysis of the neutron polarization after scattering is performed 
along the x, y and z directions, allows isolation of the magnetic from the nuclear scattering 
as well as between longitudinal and transverse components of the magnetization (Moon et 
al. 1969; Hicks 1996). The technique of polarization analysis, however, can only generally 
be done at a prohibitive cost in available incident neutron intensity, and is rarely used to 
identify CF transitions in rare-earth intermetallics. 

Use of the integral representation of the g-function 

1 F ~(09 -- gf  ÷ gi) ~-- 2 ~  exp [i(w - Ef + Ei)t/h] dt, 
(X) 

(2.22) 

with the integration carried over time, simplifies eq. (2.12) to the compact and well known 
form: 

kf 2 1 2-2w(Q) _ 
d2° - ~ i i ( y r o  ) [ ~ g j f ( Q ) ]  e E (8~ Q~Q~)Sc~(Q,w), 

d ~ d E  " c~,~ 
(2.23) 

where the scattering function S(Q, w) (Van Hove 1954) is defined by the spatial and tem- 
poral Fourier transform of the magnetic correlation function (J~ (t)J*# (0)): 

1 
f {J~(Q, t)J*~(Q, t)} exp(-icot) Sa~ (Q, o9) = dt. (2.24) 

The term exp[-2W(Q)] is the Debye-Waller factor, representing the thermal vibrational 
motion of atoms (Willis and Pryor 1975). 
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2.2. Generalized dynamical susceptibility 

There is now a further and more powerful connection between the scattering function and 
the generalized susceptibility of the magnetic system under consideration. This connection 
has its origins in the fluctuation-dissipation theorem of statistical mechanics. Within the ap- 
proximation of linear response theory, the neutron generates a frequency and wave-vector 
dependent magnetic field in the sample and detects the linear response which, for magnetic 
systems, is the susceptibility. This response is described by the dynamical susceptibility 
tensor X~ (Q, co), defined as 

M~(Q, co) = Z X~(Q, co)H~(Q, co), (2.25) 

where the magnetization M responds linearly to a spatially and temporally varying mag- 
netic field applied in the/~ direction, H~ (Q, co). The fluctuation dissipation theorem then 
simply connects the scattering law S,/~ (Q, co) to the imaginary part of the dynamical sus- 
ceptibility ~(~ (Q, co), at any temperature: 

1 1 
S~(Q, co) = - . _ . " "~ co" ). (2.26) 

zt 1 - exp{-co/kBT) X~t~ '  

The magnetic cross section, for unpolarized neutrons, is now finally reduced to a quantity 
which can be calculated on a theoretical basis, for N magnetic ions, the imaginary part of 
the dynamical susceptibility 

d2cr -- N~ii(yre)2[1 12 d~2dE 2gJf(Q) e_ZW(Q) 1 1 • zt 1 - exp(-hco/kBT) 

x Z (a~ - Q~Qe)x~}(Q, co). (2.27) 

The neutron scattering cross section is therefore related to the dissipative response of the 
magnetization. A further important connection is that between the real and imaginary parts 
of the dynamical susceptibility, which via the Kramers-Kronig relationship are related by 

1 x.';(o, 
-- de). (2.28) x~'~(Q, 0)  = Vr ~ co 

In the classical limit, when co << kB T, the following sum rule also holds 

f/ S~(Q,  co)dco-  g2 / z2  kBTx£~(Q). (2.29) 
cx~ J B 

The power and beauty of eq. (2.27) for magnetic species scan now be appreciated. 
Firstly, the measured neutron scattering cross section can be compared to model calcu- 
lations of the dynamic susceptibility. Secondly, only components of the magnetization per- 
pendicular to the scattering vector are effective in scattering neutrons. In addition, if the 
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total z-component of the angular m o m e n t u m  Jz t°t is a constant of motion and hence com- 
mutes with the Hamiltonian, then in eq. (2.27) only terms with o~ = /3 contribute. The 
cross section is then expressed in terms of the longitudinal and transverse components of 
the generalized susceptibility if a unique axis, such as the z direction, is chosen as the axis 
of quantization: 

kf 2 [ 1 12 -2W(Q) 1 1 
d2°" -- Nkii(yre) t. .J e - dX2dE -2gJ f (Q) 7x 1 - exp(--co/kBT) 

x { ( 1  A2 " (1 A2" " - e z ) x z z ( o . , c o )  + + }. Q z) Xxx (Q, co) (2.30) 

It is thus possible to discriminate between longitudinal and transverse magnetic excitations 
by a suitable manipulation of the direction of the neutron scattering vector with respect 
to the magnetization direction. This can, of course, only be performed for a single crystal 
specimen. A more richer expression for the cross section is obtained if one considers the 
experimental possibility of analyzing the components of neutron polarization after scatter- 
ing (Stifling and McEwen 1987; Hicks 1996). 

2.3. Magnetic excitations and inelastic neutron scattering 

2.3.1. Crystal fieM interaction 
The most commonly expressed formalism for the crystal field Hamiltonian, for rare- 

earth intermetallics, is given by the series expansion (Fulde 1978; Fulde and Loewenhaupt 
1985) 

HCF = Z BmO"m (2.31) 
m~n 

where B~ and O~ m are, respectively, CF parameters and Stevens operator equivalents 
(Stevens 1951). This expression is valid when considering a CF splitting of only the ground 
state multiplet. The matrix elements of the CF Hamiltonian between states belonging to dif- 
ferent multiplets can be calculated utilizing the Racah tensor operator technique (de Wijn 
et al. 1976; Wallace et al. 1977). The Stevens operators have been compiled by Hutch- 
ings (1964) and the required number of CF parameters corresponding to the appropriate 
point symmetry of the rare-earth ion are tabulated in table 3, whilst in table 4 the ground 
state multiplet splittings for J integral and J half integral values are classified according 
to the designated point symmetry of the crystal field. The CF parameters are naturally inti- 
mately related to the corresponding 4f charge distribution in the presence of a crystal field 
(Sievers 1982; Walter 1986). An alternative is to express the Hamiltonian in terms of CF 
coefficients A m: 

HCF = Z Am (rn)On o'm (2.32) 
m,n  

where (r n ) are radial averages over the 4f electron wavefunctions (calculated by Freeman 
and Watson 1962; Freeman and Desclaux 1979) and 0, are the Steven's coefficients c~], 
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TABLE 3 

Crystal field coefficients relevant for the 32 point groups (adapted from Walter (1984) and Loewenhaupt (1990)). 
Complex values are indicated by A_.n m and N denotes number of CF coefficients. 

CF Point group Point group CF coefficients N 
symmetry (Schoenflies) (International) 

Triclinic C1C i 1 ]" A 0 A21 A22 A 0 ~ A~ 22 A~t 3 ~ a 0 26 
A~ Z 3 a 4 A 5 A 6 

--6 ~--~6 ~4 ~6 
Monoclinic C 2 C2h 2 2 / m  A 0 a 2 A 0 ~ A 4 A 0 A~ A~ ~ 14 

Orthorhombic D2 C2v D2h 2222mm mmm A 0 A 2 A 0 A 2 A 4 A 0 A 2 A 4 A 6 9 

Trigonal C 3 S 6 3 3  A20 A40 A34 A0 6 ~6 ~5 A3 A6 8 

Trigonal C3v D3d D 3 3m 3m 32 A0 A°4 A34 A06 A36 A66 6 

Hexagonal C3h D3h C6v D 6 C 6 6 6 m 2 6 m m  6 2 2 6  A 0 ~a0~4 ~d016 "16a6 4 
D6h C6h 6 /mmm 6/m 

Tetragonal D4h D2d C4v D 4 4 /m m m 42m 4m m422  A0 A04 A44 A46 A66 5 

Tetragonal C 4 S 4 C4h 4 4 4 / m  A0 A04 A44 A46 -~-z6 A0 6 

Cubic T Ta Th O O h 2343m m3432 m3m A 0 A 0 2 

For cubic symmetry, A44 = ~A 450 and A~ = -2--6"21 a0  

TABLE 4 

Ground state multiplet splitting classified according to the CF point group symmetry for 
Kramers (J  haft-integral) and non-Kramers ( J  integral) ions (adapted from Walter (1984)). 

J integral 

Point group 1 2 3 4 5 6 7 8 
symmetry 

Cubic 0 0 1 1 0 2 1 1 s 
0 1 0 1 1 1 1 2 d 
1 1 2 2 3 3 4 4 t 

Tetragonal 1 3 3 5 5 7 7 9 s 
1 1 2 2 3 3 4 4 d 

Hexagonal 1 1 3 3 3 5 5 5 s 
1 2 2 3 4 4 5 6 d 

Lower 2 J  + 1 singlets 

J half-integral 

Point group 3/2 5/2 7/2  9/2 11/2 13/2 15/2 17/2 
symmetry 

Cubic 0 1 2 1 2 3 2 3 
1 1 1 2 2 2 3 3 

Telxagonal J + 1/2 doublets 

Hexagonal J -I- 1/2 doublets 

Lower J + 1/2 doublets 

s - singlet, d - doublet, t - triplet, q - quartet. 
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TABLE 5 

Radial averages {r l) over 4f wavefunctions and Stevens factors cej, t j ,  VJ for lanthanide R + ions (after Freeman 
and Watson 1962; Freeman and Desclaux 1979). The conversion factor from atomic units to units in ,& is r 0 = 

0.52918/~. 

Ion (r 2) [r 2 (~2)] {r 4} [(r 4 (~4)] {r 6) [r 6 (~6)] c~j × 10 2 flj × 10 4 yj x 10 6 

Ce 3+ 1.309 (0.367) 3.964 (0.311) 23.31 (0.512) -5.71 63.5 0.00 
Pr 3+ 1.208 (0.335) 3.396 (0.261) 18.72 (0.403) -2.10 -7.35 61.0 
Nd 3+ 1.114 (0.312) 2.910 (0.228) 15.03 (0.330) -0.643 -2.91 -38.0 
Sm 3+ 0.974 (0.273) 2.260 (0.177) 10.55 (0.232) 4.13 25.0 0.00 
Gd 3+ 0.867 (0.243) 1.820 (0.143) 7.831 (0.172) 0.00 0.00 0.00 
Tb 3+ 0.822 (0.230) 1.651 (0.129) 6.852 (0.151) -1.01 1.22 -1.12 
Dy 3+ 0.781 (0.219) 1.505 (0.118) 6.048 (0.133) -0.635 -0.592 1.03 
Ho 3+ 0.745 (0.209) 1.379 (0.108) 5.379 (0.118) -0.222 -0.333 -1.30 
Er 3+ 0.711 (0.199) 1.270 (0.099) 4.816 (0.106) 0.254 0.444 2.07 
Tm 3+ 0.680 (0.191) 1.174 (0.092) 4.340 (0.095) 1.01 1.63 -5.60 
Yb 3+ 0.652 (0.183) 1.089 (0.085) 3.932 (0.086) 3.17 -17.3 148.0 

TABLE 6 

Table for conversion from crystal field parameters B m (in K) to 
crystal field coefficients Xn n (in K ro n). To obtain the appropriate 
value of A m, the corresponding parameter B m is multiplied by 

the relevant entry in the table. 

Ion B 0 B 0 Bg 

Ce -13  40 0 
Pr - 39  -400 876 
Nd -140 -1180 -1750 
Tb -120 4948 -130000 
Sm 25 177 0 
Dy -200 -11223 159744 
Ho -597 -21786 -143699 
Er 546 17730 100311 
Tm 143 5220 -41100 
Yb 48 -530 1718 

t j ,  y j  for  n = 2, 4, 6, respect ively .  T h e s e  pa rame te r s ,  for  l a n t h a n i d e  ions ,  are co l l ec ted  

in t ab le  5. Th i s  r ep r e s en t a t i on  is pa r t i cu la r ly  c o n v e n i e n t  s ince  the  C F  coeff ic ients  s h o u l d  

d i sp lay  a s m o o t h  va r i a t ion  in a g i v e n  ser ies  o f  in t e rmeta l l i c s  wi th  the  s ame  s t ructure .  D u e  

to a ve ry  c o n f u s i n g  l abe f ing  o f  e i the r  C F  pa rame te r s ,  B m or  coeff ic ients  A m, o f t en  quo ted  

in  the  l i terature ,  use fu l  c o n v e r s i o n  fac tors  f r o m  B ~  to A m (in degrees  K)  are c o n t a i n e d  in  

t ab le  6. 

T h e  C F  p a r a m e t e r s  i nva r i ab ly  n e e d  to b e  d e t e r m i n e d  b y  a var ie ty  o f  e x p e r i m e n t a l  tech-  

n iques ,  o f  w h i c h  INS is u n d o u b t e d l y  the  m o s t  power fu l ,  s ince  it is e x t r e m e l y  sens i t ive  to 

the  de ta i l s  o f  the  C F  in te rac t ion .  Th i s  c an  b e  read i ly  seen  w h e n  the  INS cross  sec t ion  for  

C F  exc i t a t ions  is der ived .  I f  t he re  are no  m a g n e t i c  co r re l a t ions  b e t w e e n  m o m e n t s  at  di f -  
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ferent sites, as for example is the case for a pure CF system, the dynamic susceptibility is 
simply related to the CF eigenstates 1~) and the cross section in eq. (2.12) reduces to the 
compact form, in the dipole approximation: 

a2~r 

d ~  dE 
kf [ ~ g j f  (0)]  2 _ N_~i(yre)2e_ZW(Q ) 1 

x ~pi( i lJ l l j ) ( j [J*L]i )8(co-  Ei-b Ej), 
i,j 

(2.33) 

where the subscripts i and j now refer to different CF eigenfunctions. The delta function, 
8(co - Ei -k- Ej), is appropriate only for vanishing CF linewidths, but the linewidth in 
practice always has an intrinsic temperature dependent CF component, with a distribution 
characterized by a Lorentzian component P (w, T). The delta function is thus replaced by 
a spectral weight function 

1 F 
P(co, T) -- (2.34) 7"[/-'2 _~_ o)2" 

This spectral weight function has the obvious normalization condition: 

f_ i-~ P(w, T) dw = 1. 
OQ 

(2.35) 

In more general terms, the spectral weight function can be further divided into quasi-elastic 
and inelastic components: 

P(co, T) =Pquasi(co, T)+Pinet(co, T), 

where 

(2.36) 

Pinel(O), T) = ~ aij Pij (09 4- (.oij), (2.37) 
i,j 

with aij the matrix elements for CF transitions. The Lorentzian full width at half height 
maximum 2F  is inversely proportional to the relaxation rate of the magnetization fluctua- 
tion energy. The intrinsic CF linewidths are connected to magnetic interactions by (Becket 
et al. 1977; Sugawara 1977, 1979): 

= - a 2 coth X'I (oJii ) 

n~j 
(2.38) 

where aij is the matrix element for CF transitions from state i to j ,  a(EF) the conduction 
electron density of states at the Fermi energy, Jex is the exchange integral between 4f and 
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conduction electrons and X"(w) is the imaginary part of the susceptibility, appropriately 
summed over the Brillouin zone. At high temperatures the linewidths vary linearly with 
temperature, giving a Korringa relaxation behaviour. 

The CF excitations are non-dispersive or weakly so, and are most conveniently stud- 
ied with polycrystalline material. For transitions between J-multiplets, which can only be 
observed by high energy transfer INS, the magnetic cross sections have been calculated 
exactly (Balcar and Lovesey 1986). The relevant experimental and theoretical details are 
reviewed by Osborn et al. (1991). Via the orientation factor expressed in eq. (2.13), the rel- 
ative intensities between CF levels are given, for polycrystalline material, by the squared 
matrix elements: 

1 
( I ~ l J ± l f  j} 2 = ~ ((/~ I J+ l f j )  2 -I- (/~ [ J - I f  j) 2 -I- 2(1-~lJzlf j)2), (2.39) 

where the CF states are now further labeled in terms of their irreducible representations 
/3. Clearly, the specific advantages of INS are that both the eigenvalues and eigenvec- 
tors of the CF interaction are simultaneously probed. The composition of these irreducible 
representations for all J are easily constructed from available compiled tabulations of the 
characters of the relevant space groups (Koster et al. 1963; Joshua 1991; G6dler-Walrand 
and Binnemans 1996). For a cubic crystal field Lea et al. (1962) (nominated LLW) intro- 
duced an ingenious method of representing the eigenfunctions and eigenvalues of the CF 
Hamiltonian for represented by: 

0 0 504]  0 0 04] ,  = B 6 [0 6  21 HCF 94 [04  -k q- -- (2.40) 

by setting the two parameters required for description of the CF in terms of parameters x 
and W defined by: 

Wx W(1 - Ix D (2.41) 
B ° -  F(4) '  B ° -  F(6) ' 

where - 1 ~< x ~< 1, and listing all the eigenvalues and eigenfunctions as functions of only 
one parameter x (the factors F(4) and F(6) are functions only of J,  and are tabulated by 
Lea et al. (1962)). For systems with a lower symmetry, their exists no similar method of 
the same ingenuity and simplicity for parameterizing the CF interaction. Extensions of the 
LLW technique have been carried further by, for example, Walter (1984) in the general 
case and by Segal and Wallace (1970, 1973, 1974, 1975) for systems of hexagonal point 
symmetry and for tetragonal groups (Amoretti et al. 1986). Walter introduced a parame- 
terization in such a way as to limit the range in the variation of the reduced parameters. 
For very small deformations from cubic point symmetry, the number of CF parameters 
can be suitably reduced (L6vy 1969). In the context of the INS scattering cross section 
for CF excitations, Birgeneau (1972) has tabulated all the matrix elements for magnetic 
dipole transitions for cubic symmetry in terms of the LLW parameter x. In this case, as 
(Ill [Jx IFj} = ( f  i [Jy lFj )  = (l'i [Jz IFj) ,  eq. (2.39) reduces to 

(/~ IJmlfj) 2 = 2(~-IJzlfj)  2. (2.42) 
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TABLE 7 

Crystal field states I/] ), in the representation I J, Mj ), and associated dipolar matrix elements I (F/IJ z I Fj ) 12 for 
cubic CF symmetry tabulated for J = 9/2  (Kramers) and J = 6 (non-Kramers) ions (adapted from Birgeneau 

(1972)). CF states are calculated for x = - 1  in the LLW notation. 

J = 9 / 2  

CFstate 

F 6 0.612 I q- 9/2) + 0.764 I -4- 1/2) + 0.204 I q: 7/2) 

FatD -0.789 I :k 9/2) + 0.573 I 4- 1/2) + 0.224 I q: 7/2) 
0.489 } 4- 5/2) + 0.872 I q: 3/2} 

--F8~2) 0.054 I 4- 9/2) -- 0.298 I 4- 1/2) + 0.953 I q: 7/2) 
0.872 I 4- 5/2) 4- 0.489 I T 3/2) 

F 6 F (1) 

6.722 8.944 

16.134 

FS(2) 
0.833 

7.922 

24.244 

J = 6  

CF state 

F 1 -0.661 14) + 0.354 [0) - 0.661 ] - 4) 
/~2 -0.395 16) + 0.586 12) + 0.586 I - 2) - 0.395 I - 6) 
F 3 0.586 16) -- 0.395 12) + 0.395 [ - 2) + 0.586 I -- 6) 

0.250 14) + 0.935 10) + 0.250 I - 4) 
F 4 0.685 [ 4- 3) - 0.433 [ q: 1) -- 0.586 [ q: 5) 

-0.707 14) + 0.000 10) + 0.707 I - 4) 

--F5 O) -0 .382 [ -t- 3) - 0.898 [ q: 1) - 0.217 ] T 5) 25.82 0.73 
-0.701 16) - 0.097 [ - 2) - 0.701 ] - 6) 

--F~ 2) -0.621 I 4- 3) -- 0.075 I :F 1) - 0.781 I q: 5) 4.42 0.18 5.29 7.19 
-0.097 16) -- 0.700 [ - 2) - 0.097 I -- 6) 

Vl V2 V3 

0 0 0 
o 

/~4 F5 (1) F(2) 

14.00 0 0 
9.58 

2.00 0 

0.50 0.58 24.92 

E x a m p l e s  o f  t h e  r e q u i r e d  m a t r i x  e l e m e n t s ,  w h i c h  d e t e r m i n e  t h e  a l l o w e d  t r a n s i t i o n s ,  a re  

t a b u l a t e d  in  t a b l e  7 a n d  d i s p l a y e d  i n  fig. 1 f o r  J = 5 / 2  ( K r a m e r s  i o n )  a n d  f o r  J = 6 

( n o n - K r a m e r s  ion ) ,  i n  a c u b i c  CF, as  a f u n c t i o n  o f  t h e  p a r a m e t e r  x .  F o r  s y s t e m s  o f  a l o w e r  

p o i n t  s y m m e t r y ,  t h e r e  a re  n o  p u r e  J + ,  J +  a n d  Jz t r a n s i t i o n s  a n d  t he  c o r r e s p o n d i n g  p o w d e r  

a v e r a g e  is:  

2 /2, ( / - ) l J l l f j )  2 = ~ [ (  ilJxlfj)2-1 - (I~lJylf j)2+ ( F / I 4 1 F j ) 2 ] .  ( 2 . 4 3 )  

C lea r ly ,  f o r  I N S  m e a s u r e m e n t s  o n  a p o l y c r y s t a l l i n e  s a m p l e  w i t h  a v e r y  l o w  R p o i n t  s y m -  

m e t r y ,  t h e  C F  p a r a m e t e r s  a re  u n d e t e r m i n e d .  R e c o u r s e  m u s t  b e  m a d e  to  I N S  i n v e s t i g a t i o n s  

o n  l a r g e  s i n g l e  c rys t a l s .  

A f u r t h e r  u s e f u l  r e l a t i o n s h i p  is t h e  s u m  ru le ,  w h i c h  f o l l o w s  f r o m  t h e  c o n s e r v a t i o n  o f  t he  

t o t a l  a n g u l a r  m o m e n t u m  J f o r  e a c h  c r y s t a l  f i e ld  s ta te :  

Z ~ [(FilJk]FJ)l 2 = N i J ( J + l ) '  ( 2 . 4 4 )  

i,j k=x,y,z 

w i t h  Ni t h e  d e g e n e r a c y  o f  t h e  s t a t e  ] /3) .  T h i s  is  e a s i l y  ve r i f i ed ,  b y  e x a m p l e ,  f o r  al l  t h e  c u b i c  

C F  s t a t e s  i n  t a b l e  7. F o r  n o n - c u b i c  C F  s y m m e t r i e s  a n d  K r a m e r s  i o n s  ( d o u b l e  d e g e n e r a c y )  a 
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TRANSITION PROBABILITIES d = 9 / 2  

o I ~ ' ~ M  L = I l I t i 
- o . +  - o . ,  o.o o . ,  o.+ 

( a )  x 

% 
K.- 

~z  

- l .O -0 .8  - 0 , 6  - 0 . 4  - 0 . 2  0 0 .2  0.4 0.6 O.B 'LO 

(b)  x 

Fig. 1. (a) Dipolar transition probability matrix elements I ( ~ l J z l F j ) l  2 for J = 5/2,  as a function of  the LLW pa- 

rameter x, in a cubic CF (from Birgenean 1972). (b) Dipolar transition probability matrix elements I (F /IJz l f j ) l  2 
for J = 6, as a function of  the LLW parameter x, in a cubic CF (from Birgeneau 1972). 
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further very useful relationship is the connection between quasi-elastic and inelastic matrix 
elements 

iJ.ir.]> 12 ____  J(J + i ) -  l< iJ.irj>l 2. 
+#j 

(2.45) 

This term can be sometimes utilized for polycrystalline systems of a low CF symmetry to 
identify at least a reasonable energy level scheme, after an accurate background subtraction 
of non-magnetic scattering around the quasi-elastic line. 

As no LLW analogue exists for non-cubic crystal fields, the CF Hamiltonian can be 
alternatively expanded in terms which consist of successive cubic, axial and rhombic con- 
tributions. However, in circumstances were the point symmetry of the rare-earth ion is far 
from cubic, as is the case in numerous non-cubic rare-earth intermetallics, such an ap- 
proximation must be used with some caution. It has, however, been utilized with some 
success for CF interactions in high Tc superconducting oxides (Mesot and Furrer 1997). 
A superposition model for the CE developed by Newman (1971), is often used to analyze 
contributions to the CF, in metallic systems. The relative simplicity of the model lies in 
the fact that the CF potential is expressed solely in terms of three 2nd, 4th and 6th order 
parameters, A2, A4, A6. These represent only the cylindrically symmetric part of the po- 
tential generated by the ligands of the R ion and are related to the actual CF parameters 
which need to be determined, via a factor which is determined solely by the specific geom- 
etry of the local environment around the R ion. In this way, approximate values of the CF 
parameters can be calculated, even by experimentalists. This is of utmost importance for 
systems with a low CF point symmetry. The CF superposition model appears to be valid in 
a large number of metallic systems (Newman 1983). 

The linewidths of the CF excitations naturally increase with increasing temperature, 
due to interactions with the lattice vibrations (spin-lattice interactions) and conduction 
electrons. At high enough temperatures, the inelastic CF excitations collapse into a broad 
quasi-elastic Lorentzian distribution. A theoretical treatment of the dynamics of 4f mo- 
ments coupled to the conduction electrons, in the context of INS, has been formulated by 
Becket et al. (1977) (BKF) and Peregudov et al. (1982). Dynamical exchange interactions 
arising from large fluctuations in J,  present near a magnetic phase transition and in the 
paramagnetic regime, also need to be taken into account in addition to the normal CF term. 
The effects of such interactions on CF excitations, as observed by INS, have been treated 
by Furrer and Heer (1973), Furrer (1977) and Sugawara (1977, 1979). Typically, the CF 
excitations are broadened, undergo a further splitting or are even shifted, in the presence 
of magnetic interactions. Many rare-earth intermetallics, in particular the RA12 series, are 
superconductors at low temperatures, and measurements of the CF relaxation rate by INS 
have been used with great effect for investigations of the electronic mechanisms respon- 
sible for the superconducting state in metals (Fulde and Loewenhaupt 1985; Boothroyd 
1997). The linewidths in such cases largely obey the predictions of the BFK theory. The 
interaction of 4f moments with conduction electrons is reviewed by Fulde and Loewen- 
haupt (1988). 

In summary, a typical INS investigation of CF interactions should first aim to estab- 
lish a rather definitive CF energy level scheme, together with the appropriate transition 
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probabilities between levels, by time-of-flight techniques, on polycrystalline material. If 
the magnetic excitations are non-dispersive or weakly so, the tremendous advantage of the 
time-of-flight technique is that the solid angle of the detector can be very large. Conse- 
quently, the scattering law can be measured for a large number of wavevector transfers 
simultaneously. This is done by an extensive set of temperature dependent scans, in order 
to identify the ground and excited states, via the CF population term. The total CF splitting 
is obtained by measurements with different energies of incident neutrons, since the total 
spread in CF levels is necessarily comparable to the magnitude of the incident neutron 
energy. The actual CF parameters can only then be obtained by combining INS investiga- 
tions with complementary techniques which are also sensitive to the CF interaction. Use 
of single crystals is clearly always an advantage and is encouraged, particularly if the CF 
symmetry is very low. Investigation of an isostructural series is also strongly advised, since 
the CF coefficients should not generally display any large variations in sign and magnitude 
across a series. 

2.3.2. Exchange interactions 
Inclusion of an exchange interaction means that the transitions arise from a magnetic 

coupling between neighboring ions and an analysis is subsequently more complicated. The 
simplest and most widely used approximation for the exchange interaction is the localized 
Heisenberg isotropic three dimensional Hamiltonian: 

Hex = - ~ J (ri - r j ) J i  • J j ,  (2.46) 
i , j  

where J is the exchange interaction between two neighboring ions located at ri and rj.  
For intermetallics, when only exchange between rare-earth ions is significant, the long 
range RKKY-exchange interaction is a good approximation (Sinha 1978; Jensen 1982; 
Jensen and Macintosh 1991). The Mean Field-Random Phase Approximation (MF-RPA) 
is then used to express the generalized dynamical susceptibility tensor in the following 
form (Buyers et al. 1975; Henggeler and Furrer 1998): 

X c~ (q, co) = Xo ~ (co) (2.47) 
1 - 2J(q)Xo ~ (co) 

where J(q) is the Fourier transform of the exchange coupling, with q now the wavevec- 
tor of the propagating magnetic excitation and X0(co) the single-ion CF non-interacting 
dynamic susceptibility: 

2/./2 (nlJ~lm)(mlJ~ln) 

lt~lT"l 

(2.48) 

The dispersion observed by INS is determined by the poles of the dynamical susceptibility, 
i.e., when 2J(q)Xo/~(~o) = 1. This formalism in terms of the MF-RPA allows a determi- 
nation of the Fourier transform of the exchange interactions to be made. For this purpose, 
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the dispersion of the magnetic excitations must be measured inside the Brillouin zone. The 
radial dependence of the exchange interactions is then obtained by an inverse Fourier trans- 
formation of J (q). The simplest case is that of a CF ground state singlet Fs and an excited 
Fe state separated by a CF splitting of A. The dispersion relation is of the form: 

co2(q) = /1[,4 -- 2(P~lJ,~lfe)(FdJ~lF~)]J(q)(pr~ - Pre). (2.49) 

In rare-earth intermetallics, under circumstances when there is a significant R-T (rare- 
earth transition metal) exchange interaction such as that occurring in Fe and Co rich com- 
pounds, the transition metal subtattice causes the rare-earth moments to order. The low 
lying moderately dispersive excitations are then essentially single ion excitations of the 
rare-earth moment, arising from interactions with the crystal field and transition metal ex- 
change field. This means that these systems can be particularly well described by the mean 
field approximation. In multi-sublattice intermetallics such as RFe2 and R2Co17, RzFe17, 
closed expressions for the dispersion of the low lying magnetic excitations in terms of 
CF and exchange parameters have been obtained (Clausen and Lebech 1982; Colpa et al. 
1989a, 1989b). Examples of more generalized treatments of the dispersion of magnetic ex- 
citations, in multi-sublattice rare-earth intermetallic ferromagnets and ferrimagnets which 
undergo spin re-orientation transitions, are those reported by del Moral (1992a, 1992b); 
Zhi-dong (1996) and Zhi-dong and Tong (1997). 

The excitations of the transition metal sublattice are observed to be generally highly 
dispersive and this dispersion is reminescent of the spin-wave dispersion observed, for 
example, in elemental Fe and Co (Stifling and McEwen 1987) 

w(q) = Dq a + Eq 4 + Fq 6, (2.50) 

where D, E and F are the dispersion constants. The magnetic excitations in intermetallics 
can also couple with the phonons when there are strong magneto-elastic effects present 
(Fulde and Loewenhaupt 1985; Morin and Schmitt 1990; Thalmeier and Liithi 1991). 

3. Complementary techniques for determination of the crystal field 
interaction 

Crystal field parameters deduced from INS measurements must always be verified by com- 
plementary spectroscopic and bulk macroscopic investigations. In particular, when there is 
a progressive lowering of the point group symmetry, where more than two CF parameters 
need to be determined, INS techniques alone may not suffice to give a unique set of param- 
eters. Alternative spectroscopic techniques exist and are briefly mentioned in the following 
sections. For rare-earth 3d-transition metal intermetallics, most of these techniques have 
been discussed in more detail by Franse and Radwanski (1993). 

3.1. Light scattering 

Methods using Raman spectroscopy are hardly an useful alternative for investigation of 
CF levels in intermetallic systems. The CF interaction has been studied with this technique 
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in mixed valence systems such as CeB6 (Zirngiebl et al. 1984), CeA12 (Gtintherodt et al. 
1983), CePd3 (Zirngiebl et al. 1984). The intermetallics PrB6 and NdB6 (Pofahl et al. 
1987) are stable lanthanide intermetallic which have been studied in detail. The technique 
offers a higher resolution than that attainable by neutron spectroscopy but single crystals 
are generally required and there is no simple relationship between the observed intensity 
and the CF eigenstates. Light scattering in intermetallic compounds has been reviewed by 
Zirngiebl and Gtintherodt (1991). 

3.2. Photoemission 

High resolution photoemission spectroscopy is extremely sensitive to details of the elec- 
tronic structure near the Fermi level, EF. The method suffers from a poorer energy resolu- 
tion and only information at high energies can be extracted. Takahashi et al. (1995) have 
demonstrated that the method can, in principle, be also used to deduce the eigenvalues 
of the CF interaction in rare-earth intermetallics. This was performed on a heavy fermion 
compound, CeB6, and the F7-F8 transition at 70 meV was tentatively identified. The draw- 
backs are that extreme experimental conditions (high vacuum, of the order of 10-11 Torr) 
are required, the instrumental resolution is rather poor (of the order of 20 meV) and single 
crystals need to be utilized. There is no simple correlation between the observed signal 
intensity and CF matrix elements, which is the principle advantage of the INS technique. 
The technique does not appear to offer complementary information about the low lying 
CF levels in rare-earth intermetallics, but is of importance for mixed valence and heavy 
fermion compounds (Lynch and Weaver 1988). Herbst and Wilkins (1988) have reviewed 
computational techniques and calculations of high energy 4f electron excitations in metal- 
lic compounds. 

3.3. X-ray absorption spectroscopy 

Sacchi et al. (1991a, 1991b, 1992a, 1992b) have pointed out the possibility of investigat- 
ing CF splittings in rare-earth intermetallics by using X-ray absorption spectroscopy with 
linearly polarized light at M4,5 edges of rare-earths. The idea follows on from calculations 
by Thole et al. (1985) for the expected linear dichroism of the rare-earths. The calculated 
linear dichroism is subject to the following dipole selection rules; AMj  = 0 for E parallel 
to q and AMj = -4-1 for E perpendicular to q, where E is the light polarization vector and 
q the photon wavevector and the intensity is proportional to (M 2 ), with Mj the component 
of J along the quantization axis. The technique is less direct than INS but is very sensi- 
tive to the type of rare-earth and minute quantities of material can be investigated. With 
incident energies of 1 keV and a 1 eV energy resolution, the details of splittings of a few 
meV can be obtained. The technique has promising prospects for investigation of crystal 
field effects in surfaces, interfaces, magnetic multilayers and thin films which cannot, at 
present, be investigated by INS. The theory and techniques of high energy X-ray absorp- 
tion spectroscopy are reviewed by R6hler (1988). The scattering and absorption of X-rays 
by magnetic materials are discussed in immense detail by Lovesey (1995) and Lovesey and 
Collins (1996). 
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3.4. Magnetic resonance 

Magnetic resonance methods measure the hyperfine splitting at rare-earth nuclei in rare- 
earth intermetallics. As has been previously stressed by Franse and Radwanski (1993), 
M6ssbauer spectroscopy of Gd compounds provides rather crucial information about the 
CE since the measured electric field gradient is generated by the surrounding charges and 
is hence directly related to the second order coefficient A 2. The technique is very much 
less sensitive to the higher order CF parameters since the intensity is orders of magni- 
tude smaller for the higher order multipolar interactions. Additionally, 5d and 6s electrons 
contribute to the hyperfine splitting and, consequently, the electric field gradient is not 
necessarily directly related to the 4f CF coefficients (Coehoorn 1991). Dormann (1991) 
has presented an extensive theoretical and experimental review of NMR methods in in- 
termetallics. Results pertaining to compounds related to permanent magnet materials have 
been reviewed by Kapusta et al. (1998) in chapter 3 of this volume. 

3.5. Point-contact spectroscopy 

Electrical point-contact spectroscopy is a method which can be used for a direct micro- 
scopic study of CF levels in metallic systems. In this sense, it is a highly complementary 
alternative to INS investigations. The energy levels of the Pr 3+ ion in PrNi5 were first in- 
vestigated by Akimenko et al. (1984) and this technique was sub sequently used for the first 
time to measure directly the Zeeman splitting of the CF levels in applied magnetic fields, 
up to 20 Tesla, for the same compound (Reiffers et al. 1989). The anisotropic magnetic 
field dependence of CF levels is directly observed and in addition, CF transitions which 
are forbidden in zero magnetic field, can be stimulated (fig. 2). The intensifies of the CF 
levels are given by the transition probability between initial 1~) and final I/f) states (Fulde 
and Loewenhaupt 1985), 

I (f'flJ • sl~)12, (3.1) 

where J and s are the total angular momentum and conduction electron spin operators, 
respectively. In spite of the obvious usefulness of this method, it has been rarely used 
for investigation of CF states in rare-earth intermetallics. It should become a much more 
widely utilized technique for a complementary determination of CF levels and states in 
single crystal rare-earth intermetallic compounds. 

Bulk techniques provide a useful way to verify the CF parameters determined by spec- 
troscopic methods for rare-earth intermetallic compounds. The most significant of these 
are described below. 

3.6. Magnetic susceptibility 

A distinct quantity of information about the CF interaction can be obtained from the 
anisotropy of the temperature dependent magnetic susceptibility in the non-interacting 
regime via the paramagnetic susceptibility, 

OM,~ 
X ~ ( T )  - 

~H~ 
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Fig. 2. Magnetic field dependence of the CF energies obtained for PrNi 5-Cu point contacts for fields along the 
a, b and c axes (different symbols for different contacts). The solid curves are calculated by a diagonalization of 
the Hamiltonian consisting of CF and Zeeman terms. The calculated numbers are proportional to the transition 
probabilities at 10 and 20 T and are given in the same order as the calculated energy levels. The dashed curves 
show the calculated energy of the F 1 level with CF parameters obtained from INS and magnetization data (after 

Reiffers et al. 1989). 

22{  (Fro I & IF',> 2 (F~ I J- IF~) 2 } 
=gj/ZB ~_~Pn kBT + 2 Z P n  E-m--~nn 

2 

gJll"B p.(FnlJ~lJn) 
kBT 

(3.2) 

where summations over terms with m = n are the Curie-like components of the susceptibil- 
ity and those with m ~ n are the Van Vleck contributions, with M and H the magnetization 
and applied magnetic field, respectively. The terms En and [Fn) are the eigenvalues and 
eigenfunctions of the Hamiltonian and p .  = exp(-flE.)/Z, with Z the partition function 
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Z = Y:~n e x p ( - f i E n ) .  There is an explicit dependence on the energy of the CF levels and 
the matrix elements connecting the eigenstates, but the sum is over all levels at a particular 
temperature and any information about a level or set of levels is lost. It obviously serves 
as a fundamental test of CF parameters obtained by other techniques. From determination 
of the three paramagnetic Curie temperatures (measured along the three principal axes of a 
single crystal), Oa, Ob and Oc, the CF parameters B ° and B 2 are directly obtained from the 
high temperature susceptibility (Bowden et al. 1971; Wang 1971; Boutron 1973; Shohata 
1977) 

kBOa = kBOp + I (BO + B~)(2J - 1)(2J + 3), 

kBOb --~ kBOp -- 1 0 ~B2 (2J - 1)(2J + 3), 

= k op + ° - 8 )(2J - 1 ) ( 2 J  + 3 ) ,  

(3.3) 

where the CF parameters are in degrees Ketvin and 0p is the paramagnetic Curie tem- 

perature. Clearly, for tetragonal and hexagonal crystal fields, the parameter B ° can be 

determined whilst for orthorhombic and lower symmetries, B ° and B 2 are similarly de- 
termined. 

3.7. Magnetization 

In the presence of combined CF, exchange and applied magnetic fields, the expecta- 
tion value of the magnetization can be calculated in the mean field approximation. The 
magneto-crystalline anisotropy energy at any particular temperature is determined by cal- 
culation of the variation of the magnetic moment as a function of the direction of the 
applied magnetic field. The thermal variation of the component ot (~ = x, y, z) of the 
magnetic moment is given by: 

OlnZ 
- gJl B (3.4) 

(tz~) =/~ 0H~ 
n 

with ]F~) now eigenstates of the Hamiltonian with inclusion of exchange and applied fields. 
In the paramagnetic regime, high magnetic fields are required to mix the different CF eigen- 
states. In the ordered regime, when an exchange field is present, the ordered moment as a 
function of temperature is calculated, in standard fashion, by obtaining self-consistent so- 
lutions which simultaneously satisfy the above equation and the molecular field condition 

h = )~NAgjl z2 (iz~). (3.5) 

The molecular field constant, )~, is determined by measurement of the ordering temperature. 
If this self-consistent solution is not unique, the minimum in the free energy 

1 
F ( T )  = - k B T  In Z + ~)~(/Zc~) 2 (3.6) 
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is calculated for various orientations of the molecular or applied field, for a given set of CF 
and exchange parameters. Quadrupolar terms can also be included in the free energy calcu- 
lation, if this interaction is of significance (Morin and Schmitt 1990). Ideally, the ordered 
magnetic moment is measured by neutron diffraction on powder or single crystal samples. 
The calculated temperature variation of the ordered moment with a given set of CF and 
exchange parameters can be compared with the neutron data. For single crystal samples, 
the high field magnetization, measured along specific crystallographic directions, provides 
a further important cross-check for CF and exchange field parameters obtained via INS or 
other techniques. In a more simplified approach, the magneto-crystalline anisotropy energy 
is modeled in terms of phenomenological anisotropy constants or coefficients (Asti 1990; 
Zvezdin 1995). By way of example, for tetragonal symmetry, the free energy expansion for 
the anisotropy energy is simply expressed as: 

EA(T) = K1 (T) sin20 + [K2(T) -t- K~(T) cos 4q)] sin40 

-[- [K3(T)  + K;(T) cos4q)] sin60 (3.7) 

where Ki (T) are temperature dependent anisotropy constants and 0, q) are polar angles 
which describe the direction of the rare-earth moment with, respect to orthogonal crystal- 
lographic axes. The anisotropy constants are determined from the applied magnetic field 
dependence and temperature dependence of the magnetization. When the CF can be con- 
sidered as a small perturbation of a dominant rare-earth transition metal exchange interac- 
tion, simple relationships exist between the anisotropy constants Ki (r) and CF parameters 
(Rudowicz 1987). For tetragonal symmetry, 

7 5BO{O0)+ 27B0(00) ' 

lrB4 04  584(04)], K~(r) = ~L 4\ 4 [  "~ 

231 o' o, 
K3(T) -- -i~ B6/O6/, 

1 1 4 ,  4 , 
x ; ( r )  = - ig~6/06/ ,  

(3.8) 

where the terms (O n ) are thermal averages of the Stevens operators. The transferability 
of CF parameters obtained from investigation of systems where the CF is the dominant 
interaction to those where the exchange dominates must, however, always be treated with 
some caution. 

3.8. Specific heat 

The magnetic specific heat is sensitive only to the eigenvalues of the magnetic system. 
In the paramagnetic phase, where CF effects are important, the levels are evidenced via a 
Schottky type contribution. The level degeneracy can also be deduced and the technique is 
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routinely used in analysis of systems with a significant CF interaction. For a sequence of 
CF field only eigenstates E~, at a temperature T, the magnetic part of the specific heat is 
given by the standard expression: 

( {~-~ { En ~2 ~--~{ En ~ 2} 
C(T)=\~/v=kB /.Pnn ~ ~/~-n-~l--/"'n ~" t~k£-Tpnl/ (3.9) 

where U is the internal energy. The non-magnetic background contribution to the specific 
heat is usually obtained by measurements on isomorphous La or Y compounds (except 
when these themselves become superconducting at low temperatures). Limitations in the 
accuracy of the technique arise from spin-phonon contributions and experience has shown 
that several sets of CF parameters can equally well fit the specific heat data. 

3.9. Magnetostriction 

Magneto-elastic interactions can be significant if the magnetic moment is strongly coupled 
to the lattice. Such a coupling has been observed in many rare-earth intermetallics where 
magnetoelastic energies can he considered as a weak perturbation of the CF and exchange 
interactions. The measured magneto-strictive strains for cubic and non-cubic crystals can 
be successfully modeled in terms of the irreducible deformation modes appropriate for 
the crystal point symmetry. An a priori knowledge of the CF and exchange interactions is 
usually required for a detailed analysis of the magnetoelastic coefficients. The magneto- 
elastic Hamiltonian is quite a complex function of the magnetoelastic parameters. For ex- 
ample, a suitable magneto-elastic Hamiltonian developed for cubic symmetry (del Moral 
and Brooks 1974) is given by 

= + 

6e A2  + 3[02]) (3.10) 

-[M~(O ° + 504) - M~(Og- 2104) - D"<a> 2 + <Jz>2]~ ~ 

where M~ and e~ are magnetoelastic CF and elastic energy parameters, respectively whilst 
D ~ is the magnetoelastic exchange parameter. The terms 01 and O~ are linear combi- 

nations of Stevens operators, O 1 = (O~ + O~-m)/2, O F = (O F - ofm)/2i. The CF 
and exchange parameters can be verified by fitting appropriate magnetostriction data per- 
formed at various temperatures. Magnetostriction in rare-earth intermetallics is reviewed 
by Clark (1980), Ibarra and del Moral (1990) and Andreev (1995). 

3.10. Electrical resistivity 

This is the best known method amongst transport property measurements (thermopower, 
electrical resistivity and conductivity) for detecting CF effects. An approximation, with 
inclusion of the CF interaction, for the spin-disorder resistivity in rare-earth intermetallics 
was obtained by Rao and Wallace (1970). In the first order Born approximation for scatter- 
ing from conduction electrons and rare-earth moments, the single ion CF contribution to 
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the electrical resistivity is expressed as (Hessel-Andersen et al. 1974; Purwins and Leson 
1990): 

37tNs p(T)  -- j 2 j (g j  _ 1)2 
heZ EF 

x ~_, Pi fij  [(i, si Isz" Jz]J, sj )2 + (i, si Is+" J+lJ, sj)a 
i , j  

+ (i, s i ls-"  J- l  j ,  sj) 2] 

with 

(3.11) 

2 
3~j = 1 ÷ exp[/~(Ei - Ej)] (3.12) 

and where i and si refer to initial 4f and conduction electron states, respectively, with 
energy El, N the total number of rare-earth ions, JsJ the exchange integral between con- 
duction electron and rare earth spins and EF the Fermi energy. The effect is important at 
temperatures lower then the overall CF splitting and, in practical terms, is of limited use 
for a precise determination of CF parameters, since other interactions, in particular those 
arising from quadrupolar scattering, need to be included in order to obtain even a correct 
theoretical description. More details can be found in the chapters by Fulde (1978) and 
Fulde and Peschel (1972). Transport properties of rare-earth and actinide intermetalfics are 
reviewed by Fournier and Gratz (1993). 

4. Inelastic neutron scattering experiments on stable cubic lanthanide 
intermetailics 

The most systematic and numerous INS studies have been carried out on systems where 
the point symmetry of the rare earth ion site is cubic. This is because the details of the 
CF interaction for cubic point symmetry requires the determination of only two CF pa- 
rameters, and usually INS studies are sufficient for this purpose. Correspondingly, a large 
number of intermetallic systems, polycrystalline and single crystal, have been investigated. 
These include those of the type RX with the CsC1 structure, cubic Laves phase RX2, RX3 
(Cu3Au structure type), RBeB (NaZn13 structure) and some Heusler intermetallics. The 
work on the CsC1 systems was preceded by the INS investigations of the CF interaction in 
pnictides and chalcogenides which crystallize in the cubic rocksalt NaC1 structure. These 
were the first examples of rare earth intermetallics studied by INS where the magnetic 
properties are determined by CF splittings, magnetic exchange coupling and (to a lesser 
extent) magneto-elastic interactions. The magnetism of these systems, and in particular 
their magnetic structures, has been reviewed by Gignoux and Schmitt (1997). 

4.1. RX (X = Bi, P, As, Sb) 

The first INS studies of the CF and exchange interactions in metallic systems were per- 
formed on these compounds. This early work has already been reviewed in the past (Fulde 
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1978; Sinha 1978; Fulde and Loewenhaupt 1985, 1988). The magnetic properties have 
been reviewed by Kirchmayer and Poldy (1971) and Buschow (1980). 

These compounds form a very rich field for the study of the interplay between compara- 
ble crystal field and exchange interactions as well as interactions with lattice phonons. The 
RN series are anomalous in that they appear to be semiconductors. The results obtained 
from INS investigations for the pnictides indicate that the CF parameters in these inter- 
metallics are reasonably well parameterized within a simple nearest-neighbor point-charge 
model, except for the heavy rare-earth lanthanides where there is a deviation. Das and Ray 
(1969) had already pointed out that conduction electrons would have a considerable part 
to play in influencing the CF potential, giving rise to a point-charge enhancement. Herbst 
et al. (1977) also noted the important role of the 5d band electrons in generating a 4f-5d 
interaction having the appropriate cubic symmetry for the R pnictides. The intermetallic 
TmSb, in particular, is the ideal exchange free singlet ground state paramagnet, as pro- 
posed by single crystal high field magnetization measurements performed by Cooper and 
Vogt (1970). Birgeneau et al. (1971, 1973) were able to verify this conjecture since no 
appreciable exchange broadening of the CF transitions was observed, even at low tempera- 
tures. In detailed INS studies on single crystals, anisotropic two-ion exchange interactions 
were confirmed for the systems PrSb (McWhan et al. 1978, 1979), TbP (Krtzler et al. 
1979; Loidl et al. 1979, 1982; Knott et al. 1980, 1981), ErSb (Knorr et al. 1983) and HoP 
(Furrer et al. 1977a; Furrer and Kaldis 1980; Fischer et al. 1985). The magnetic F1-F4 CF 
exciton of the singlet ground state system TbP in the paramagnetic phase was observed 
to contain a considerable dispersion as well as a large splitting in the [100] and [1 1 0] 
directions (fig. 3). This implies a long ranged anisotropic exchange coupling. In the anti- 
ferromagnetic phase, however, the anisotropic nature of the exchange interaction could not 
be confirmed, probably because of domain formation which ruled out a detailed analysis 
of the polarization of the observed modes. 

The antimonides have also been studied in detail by INS on single crystal materials. The 
earlier polycrystalline INS measurements which characterized the CF interaction served as 
very useful starting parameters for fitting the data to complex models for the magnetic ex- 
citation spectrum in the presence of exchange interactions. The lattice dynamics for these 
types of materials had already been well characterized, as for example in NdSb (Waka- 
bayashi and Furrer 1976), by INS. No phonon anomalies were observed at points near 
or at those of interest for the observed magnetic excitations. In the case of NdSb, a large 
quadrupolar exchange interaction was also observed, in addition to cubic CF and isotropic 
Heisenberg exchange interactions (Furrer et al. 1972, 1976, 1977c). The magnetic excita- 
tions in the singlet-ground state antiferromagnet TbSb were investigated by Holden et al. 
(1972, 1974). The exchange interaction in this system induces a ground state moment by 
mixing excited states in to the ground state, where a critical ratio between exchange and CF 
interactions is necessary to ensure a net magnetic moment. In this particular case, the CF 
Hamiltonian also contained an additional B ° term which takes into account the effects of 
the observed rhombohedral distortion of the cubic cell below the ordering temperature of 
15 K (Lrvy 1969). An excellent description of the observed frequencies and intensities was 
obtained within the framework of an CF-exchange model specifically developed for these 
types of systems (Pink 1968; Cooper 1969; Wang and Cooper 1969; Hsieh and Blume 
1972). With only the ground state populated, as measurements were performed at 4 K, a 
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Fig. 3. (a) Dispersion of the F 1 - F  4 magnetic excitation, at 7 .9  K, for cubic TbP, measured along the principal high 
syliLmetry directions. Lines are fits using an RPA approximation with coupling to fourth nearest Tb neighbors. 
(b) The wavevector dependence of the anisotropic exchange coupling for cubic TbP. The solid line is the best  fit 
of a phenomenological anisotropic exchange model to the experimental data which are given by dots. The dotted 

line illustrates the fit with an isotropic exchange model (from Loidl et al. 1982). 

pseudoboson method (Grover 1965; Buyers et al. 1971) was used to treat the wave-vector 
dependence of the magnetic excitations. 

For the compound DySb, a theoretical treatment of the expected magnetic excitation 
spectrum has been published (Sablik and Wang 1979), but no corroborative neutron spec- 
troscopy measurements appear to have been performed as of  yet. The motivation here is 
the fact that this system is an excellent example of a type-II antiferromagnet with isotropic 
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TABLE 8 

Crystal field coefficients for rare-earth RX intermetallics (cubic NaC1 structure) determined by INS experiments. 
Units for A m are in K r o  n . 

Compound x W (K) A 0 A 0 Ground state Ref. 

PrBi -0 .94  3.59 22.64 0.14 F 1 [1,2,4] 

NdBi 0.77 -2 .92  24.28 0.39 --/~8 t2) [6] 
TmBi -0 .74  - 1.46 94.44 2.06 F 1 [6] 

PrP -0 .95  7.10 44.93 0.27 F 1 [2,4,6] 

NdP 0.77 -2 .92  43.70 0.48 --FSt2) [5,6] 
TbP -0 .79  -0 .68  43.26 0 F 1 [6,15,16,17] 
HoP 0.75 -0 .29  76.88 0.71 F 1 [6,18] 

ErP 0.82 0.41 99.29 0.81 --FS(1) [6] 
TraP -0 .75  -1 .07  88.96 1.36 F 1 [6] 
YbP0.84 135.3 1.34 F 6 [26] 

PrSb -0 .97  4.47 28.21 0.10 F I [2,4,13,14] 

NdSb 0.78 -1 .81 27.61 0.28 --F~ 2) [5,6] 

NdSb 0.76 -1 .82  26.36 0.29 - -  /"g(2 ) [10,11] 
TbSb -0 .81  -0 .77  51.23 0 F I [6] 
TbSb - 0 . 8 0  -0 .53  35.20 0 /"i [7,8] 

ErSb 0.78 0.37 83.50 0.60 --F~ (1) [12,19] 
TmSb -0 .79  -0 .99  64.74 1.13 F I [3,6] 
YbSb 135.0 0.19 F 6 [27] 

PrAs -0 .95  6.55 41.33 0.24 F 1 [2,4] 

0.78 -2 .71  40.65 0.44 --f8 ~2) [5] NdAs 
TmAs -0 .75  -1 .49  97.34 2.01 F 1 [6] 
YbAs 116.0 1.39 F 6 [28,29] 

PrS -0 .92  7.17 47.16 0.45 1"1 [2,4] 

NdS 0.69 -3 .91  53.00 0.84 --/'(2) [9] 
PrSe -0 .95  6.88 43.40 0.26 F 1 [2,4] 

NdSe 0.69 -3 .57  48.46 0.77 --f~ (2) [9] 
- 0 . 1 0  0.69 -6 .06  -3 .34  /"5 (4) Tm0.87Se [20] 

PrTe -0 .95  5.09 32.12 0.09 F 1 [2,4] 

NdTe 0.66 -2 .55  33.10 0.60 --F8(2) [21] 

PrN -0 .91  20.7 125.61 1.26 /"1 [22,23] 

NdN 0.78 -8 .35  128.1 1.28 --f~ 2) [24,25] 
HoN 0.80 -0 .69  202.2 1.44 F 1 [25] 
TmN --0.38 -3 .85  127.4 1.28 f 1 [22,23] 
YbN 262.0 1.19 F 6 [30] 
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Heisenberg exchange interactions, with quadrupolar couplings in a cubic CE For PrSb, an- 
other singlet ground state model system, the evolution of induced moment magnetism with 
pressure has also been investigated (Vettier et al. 1977; McWhan et al. 1978). The observed 
decrease in the energies of the/"1-/"4 and/"4-/"5 CF transitions were suggested as a possi- 
ble indication of a pressure-induced soft-mode magnetic transition to an antiferromagnetic 
structure. 

The CF level scheme in an induced moment spin glass, PrP0.9, where vacancies cre- 
ated in random fashion on the P sublattice change the CF field considerably in comparison 
with stoichiometric PrP, decreases the/"1-/"4 splitting by approximately 10% (Yoshizawa 
et al. 1983). Also, in contrast to the stoichiometric compound, additional excitations were 
observed at low temperature. These authors modeled the CF structures for a vacancy distri- 
bution of one and two on the six nearest neighbor sites of the Pr ion, the nonstoichiometry 
lifting the degeneracies of the cubic CE On this basis, the positions and relative intensities 
of these extra transitions were found to be in approximate agreement with the data. The 
magnetic quasi-elastic scattering exhibited a peak at 8 K, as also observed by bulk suscep- 
tibility measurements, giving rise to a typical spin-glass behaviour, induced by the random 
vacancy distribution (Sherrington 1979; Hasanain et al. 1981). 

Crystal field coefficients for the series are tabulated in table 8. Also included are the 
results of INS studies for YbP (Drnni et al. 1990a; Kohgi et al. 1990), YbN (Drnni et 
al. 1990b), YbSb (Drnni et al. 1991) and YbAs (Drnni et al. 1992; Keller et al. 1994) 
which display a characteristic Kondo or heavy fermion behaviour. The CF coefficients for 
these compounds are, however, also in approximate accord with the variation shown for 
each isostructural series, having the same signs and approximate orders of magnitude. The 
fourth order term is the dominant one, as it is for the whole series. 

4.2. RB6 

The rare earth hexaborides can be visualized to crystallize in the CsC1 type structure, char- 
acterized by two interpenetrating simple cubic lattices, one with boron octahedra and the 
other consisting of R atoms. Rare-earths in this structure are found to exhibit Kondo lattice 
behaviour in CeB6 (Komatsubara et al. 1983) and valence fluctuations in StuB6 (Wachter 
and Travaglini 1985) whilst PrB6 and NdB6 display a much more conventional magnetic 
behaviour. Inelastic neutron scattering measurements have been reported for PrB6 and 
NdB 6 (Lowenhaupt and Prager 1986; Erkelens et al. 1988). The measurements for poly- 
crystalline PrB6 (Loewenhaupt and Prager 1986), performed above the antiferromagnetic 
ordering temperature of 6.9 K (McCarthy et al. 1980), indicate a F5 triplet as the ground 
state whilst those reported for polycrystalline NdB6 propose a 1"8 quartet ground state, 
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Fig. 4. Dispersion of the magnetic excitations, measured along the high symmetry directions [0 0 I] and [1 0 1] at 
1.2 K, for cubic NdB 6. Lines are fits to a CF and exchange model with interactions up to third nearest neighbors 

and a CF splitting from the ground to first excited state of 16 K (from Erkelens et al. 1988). 

TABLE 9 

Crystal field coefficients for a few representative cubic REB 6 (CsC1 structure) and REBel3 
(NaZni3 structure) intermetallics determined by INS experiments. Units for A m are in K ron. 

W (K) A 0 A 0 Ground state Ref. Compound X 

PrB 6 0.95 9.50 -60.17 0.33 /"5 [1] 

NdB 6 -0 .84 -3.85 -63.60 0.43 /"8 (2) [1] 

ErB13 -0.28 0.09 -7.55 0.49 F 7 [2] 

References: 

[1] Loewerdaaupt and Prager (1986) 
[2] Vigneron et al. (1980) 

also in agreement with Raman scattering measurements (Pofahl et al. 1987). The mag- 
netic ordering in PrB6 was also found to be rather complex, with a further transition from 
an incommensurate to a commensurate double-k structure at 3.9 K (Burlet et al. 1988). 
This is consistent with a strong quadrupolar interaction which is extremely weak in NdB6. 
Negative fourth order CF parameters and small positive sixth order parameters obtained 
from these studies were in agreement with susceptibility and resistivity data for PrB6 (Fisk 
and Johnston 1977) but in disagreement with the level scheme deduced from specific heat 
and resistivity measurements available for NdB6 where a positive fourth order parameter 
was deduced (Luft et al. 1983). A detailed study of the magnetic excitations within the 
/'8 quartet in a single crystal of NdB6 (Erkelens et al. 1988) which orders antiferromag- 
netically at 8.6 K (McCarthy and Thompson 1980) was interpreted in terms of up to 3rd 
nearest neighbor isotropic exchange interactions. A negligible quadrupolar interaction was 
inferred, and this study confirmed the values of the CF parameters obtained on powder 
material (fig. 4). The Newman superposition model has also been tested for this series of 
intermetallics (Newman 1983). The CF coefficients, as determined by INS, are tabulated 
in table 9. 
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Fig. 5. Crystal field transitions observed for polycrystalline cubic ErBel3 by INS at 4.2 K, which is above the AF 
ordering temperature for this compound. The curves refer to fits of: (1) the elastic nuclear incoherent scattering; 

(2) inelastic CF excitations and (3) quasielastic paramagnetic scattering (from Vigneron et al. 1980). 

4.3. RBe13 

A competition between CF and exchange interactions is a characteristic of  R beryllides 
RBel3, which crystallize in the cubic NaZnl3 structure, with a CF generated by 24 Be 
nearest neighbor atoms. Neutron diffraction studies have revealed incommensurate and/or 
commensurate structures for DyBel3 (Vigneron et al. 1982) and TbBe13 (Bouton et al. 
1980; Vigneron et al. 1985a) whilst HoBe13 undergoes a series of  incommensurate heli- 
cal and commensurate magnetic structures (Vigneron et al. 1985b). The largest overall CF 
splitting in the series, on the basis of  specific heat measurements (Bucher et al. 1975; Van 
der Linden et al. 1980), is estimated at approximately 40 K for ErBe13, going down to a low 
value of  about 10 K for TbBel3. INS measurements have been carried on ErBe13 in order 
to determine the CF parameters (Vigneron et al. 1980). This system is the most appropri- 
ate for an INS investigation, as it has the lowest ordering temperature at 3.0 K and largest 
overall CF splitting, of  the series. The ground state is deduced as a 1"7 doublet (fig. 5). 
A point charge calculation failed to explain the observed signs of  the CF parameters. Dif- 
ferent parameters (Van der Linden et al. 1980), deduced from specific heat measurements, 
fail to reproduce all the observed INS transitions. The magnetic phase diagram of the se- 
ties, incorporating reasonable values of  the experimentally determined CF and exchange 
energies, has been deduced from a free energy calculation (Vigneron et al. 1985a, 1985b). 
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The CF parameters, obtained from various bulk magnetic measurements for the series, are 
comprehensively summarized by Besnus et al. (1983) and those determined by INS for 
ErBe13 are tabulated in table 9. There is a peculiar and unexplained sign reversal of the 
fourth order parameter in the series. 

4.4. RX (X = Ag, Zn, Cu) 

The measurements of the magnetic excitations by INS in equiatomic R intermetallics 
with Ag, Cu and Zn, which crystallize in the cubic CsC1 structure, has played a large 
part in the determination of fundamental interactions which are responsible for a par- 
ticularly rich variety of magnetic properties exhibited by the series. These include the 
single-ion anisotropy determined principally by CF effects, a long range Heisenberg ex- 
change interaction, anisotropic exchange and higher order pair interactions which are par- 
ticularly prevalent in RZn compounds. The qnadrupolar interactions and magneto-elastic 
effects present in these systems have been summarized by Morin and Schmitt (1990) and 
Thalmeier and Ltithi (1991). The magnetic properties of the entire series have been re- 
viewed by Gignoux and Schmitt (1997). 

4.4.1. RAg 
The CF interaction in this series has been investigated by powder INS spectroscopy on 

compounds with Pr, Er and Ho. The magnetic structure of PrAg is of the so called anti- 
ferromagnetic (Jr n- 0) type (Brunet al. 1974) with an ordering temperature of 14 K. The 
cubic CF parameters have been determined in two separate INS investigations. The LLW 
CF parameters W = - 5 . 4  K, x = -0 .79  determined by Morin and Schmitt (1982) and 
W = -3 .66,  x = -1 .00  proposed by Brun et al. (1974) give an overall CF splitting of 
about 20 meV and the F5 triplet as the ground state. The observed parameters are fortu- 
itously in agreement with a point charge calculation with assignment of a zero Ag charge 
and tri-positive Pr ions. Morin and Schmitt (1982) also observed an additional weak ferro- 
magnetic component of the magnetic structure below 6.9 K and proposed strong quadrupo- 
lar interactions as being responsible for the non collinear structure. The CF parameters in 
the HoAg compounds, determined by INS, are reported by Tellenbach et al. (1975) and 
Schmitt et al. (1977a, 1977b). In order to isolate the CF interaction, systems diluted with 
Y were studied in the first instance, since the ordering temperature of HoAg is rather high 
at 33 K. Tellenbach et al. (1975) also investigated the pure compound HoAg at 78 K. 

Both results propose the F5 (1) triplet for the ground state. Within a mean field model, the 
temperature dependence of the Ho moment is perfectly reproduced using the determined 
CF parameters, lending additional credence to their reliability. The ErAg system has been 
investigated in two separate INS studies (Morin et al. 1974; Furrer 1975). Both report 

W = -0 .48  K and x = 0.42 with a F8 (3) ground state quartet and a large CF splitting of 
about 200 K. These results are in total contradiction with susceptibility (Williams and Hirst 
1969) and EPR measurements (Rettori et al. 1973) on dilute compounds with 0.28 at.% and 
1.1 at.% Er which propose a / ' 7  ground state doublet and W = 0.55 K, x = -0.35.  The 
magnetic structure, as reported in the neutron diffraction measurements of Nereson (1973), 
presents two AF transitions at 18 K and 9.5 K. Below 9.5 K, the structure is commensu- 
rate, and intermediate between 9.5 K and 18 K, it is reported as sinusoidally modulated. 
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This complex behaviour was modeled by Furrer (1975) in a particularly elegant manner 
using CF and exchange parameters determined by INS. Total agreement is obtained with 
the susceptibility results for ErAg (Walline and Wallace 1964; Pierre and Pauthenet 1965) 
and the temperature dependence of the zero field magnetization as determined by neutron 
diffraction. 

4.4.2. RZn 

The CF parameters for compounds with Pr, Nd, Tb, Ho, Er and Tm have been determined 
by INS studies. In addition, a large effort was devoted to studying the magnetic excitations 
in these systems displaying strong quadrupolar interactions, especially by use of single 
crystals. Inelastic neutron scattering for Pr and Nd compounds is reported by Morin et al. 
(1978a, 1978b) and for NdZn by Amara and Morin (1996) for diluted compounds, in order 
to suppress the strong exchange interactions between R ions. The compound TbZn orders 
ferromagnetically above 204 K (Morin and Pierre 1973) with a temperature variation in the 
easy axis directions, with (1 1 0) being the axis easy until 65 K above which the (1 0 0) axis 
becomes the easy magnetization direction. The rather high ordering temperature precludes 
an investigation of CF effects only by INS and no experiments have been reported with 
compounds diluted by Y. The dispersion of the magnetic excitations in a single crystal of 
TbZn was studied by Hamaguchi et al. (1980). Above the spin rotation temperature of 65 K, 
the dispersion of the excitations displayed a long range oscillatory exchange interaction 
and single-ion anisotropy. In this case, CF parameters with W = 1.0 K and x = -0 .3  
determined by bulk means were implemented into the model CF and exchange Hamiltonian 
as hardly any non-dispersive excitations were observed. Data below the spin re-orientation 
temperature were also taken but it was not possible to adequately fit it in terms of just CF 
and exchange interactions, invoking the presence of a possible quadrupolar interaction. 

In the case of HoZn, which also presents a spin re-orientation at 23 K (Morin and Pierre 
1973), numerous INS studies exist. The CF interaction in a Y diluted polycrystalline com- 
pound, Ho0.15Y0.85Zn was determined by Schmitt et al. (1977a, 1977b). They obtain a 
F5 1) triplet ground state with an overall CF splitting of 275 K. A reasonable but not to- 
tally satisfactory agreement for the field dependence of the magnetization along the three 
high symmetry directions [1 1 0], [1 1 1] and [1 0 0] was obtained with these CF parameters 
inserted into a MF model. More substantive measurements on a single crystal of HoZn 
report the magnetic excitations at 4.2 K (Hennion et al. 1977; Pierre et al. 1977) as well 
as near the spin re-orientation temperature (Hennion and Pierre 1979). At all temperatures 
a consistent fit to the intensity and dispersion of the modes using the previously deter- 
mined CF parameters could only be obtained by also invoking quadrupolar interactions. 
The exchange interaction shows a dominant ferromagnetic coupling at first and third near- 
est neighbors with significant interactions even up to sixth nearest neighbors (fig. 6). 

Powder measurements on Er0.2Y0.sZn also assign a F8 quartet to the ground state (Morin 
et al. 1974, 1976) and account for the bulk magnetic properties in good fashion when used 
as inputs in a CF and mean field exchange calculation of the magnetic anisotropy (Morin 
and Pierre 1973). Single crystal magnetization and magnetostriction measurements carried 
out on ErZn are well accounted for when CF parameters determined by INS are used for 
their interpretation (del Moral et al. 1974). 
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Fig. 6. Dispersion of magnetic excitations measured for a cubic single crystal of HoZn at 21 and 25 K. Crystal 
field parameters x = 0.08 and W = 0.36 K were used, as well as quadrupolar interactions. Continuous lines refer 
to transverse excitations whilst dashed lines refer to longitudinal excitations. Numbers are the imaginary part of 

the dynamic susceptibility (from Hermion and Pierre 1979). 

Neutron spectroscopy measurements are also reported for the quadrupolar compound 
TmZn. Powder measurements slightly above both the magnetic ordering at 8.1 K and the 

structural transition induced by quadrupolar ordering at 8.6 K, lead to the F5 O) triplet 
ground state in the paramagnetic phase (Morin et al. 1978b). Measurements of the dis- 
persion of magnetic excitations in a single crystal of TmZn however failed to show any 
appreciable effect on the excitations, which could be modeled adequately by just cubic CF 
and isotropic exchange terms (Morin et al. 1980). This was also the case in a similar study 
of the magnetic excitations in Tm0.9Lu0.1Zn (Morin et al. 1981). The only possibility is to 
couple the dipole susceptibilities, which are very sensitive to neutrons, to the quadrupolar 
ones via an external perturbation such as a magnetic field (Fulde and Loewenhanpt 1985). 
Magnetic form factor measurements are reported for TmZn in the ordered phase (Givord 
et al. 1982, 1983) with CF parameters determined, but not in agreement with INS investi- 
gations. 

4.4.3. RCu 
The intermetallic HoCu orders antiferromagnetically below 28 K (Wintenberger and 

Chamard-Bois 1972) but the magnetic structure remains ambiguous. INS measurements 
on Ho0.25Y0.75Cu (Schmitt et al. 1977a, 1977b) report a CF F5 triplet ground state which 
accounts for the observed high field magnetization measurements reported in the previous 
reference. Measurements on ErCu (Morin et al. 1974; Pierre et al. 1978) assign a F8 quartet 
to the ground state, similar to ErZn and ErAg. The CF parameters account for the observed 
[1 0 0] easy axis direction of magnetization. The magnetic excitations in a single crystal of 



CRYSTAL FIELD EFFECTS IN INTERMETALLIC COMPOUNDS 533 

ErCu were investigated by Pierre et al. (1978). Also in this case, higher order interactions 
beyond CF and isotropic exchange were required to account for details of the observed 
modes. The dispersion of the modes could only adequately be described by interactions 
extending out to fourth nearest neighbors. A similar dispersion of the magnetic excitations 
is reported for TmCu (Morin et al. 1984) with an even longer ranged bilinear exchange 
interaction. 

4.4.4. RMg, RRh 
Neutron spectroscopy investigations of the CF interaction are reported for ErMg, ErPd 

(Morin et al. 1976; Schmitt et al. 1977b), HoMg (Schmitt et al. 1977a, 1977b), RRh, R = 
Tb, Ho, Er and Tm (Rossat-Mignod et al. 1974) and for HoRh (Chamard-Bois et al. 1973). 
The principal motivation for studying these compounds was to test the dependence of CF 
parameters as a function of the valence of the ligand atoms and electronic structure. As 
is usual in neutron investigations of CF transitions, non-magnetic reference compounds 
like YZn (Morin et al. 1974) and YRh (Chamard-Bois et al. 1973) were also measured in 
order to isolate the CF excitations form phonon scattering. For ErMg, parameters W = 

-0 .32  K and x = -0 .03 give a F8 (3) ground state quartet. These give a fourth order CF 
parameter which is opposite in sign to corresponding ErAg, ErCu and ErZn materials. 
For ErPd a definitive solution for W and x was not deemed possible due to the presence 
of an additional FeB type orthorhombic phase. Both proposed solutions, however, lead 
to similar and negative values of the sixth order CF parameter. The INS data for ErMg, 
which orders AF below 5.5 K, reproduced the measured high field magnetization data for 
the high symmetry directions (Morin et al. 1976). The INS data for HoRh, which orders 
antiferromagnetically at 5.5 K with a moment of 5.2/zB (Chamard-Bois et al. 1973), assign 

a F5(1) triplet for the ground state with W = 6.0 K and x = 0.43. The composition of 
this state with the fitted INS parameters is in good agreement with the observed magnetic 
moment at 1.2 K. For HoMg, the ordering temperature is much higher, at 21 K and because 
of this, a compound diluted with Y, Ho0.2Y0.8Mg, was investigated. 

The CF coefficients for the series of CsC1 type compounds, as determined by INS, are 
collected together in table 10. There is clearly a very satisfying consistency in the signs 
and magnitudes of the determined coefficients. The Newman superposition model has also 
been satisfactorily tested for the series (Newman 1983) and ab initio electronic structure 
calculations of the CF parameters now exist (Divis and Kuriplach 1993, Divis et al. 1995). 

4.5. RX3 (X = Sn, Pb, In, Pd, Tl, Al, Ga) 

Intermetallics which crystallize in the cubic Cu3Au structure have been extensively inves- 
tigated by INS. These include systems with Pd, Sn, In, Pb, T1, A1 and Ga. They are ideal 
as the series present a high coordination and a large number of valence electrons, which 
range from 12 in In and T1 compounds up to 15 for Sn and Pb compounds, and hence the 
magnetic properties are dominated by CF effects. The magnetic properties have been sum- 
marized and reviewed by Buschow (1980). The magnetic structures of the systems with In 
and Sn have been investigated in the past (Arnold and Nereson 1969; Nereson and Arnold 
1970; Lethuillier et al. 1973) whilst later neutron diffraction data for RPd3 compounds are 
reported by Elsenhans et al. (1988, 1991). Crystal field effects for some members of the 
series have already been discussed by Ltithi (1980). The magnetic properties of the entire 
series have been reviewed by Gignoux and Schmitt (1997). 
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TABLE 10 

Crystal field coefficients for rare-earth interrnetallics RE X (X = Ag, Zn, Cu, Rh, Pd) which crystallize in the 
cubic CsC1 structure determined by INS experiments. Units for coefficients An m are in Kron. 

Compound x W (K) A40 A 0 Ground state Ref. 

PrAg -0.79 -5.40 -28.56 -0.80 F3"51) 

HoAg 0.43 0.312 -48.71 - l . 8 4  F~'51) 

Hoo.2Yo.sAg 0,40 0.335 -48.66 - l . 8 3  F~'5"3) 
ErAg 0,43 -0.435 -55.40 -1.85 

Er0.2Y0.sAg 0.43 -0.493 -61.90 -2.06 /"8 °)  
Tbx Lal -x  Ag Not reported 

Pro.25Lao.75Zn -0,57 -3 .6  -13.68 - l . 0 8  F 3 
Ndo.lLa0.9Zn 0.18 2.5 -7.56 -1.79 F 6 
Nd0.2La0.sZn 0.05 2.0 -1.96 -1.32 /"6 
TbZn -0.30 1.0 -24.74 - 1.20 

o ,o 6 :i11  
Ho0.15Y0.85Zn 0.08 0.36 -10.46 -3.35 

Ero.2Yo.sZn 0.16 -0.58 -27.33 -3.57 "8F~3) 

TmZn -0.31 1.25 -32.37 -4.52 /"~1) "5  
Tm0.9Lu0.1Zn -0.29 1.30 -33.25 -4.99 /"5 (1) 

Ho0.25Y0.75Cu 0.34 0.40 -49.31 -2.79 "5~(1) 
ErCu 0.34 0.40 -49.31 -2.79 /"~3) "8  
ErCu 0.34 -0.63 -63.71 -2.70 /"f3) "8  
Er0.2Y0.sCu 0.34 -0.63 -63.71 -2.70 /"(3) 

-0 .42 1.4 -51.16 -4.41 --/"5 ~1) TmCn 

Pr0A5La0.85Mg 0.68 -5 .8  26.29 -1.29 /'3 
Ndo.25Lao.75Mg -0.47 3.5 32.01 -1.30 /"6 

Hoo.20Yo.80Mg -0.26 -0.32 30.46 -2.42 "5,F(1) 
ErMg -0.03 -0.32 2.83 -2.24 /"8 (3) 

ErPd -0.22 -0.58 37.40 -3.26 /"(3) 

HoRh 0.43 0.56 -88.86 --3.29 /"5 (1) 

Tbo.6Yo.4Rh -51.0 -4.15 /"5 (1) 
TmRh 0.43 0.56 -88.9 -3.56 /"3 
ErRh -106.9 -3.95 --/"~3) 

[1] 
[2] 
[3] 
[3,4] 
[5] 
[6] 
[7] 

[8] 
[9] 
[8] 
[10] 

[11,12,13] 

[4] 
[5] 
[14,15] 

[16] 

[4] 

[13] 

[17] 

[51 
[18,19] 

[8] 
[8] 

[4] 

[201 

[2O] 

[21,22] 

[22] 
[22] 

[23] 
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4.5.1. RSn3 
Murasik et al. (1976) and Furrer et al. (1977b) performed INS measurements at high 

temperatures on PrSn3 and obtained CF parameters x = 0.80 and W = 0.158, giving 
a / ' 5  ground state. The good consistency of this solution was checked with the available 
experimental bulk data, such as susceptibility (Tsuchida and Wallace 1965; Czopnik et al. 
1970) and neutron diffraction (Lethuillier et al. 1973). The available resistivity data at low 
temperatures (Czopnik et al. 1970) is also in reasonable agreement with a calculation of 
CF effects on the spin-disorder resistivity. In this particular investigation, the importance 
of including the effects of exchange fluctuations in the dynamic effective field approxima- 
tion (Furrer and Heer 1973; Furrer 1975) was amply demonstrated where calculated CF 
transition probabilities in the limit of non-interacting ions gave a less satisfactory fit. The 
CF level scheme in LaxPrl-xSn3 with x = 0.98 and x = 0.92, is reported by Hoenig and 
Loewenhanpt (1979a). These measurements were carried out on the dilute compounds as 
these present ideal model systems for investigation of CF effects in the superconducting 
state (Lethuillier 1975). Unfortunately, only one CF transition was identified and thus a 
definitive CF assignment was not possible, but in this instance a F1 groundstate is in agree- 
ment with specific heat data for the dilute series (McCallum et al. 1975). Measurements 
using INS at a temperature just above the ordering point for PrSn3 are also reported by 
Grog et al. (1977, 1980) but revealed only a quasielastic line. These authors attribute the 
excitation observed by Murasik et al. (1976) to scattering from phonons. More extensive 
investigations of the magnetic excitations in a single crystal of PrSn3 are reported by Knorr 
et al. (1988). The quasielastic distribution reported in the previous work was confirmed and 
implies a small CF splitting, which is in contrast to the overall CF splitting of 74 K deduced 
by Murasik et al. (1976). These measurements are in agreement with the INS data on the 
LaxPrl-xSn3 series, where the/-'1 state is also alternatively proposed as the ground state 
(Hoenig and Loewenhaupt 1979a, 1979b). This ground state is compatible with the experi- 
mentally determined ordered moment lying along the (0 0 1) direction, albeit however with 
a moment magnitude larger (2.9/ZB) than the experimental value of 2.65/ZB. The nature 
of the magnetic excitations reveals a strongly anisotropic coupling between first nearest 
neighbor Pr ions. The reduction of the moment from its free ion value is postulated as 
being due to k - f  scattering (Becker et al. 1977). 

The CF level scheme in NdSn3 is reported by Lethuiller et al. (1975) who used the INS 
and neutron diffraction technique to obtain two alternative solutions for the CF parameters. 
The/"6 ground state is the correct one since it reproduces in a precise way the temperature 
dependence of the susceptibility and the observed magnitude of the ground state moment, 
1.6/ZB. The calculated contribution of the CF splitting to the measured spin-disorder resis- 
tivity, using the CF parameters determined by INS, gives a good qualitative agreement with 
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the reported low temperature resistivity for NdSn3 (Kletowski et al. 1980). The CF inter- 
action in a dilute compound, Lao.92Nd0.08Sn3, also studied by INS, confirmed the ground 
state determined for the pure compound (Umlauf et al. 1979). The calculated specific heat 
was in excellent agreement with the INS result. Furthermore, in this dilute system, which 
is a superconductor at low temperatures, the concentration dependence of the supercon- 
ducting transition temperature could be fitted, for low Nd concentrations, by the theory of 
Keller and Fulde (1971), using the above mentioned CF level scheme. The CF coefficients 
determined for RSn3 compounds are collected together in table 11. 

4.5.2. RPb3 
In this series, intermetallics with Pr, Nd, Er and Ho have been studied by INS techniques 

for the purpose of determining the CF interaction. Measurements on polycrystalline PrPb3 
established two CF transitions from the ground state, F3-F4 (19 K) and/'3-/"5 (29 K) 
(Grog et al. 1980). Subsequent INS data performed on a single crystal demonstrated a 
substantial dispersion of these two CF excitations (Niksch et al. 1982, fig. 7). These data 
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Fig. 7. (a) Dispersion of the F3-F 4 and F3-/" 5 CF excitations for a single crystal of cubic PrPb 3 displayed for 
two values of the reduced momentum transfer q (from Niksch et al. 1982). (b) Dispersion of the F3-F 4 and 1" 3- 
/"5 CF excitations for a single crystal of cubic PrPb 3 along the three principal symmetry directions. Continuous 
lines are fits of a mean field RPA model with a dominant second nearest neighbor anti-ferromagnetic exchange 

interaction (from Niksch et al. 1982), 
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TABLE 11 

Crystal field coefficients for cubic RX 3 intermetallics determined by INS experiments. Coefficients are in units 
of  K ro n . 

Compound x W (K) A 0 A 0 Ground state Ref. 

PrSn3 - ~< 0.15 - - F5 [1] 
PrSn 3 - 1 0.45 2.97 0 F 5 [2] 
PrSn 3 0.8 1.76 -9 .39  0.24 /'5 [3] 
PrSn3 /'1 [4] 
Pr0.02La0.98 Sn 3 Not reported /'1 [5] 
Pr0.08La0.92Sn 3 Not reported F 3 [6] 
NdSn 3 0.24 1.37 -6 .74  -0 .75  /'6 [7] 
Nd0.08La0.92Sn3 0.24 1.37 -6 .74  -0 .75  F 6 [8] 
TbxLa l -x  Sn3 Not reported [5] 

x = 0.02, 0.08, 0.15 

NdPb 3 0.13 1.22 -3 .35  -0 .99  /'6 [7] 
PrPb 3 0.11 -0 .37  0.27 -0 .25  F 3 [1,9,10] 
Pr0.02La0.98 Pb 3 0.39 -0 .35  1.00 -0 .15  F 3 [5] 
Pr0.08La0.92Pb 3 Not reported [6] 

ErPb 3 0.33 - 0 . 3 2  -31 .24  -1 .55  "8/'(3) [1,9] 

HoPb 3 0.08 0.13 -3 .73  - l . 3 5  /'5 (1) [1] 

Prln 3 - 0 . 66  2.68 l 1.79 0.63 F1 [1] 
Ndln 3 0.45 - 1.19 10.48 0.45 /'6 [ 11 ] 
Erln 3 ~< 0.02 [1] 

0.40 0.18 -26 .14  -1 .12  F (1) Holn 3 [11 
D 

PrPd3 0.85 4.24 -23 .29  0.44 /'5 [12] 
Pr0.05Y0.95Pd 3 0.87 3.57 -20 .14  0.29 /'5 [15] 

NdPd 3 -0 .91  -1 .46  -19 .65 0.27 "8  /I, (2) [12] 

Nd0.05Y0.95Pd3 -0 .91  -1 .38  -23 .17 0.27 /'8 (2) [15] 
TbPd 3 Not resolved [ 13] 
TbPd 3 Not resolved [16,17] 
Tb0.05Y0.95Pd 3 0.97 -0 .38  -21 .73 0.33 /'3 [14,15] 

DyPd 3 0.87 0.18 -24 .00  0.15 "8F' (1) [16,17] 

Dy0.07Y0.93Pd 3 0.88 0.19 -23 .44  0.26 /'8 ° )  [15] 
Ho0.06Y0.94Pd 3 -0 .94  -0 .09  -23 .14  0.55 [13] 
ErPd 3 -0 .83  0.09 -23 .90  0.12 F 6 [17,18] 
Er0.05Y0.95Pd 3 -0 .84  0.10 -23 .90  0.12 F 6 [15] 
TmPd 3 -0 .69  0.42 -26 .33 -0 .26  /'3 [17] 
Tm0.05Y0.95Pd3 -0 .85  0.34 -24 .85 -0 .28  /'3 [15] 
YbPd 3 0.87 4.28 -30 .28  1.12 /'7 [17] 

PrT13 -0 .61  0.88 3.58 0.24 /'1 [1] 
Pr0.5La0.5T13 Not resolved [1] 
Pro. 17La0.83T13 Not resolved [1] 
HoTI 3 Quasi-elastic line. Not resolved [1] 

ErT13 0.10 -0 .17  -5 .02  -1 .11  I'8 (3) [1] 
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TABLE 11 (Continued) 

Compound x W (K) A0 A06 Ground state Ref. 

TmA13 -0.58 -0.43 21.69 0.98 F 3 [19] 
TmGa 3 -0.32 1.03 -28.68 3.81 F5 (1) [20] 
PrMg 3 0.64 -3.71 15.83 -0.93 F 3 [21] 
NdMg 3 -0.25 2.51 12.34 -1.31 F 6 [21,22] 
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[4] Knorr et al. (1985) 
[5] Hoenig and Loewenhaupt (1979a) 
[6] Hoenig and Loewerthaupt (1979b) 
[7] Lethuillier et al. (1975) 
[8] Umlauf et al. (1979) 
[9] Knopp et al. (1985) 

[10] Niksch et al. (1982) 
[11] Amara et al. (1994a, 1994b) 

[12] Furrer and Purwins (1976) 
[ 13] Loewenhaupt and Holland-Moritz (1979) 
[14] Ludwigs et al. (1980) 
[15] Walter and Holland-Moritz (1981) 
[16] Elserlhans et al. (1988) 
[17] Elsenhans et al. (1990a) 
[18] Holland-Moritz et al. (1979) 
[19] Davis et al. (1974) 
[20] Morin et al. (1987) 
[21] Galera et al. (1981) 
[22] Galera et al. (1985) 

are nicely reproduced by a simple RPA model  assuming an isotropic anti-ferromagnetic 
exchange coupling for the two CF transitions. A linear variation of  the CF parameters 
was observed in INS studies performed on the diluted series Pr(PbcTll-c)3 (Knopp et al. 
1985). In a further INS investigation, Lethuill ier et al. (1975) measured the CF transitions 
in NdPb3. They initially found that five sets of parameters could reproduce the observed 
splitting. On the basis of  the transition probabilities, however, the probable CF parameters 
were reduced to two solutions. Neutron diffraction measurements of  the ordered moment  
below the N6el point gives a value of 1.4/z~ (Lethuillier et al. 1973). The solution with 
x = 0.24 and W = 1.43 K gives such a moment  and a F6 ground state. The overall CF 
splitting is of  the order of  120 K, similar to that observed for NdSn3. For both compounds,  
NdSn3 and NdPb3 the magnetization in high fields of  up to 26 T does not saturate and has 
values well below the free ion value of  3.3 #B. This is further proof  of  a F 6 ground state. 

In the INS study of Grog et al. (1980), the CF parameters for compounds with Pr, Ho 
and Er were determined. These all order anti-ferromagnetically between 3 and 5 K with 
the exception of Pr, which probably orders at much lower temperatures. The INS mea- 
surements for these compounds were also extended to temperatures below their respective 
ordering points. Due to the fact that powder material was employed,  only a general broad- 
ening of  the transitions could be observed. A linear variation of  the CF parameters, akin 
to that previously discussed for Pr(PbcTtl_c)3, was similarly observed in 1NS studies per- 
formed on the diluted series Er(PbcTll-c)3 (Knopp et al. 1985). The CF coefficients for 
RPb3 compounds,  as determined by INS, are collected in table 11. 

4.5.3. RPd3 
This series has been particularly well characterized by  the INS technique. Crystal field 

transitions in PrPd3 and NdPd3 were analyzed by Furrer and Purwins (1976). Elsenhans 
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function of temperature and scattering vector Q, together with the CF energy levels and compositions (from 

Elsenhans et al. 1990a). 

et al. (1990a) have studied the series with Dy, Er, Tm and Yb whilst the whole series 
of dilute compounds (RxYl-x)Pd3 has been measured by Walter and Holland-Moritz 
(1981). Holland-Moritz et al. (1979) have also studied the dilute series (ErxY]-x)Pd3 as 
well as the full compound ErPd3. Ludwigs et al. (1980) have observed CF transitions in 
(Tb0.05Y0.95)Pd3. The CF level scheme in TbPd3 and DyPd3 has also been studied by 
Elsenhans et al. (1988). These parameters reproduce consistently the observed magneti- 
zation and specific heat data reported for PrPd3 (Drewes et al. 1988). For Nd, the corre- 
sponding CF parameters are x = -0 .90  and W = -0.131 meV which yield a F8 (2) quartet 
ground state. The calculated susceptibility for both compounds is in total agreement with 
magnetization and specific heat measurements reported by Drewes et al. (1988). 

The result obtained for Tb compounds (Walter and Holland-Moritz 1981) reproduce 
the observed susceptibility (Ludwigs et al. 1980) and the low temperature specific heat 
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(Drewes et al. 1988). Furthermore, for this particular system, the magnetic excitations mea- 
sured on a single crystal, agreed well with the CF deduced from powder material (Elsen- 
hans et al. 1990a). For Dy, the measurements on the dilute compound (Dy0.07Y0.93)Pd3 
(Walter and Holland-Moritz 1981) and the full compound (Elsenhans et al. 1990a), 

showing a/"8 (2) ground state, agree with the parameter set finally chosen by Drewes et 
al. (1988) from magnetization and specific heat data. The CF parameters reported for 
(Ho0.06Y0.94)Pd3 by Walter and Holland-Moritz (1981) are not in agreement with those 
obtained for the full compound (Drewes at al. 1988). The three separate investigations by 
INS for ErPd3 all give CF parameters with x = -0 .8  and W = 0.10 K and a/"6 ground 
state. These corroborate in a complete way the magnetization and specific heat data for this 
compound as presented by Drewes et al. (1988). Likewise for TmPd3, the F3 ground state 
determined by Walter and Holland-Moritz (1981) and Elsenhans et al. (1990a, 1990b) is 
in reasonable accord with the bulk data. A/ '7  ground state for YbPd3 is even reported by 
these authors, who observed well defined CF transitions (fig. 8). 

A neutron diffraction study of the magnetic ordering in this series (Elsenhans et al. 
1991) reveals the existence of very low ordering temperatures, ferromagnetic, ferrimag- 
netic and commensurate-incommensurate antiferromagnetic ordering. The ordering tem- 
peratures scale very well with the de Gennes factor, with the exception of Er. The CF 
parameters determined by INS were used by these authors to calculate the temperature 
dependence of the zero-field magnetization in the MF approximation. With the exceptions 
of Er and Tm, a good agreement between the two was obtained. In addition to the CF and 
RKKY interactions, the easy magnetic polarizability of Pd (a Pd magnetic moment ob- 
served in TbPd3) and hybridization effects are pointed out as being important in the RPd3 
system. The CF coefficients, as determined for the RPd3 series, are collected together in 
table 11. 

4.5.4. RIn3 
In this series, all compounds order at low temperatures with the exception of Prln3 

(Lethuiller et al. 1973). The magnetic susceptibilities are reported by Buschow et al. 
(1969). The magnetic structures for Tb, Dy and Ho, investigated using powder material, 
showed that the structure is characterized by a (1/2, 1/2, 0) propagation vector (Arnold 
and Nereson 1969; Nereson and Arnold 1970) whilst the magnetic structures of the series 
with Nd, Tb, Dy, Ho and Er have been investigated by Galera and Morin (1992), again us- 
ing neutron powder diffraction. The various energies which act to stabilize multi-axis spin 
structures in this particular class of compounds were pointed out. The magnetic structure of 
a single crystal of Ndln3, determined by neutron diffraction (Amara et al. 1994b), is of par- 
ticular interest in this series, and some effort has been devoted to obtain an understanding of 
the occurrence of three successive magnetic phase transitions. The CF interaction has been 
investigated for Ndln3 by INS (Amara et al. 1994b) with LLW CF parameters, x = 0.45 
and W = -1 .19  K which corresponds to a I"8 (2) ground state. This gives the ground state 
quartet separated by about 7 K from the first excited/"6 doublet. This level scheme leads 
to one or two possible changes of spin direction among the possible 4-fold (0 0 1), 2-fold 
(1 1 0) and 3-fold (1 1 1) axes possible for these cubic systems (Galera and Morin 1992). 
Magnetization, specific heat and longitudinal magnetoresistance data for TbIn3 is reported 
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by Czopnik et al. (1990). Extrapolated values of the CF parameters obtained from the INS 
measurements reported for Ndln3 were used in calculating the magnetic phase diagram. 
Neutron spectroscopy measurements have also been reported by Grog et al. (1980) for 
Prln3, Holn3 and Erln3. The nonmagnetic ground F1 state is confirmed for Pr whilst for 
Ho the determined ground state is assigned to the F5 (1) representation. The LLW CF param- 
eters are similar to those obtained by Lethuillier et al. (1977). For Er, only a quasielastic 
component with a linewidth of 0.39 meV was observed and no definitive CF parameters 
could be quoted for this compound. The large magneto-crystalline anisotropy with several 
totally equivalent directions in the cubic structure, which has its origins in the CF interac- 
tion, antiferromagnetic interactions and a non-negligible antiferroquadrupolar coupling all 
contribute to stabilize the magnetic structure (Gignoux and Schmitt 1995). 

4.5.5. RT13 
In the RT13 system, Grol5 et al. (1980) have reported on CF parameters determined 

by INS. The full compounds with Pr, Er and Ho as well as the dilute compounds 
La0.83Pr0.17TI3, La0.5Pr0.sT13 and Pr(In0.sT10.5)3 were studied. The F1 nonmagnetic 
ground state is observed for PrT13 whilst for Er, the F8 (3) quartet is assigned to the ground 
state. In circumstances similar to those observed for Erln3, for HOT13 only a quasi-elastic 
linewidth of 0.8 meV was observed and no definitive CF parameters could be quoted for 
this compound. For the La substituted PrT13 compounds, CF transitions similar to those 
observed in the pure compound were observed. Only a rather broad group of transitions at 
5.0 meV were observed for Pr(In0.sT10.5)3 and no CF assignment was possible. 

4.5.6. RX3 (X = Al, Ga) 
An INS study of TmA13 is reported by Davis et al. (1974). This compound presents a 

nonmagnetic CF ground state and the available susceptibility (de Wijn et al. 1970), magne- 
tization and specific heat data (Deutz et al. 1989) can all be satisfactorily fitted with three 
sets of CF parameters but none of these can be reconciled with a totally different set ob- 
tained from the INS data. The total CF splitting is similar for all sets of parameters. Only 
one INS study for the corresponding Ga compounds of the series has been reported, that 
of TmGa3 (Morin et al. 1987). In this case, antiferromagnetic and antiferroquadrupolar or- 
derings are certainly present (Gignoux and Schmitt 1995, 1997). In circumstances similar 
to those found in the case of TmA13, the CF parameters derived from neutron spectroscopy 
cannot consistently explain the specific heat data of Deutz et al. (1989). It must however 
be remarked that two different values of the antiferromagnetic ordering temperature for 
TmGa3 are reported (3.3 K, Deutz et al. (1989) and 4.3 K, Morin et al. (1987)). 

The INS technique has provided a reasonably consistent view of the contribution of the 
CF interaction to the overall magnetic properties for the RX3 series. However, as can be 
expected, calculations based on the PCM (point charge model) do not predict in any con- 
sistent manner the magnitudes and signs of the crystal field parameters in this particular 
series of rare-earth intennetallics. Lethuillier et al. (1977) pointed out the positive exchange 
contributions from the d-like and f-like conduction electrons to the fourth order parameter. 
Band calculations are still needed in order to characterize the size of the Coulomb and ex- 
change contributions to the cubic CF field. The CF coefficients for the series, as determined 
by INS, are tabulated in table 11. 
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4.6. RMg3 

RMg3 compounds crystallize in the cubic Fe3A1 structure (Iandelli and Palenzona 1979). 
Interatomic R-R distances are larger than in corresponding compounds which crystallize in 
the Cu3Au structure, with resulting smaller magnetic interactions. The magnetic properties 
were first investigated by Buschow (1976), and low ordering temperatures were reported. 
The CF interaction in PrMg3 and NdMg3, as characterized by the INS technique, has been 
investigated by Galera et al. (1981, 1985). The CF ground states are F3 for Pr and a F6 
doublet for Nd. These authors also reported electrical resistivity and susceptibility data 
for the two compounds which are adequately reproduced from the CF parameters deduced 
from the INS investigation. The CF coefficients, as determined by INS, are also tabulated 
in table 11. 

4. 7. RPd2X (X = Sn, In) 

Rare-earth intermetallics which crystallize in the cubic Heusler structure, Cu2MnA1 type, 
display a co-existence of antiferromagnetic order and superconductivity. Low ordering 
temperatures indicate that the CF interaction would play a fundamental role at low tem- 
peratures. Various INS measurements have been carried out to determine the effects of the 
CF interaction on the low temperature magnetic properties. The compound ErPd2Sn was 
studied by Stanley et al. (1987) who identified two distinct CF levels at 7.4 and 11 meV. 
They also observed an antiferromagnetic transition at approximately 1.0 K, just below 
the superconducting transition. More detailed INS measurements on ErPd2Sn as well as 
HoPdzSn (Li et al. 1988, 1989), allowed the CF parameters to be determined. For ErPd2Sn, 
LLW values of x = 0.302 and W = -0 .045 meV were those which gave best agree- 
ment with the observed transition levels and intensities. This corresponds to a magnetic 

F8 3) quartet ground state, in agreement with neutron diffraction data for the magnitude 
of the Er moment reported by the same authors. For HoPdzSn, values of x = 0.324 and 

W = 0.0287 meV give the magnetic F5 (1) triplet as the ground state (fig. 9), which ties 
in nicely with the observed moment of 5.49/~B obtained by neutron diffraction (Li et al. 
1989). Extrapolated values for other members of the series were scaled up from the values 
determined for HoPdzSn. The predicted ground states indicated that compounds with Dy 
and Yb would also have magnetic CF ground states, in agreement with bulk data (Kierstead 
et al. 1985; Malik et al. 1985). 

Some attention has also been focused on Heusler alloys of the type RPd2In, where re- 
placement of Sn by In increases the number of conduction electrons by one. In an INS 
investigation of HoPd2In, LLW parameters, x = 0.3543 and W = 0.0267 were obtained. 
Scaling of these values to the compound YbPd2In yielded good agreement with the ob- 
served INS spectra (Babateen et al. 1995a). Employing these values in a standard MFA 
calculation, sufficient agreement was obtained with the experimental magnetization curves. 
In this study, the compound YbPd2Sn was also investigated. A transition at a lower energy 
was observed, a sign that the W parameter is slightly reduced and x remains invariant. The 
scaling behaviour of the CF parameters in passing from Sn to In, as discussed by Babateen 
et al. (1995b), is taken into account by a phenomenological argument based on a variant 
of the simple charge model. The R atom in this structure is surrounded by the eight first 
nearest neighbor Pd atoms which give rise to the overall CF splitting of the R ion. The In 
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Fig. 9. Temperature dependence of elastic and inelastic CF excitations observed for polycrystalline cubic 
HoPd2Sn. The data at T = 23 and 40 K clearly demonstrate the CF transitions from high energy to low en- 

ergy levels. These are evident at 40 K for neutron energy gain (E < 0) (from Li et al. 1989). 

and Sn atoms are located at the centre of a cube containing Pd atoms. This cube is adjacent 
to the one containing the R ion. Substitution of In by Sn increases the number of conduc- 
tion electrons and these participate in screening of the Pd charge, resulting in a net charge 
reduction. Crystal field coefficients, as determined by INS, are collected in table 12. 

4.8. RInAg2 

Compounds of the type RInAg2 also crystallize in the Heusler structure. The magnetic 
and electrical properties have been investigated by Galera et al. (1984). They all order 
antiferromagnetically at low cryogenic temperatures and the heavy rare-earth series obey 
the de Gennes scaling law. The CF interaction for the light rare-earth series with Ce, Pr and 
Nd was also investigated by the same authors using INS techniques. The CF parameters 
and CF ground states for compounds with R = Ce, Pr and Nd are tabulated in table 12. 
The fit of the high temperature susceptibility is in good agreement with CF parameters 
obtained from the INS investigation. A negligible 4th order parameter is obtained for Pr 
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TABLE 12 

Crystal field coefficients for cubic RPd2X, RAg2In (Cu2MnAl-type structure) and RXCu 4 (AuBe5-type struc- 
ture) intermetallics determined by INS experiments. Units for A m are in Kro n. 

Compound x W (K) A 0 A 0 Ground state Ref. 

HoPd2Sn 0.325 0.333 -39.29 -2.33 "5/~(1) [1,2] 
ErPd2Sn 0.302 -0.522 -46.58 -1.14 "sF~ 3) [1,2,3] 
HoPd2In 0.354 0.310 -39.84 -2.07 F5 ~1) [4] 
YbPd2Sn -0.790 -2.430 -16.95 -0.69 F7 [4] 
YbPd2In -0.748 -6.03 -39.82 -2.07 /"7 [4] 

PrAg2In 0 - 1.20 0 -0.84 /"3 [5] 
NdAg2In 0 1.20 0 -0.84 F 6 [5] 

ErAuCu 4 0.731 0.101 21.79 0.19 F (1) [6] 
ErPdCu 4 Not resolved [6] 
ErAgCu 4 Not resolved [6] 
YbAuCu 4 -0.945 -2.611 21.79 0.02 /"7 [6] 
YbPdCu 4 Not resolved 
YbAgCu4 -0.945 -6.266 52.29 0.04 /"7 [6] 

References: 

[1] Li et al. (1989) 
[2] Stanley et al. (1987) 

[3] Li et al. (1988) 
[4] Babateen et al. (1995a, 1995b) 

[5] Galera et al. (1984) 
[6] Severing et al. (1990) 

and Nd compounds,  whilst for CelnAg2, the 4th order parameter  dominates. The reasons 
for this behaviour are not clear but in contrast to most Ce intermetallics, CeInAg2 does not 
appear to display a distinctive Kondo or intermediate valence behaviour. 

4.9. RXCu4 (X = Au, Pd, Ag) 

Intermetallics of  the RXCu4 series crystallize in the cubic AuBe5 structure. Compounds 
with Yb display a heavy fermion behaviour (Rossel et al. 1987) and in order to determine 
crystal field effects on the magnetic properties, two relevant series were investigated by 
the INS technique, ErXCu4 and YbXCu4, with X = Au, Pd and Ag  (Severing et al. 1990). 
The stable 4f  compound with Er was chosen as a reference point since it is close to Yb 

in the periodic table. For  ErAuCu4, the ground state is the F8 (1) quartet, whilst no CF 
determination for the corresponding Ag and Pd compounds was possible (table 12). In 
similar fashion, the magnetic response for YbAuCu4 was interpreted in the framework of  
a CF model, with the I'7 doublet  as the ground state, whilst the magnetic response for Ag  
and Pd consisted of  a broad inelastic line superimposed on a similarly broad quasi-elastic 
response. The integrated magnetic response function (which is proport ional  to the bulk 
susceptibility) for YbAgCu4 is in good agreement with bulk susceptibility data. For the Pd 
compound, this was interpreted as possibly arising from the presence of  impurity phases. 
An interpretation of  the INS data for YbAgCu4, in terms of  the Anderson impurity model,  
is reported by Polatsek and Bonville (1992). A hybridization of  the 4f  Yb electron states 
with band electrons, in conjunction with a non-vanishing CF interaction, formed the basis 
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TABLE 13 
Crystal field coefficients determined by INS for Chevrel phase RMo6Se 8 intermetallics. Units 

for A n are in Kron. 
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Compound x W (K) A 0 A 0 Ground state Ref. 

TbMo6Se 8 0.42 1.28 44.2 -12.7 FS(1) [1,2] 
ErMo6Se 8 0.41 -0.24 29.4 -1.04 /"8(3) [1,2] 
HoMo6Se 8 Unique values could not be determined /"5 [1,2] 

References: 

[1] Lynn and Shelton (1979) 
[2] Lynn and Shelton (1980) 

of this model calculation. The CF parameters employed in the calculation were similar to 
those determined by INS for the compound YbAuCu4. The model gave good a rather good 
agreement with the observed neutron spectra, as well as the bulk susceptibility. 

4.10. RMo6X8 (X = Se, S) 

Ternary Chevrel-phase intermetallics RMo6X8 display a co-existence between supercon- 
ducting and magnetic order, and the relevant structural and magnetic properties have been 
reviewed by Fischer (1990). The crystal structure is of the rhombohedral Chevrel phase 
(Chevrel et al. 1971; Marezio et al. 1973) and magnetic transition temperatures are typi- 
cally less than 1 K (Fischer 1978). Since the R ions occupy a simple primitive lattice, with 
rhombohedral angles close to 90 °, and an eight-fold cubic co-ordination, the CF point sym- 
metry is approximately cubic. Inelastic neutron scattering investigations of the CF inter- 
action have been reported for Tbl.2Mo6Se8, HoMo6Se8, ErMo6Se8 and HoMo6S8 (Lynn 
and Shelton 1979, 1980). Overall CF splittings are observed to be about 25 K for the se- 
lenides, but for HoMo6S8, no sharp CF transitions were observed, but the free ion moment 
is induced with a field of 20 kOe (Lynn et al. 1978a). The CF coefficients, as determined 
by these INS studies, are collected together in table 13. Magnetic CF ground states are 
observed for the selenide compounds, with a reduced moment. The INS data is in good ac- 
cord with specific heat (McCallum et al. 1977), susceptibility (Johnston and Shelton 1977) 
and neutron diffraction data (Lynn et al. 1978b). 

4.11. RX2 (X = A1, Ni, Fe, Co) 

There is a massive abundance of INS measurements on rare-earth intermetallics which 
crystallize in the cubic Laves phase MgCu2 structure. The CF experienced by the R ion 
is generated by the presence of 12 first nearest neighbor T atoms, located at a distance 
of 1 ~ / 8 ,  where a is the cubic lattice parameter. This lattice parameter is found to de- 
crease practically in linear fashion with an increasing number of 4f electrons for the series. 
The availability of large single crystals, most particularly for the series RA12, makes them 
immensely attractive model systems for investigating CF, exchange and quadrupolar inter- 
actions. The magnetic interactions are dominated by the R ion in systems of the type RAle 
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and RNi2, whilst in compounds with Fe and Co, the strong exchange coupling between 3d 
electrons also influences in a marked way the overall magnetic properties. Inelastic neutron 
scattering has made an immense contribution to the understanding of the CF interaction in 
this particular series of intermetallics. 

4.11.1. RAl2 
The magnetic excitations in RA12 compounds have been determined for almost the 

whole series. These range from measurements on compounds diluted with non-magnetic 
Lu, Y and Sc to those of the full compound. In the first case, CF interactions can be deter- 
mined rather accurately, whilst in the latter case, propagating magnetic excitations in the 
ordered magnetic phase are characterized. Comprehensive reviews of the magnetic prop- 
erties of RAI2 intermetallic compounds are reported by Purwins and Leson (1990) and 
Gignoux and Schmitt (1997). 

The CF parameters, as studied by INS, in dilute Pr0.05Y0.95A12, are reported by Wal- 
ter and Holland-Moritz (1981). Inelastic neutron scattering measurements on polycrys- 
talline PrA12 are reported by Happel et al. (1977), Henning et al. (1977) and Frauenheim et 
al. (1979) and similar LLW parameters were obtained. Investigations of compounds with 
smaller concentrations of Pr in PrcXI_cA12 with X -- La and Sc are reported by Frick and 
Loewenhaupt (1986a). The LLW parameters are found to progressively increase in passing 
from Sc to Y thru to La. These all give the F3 doublet as the CF ground state. The magnetic 
excitation spectrum for a single crystal of PrA12 has also been investigated (Purwins et al. 
1976a, 1976b; Holden et al. 1977). The CF and exchange parameters extracted from these 
studies are compatible with those obtained from bulk measurements. Other interactions 
besides CF and exchange appear to be present in this system. Magneto-elastic couplings 
are observed to be significant in PrA12 (Godet and Purwins 1976; Abell et al. 1983). Ak- 
senov et al. (1981) have calculated the magneto-vibrational excitation spectrum for PrA12 
and obtained an apparently reasonable fit with experimentally determined INS spectra. 

Magnetic excitations for a single crystal of NdA12 are reported by Houmann et al. (1974) 
and Furrer and Purwins (1977a, 1977b) whilst Walter and Holland-Moritz (1981), Barbara 
et al. (1982) and Frick and Loewenhaupt (1986a) obtained CF parameters from INS studies 
on dilute NdcScl_cA12, NdcYl-cA12 and NdcLal_cA12 compounds, respectively. The I'6 
magnetic doublet is determined as the ground state. In all cases, the signs and magnitudes 
of the LLW CF parameters are fairly consistent with heat capacity (Deenadas et al. 1971), 
magnetization (Eyers et al. 1982) and NMR measurements (Berthier and Belorizky 1984). 
The interatomic exchange interaction is found to qualitatively agree with a prediction based 
on the RKKY mechanism. A fit of the ground state wavefunction to the magnetic form fac- 
tor, as obtained from single crystal polarized neutron scattering investigations (Boucherle 
and Schweizer 1981), agrees with the INS determinations. The influence of the observed 
magneto-elastic interactions (Abell et al. 1979; Pourarian et al. 1981) on the magnon dis- 
persion was found to be negligible (Purwins and Leson 1990). 

The high neutron absorption cross section for natural Sm precludes the compound 
SmA12 from a detailed INS study as does the small magnetic moment. Magnetic form 
factor measurements, however exist, and CF parameters were obtained (Boucherle et al. 
1979). The agreement with single crystal magnetization (Leson et al. 1986) and NMR 
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Fig. 10. Dispersion curves for a single crystal of cubic TbAI2 measured at 4.2 K along the three high symmetry 
directions. Dashed lines are fits to a CF-isotropic exchange model (from Biihrer et al. 1973). 

(Buschow et al. 1973) measurements is only qualitative. Inelastic neutron scattering stud- 
ies using compounds of SmcYI-cA12 diluted with non-absorbing Sm isotopes have failed 
to determine the CF level scheme (Holland-Moritz 1985, unpublished). 

The compound TbAI2 has a higher ordering temperature than the corresponding PrAI2 
and NdAI2 compounds, and thus it can be expected that the exchange interaction is large 
in comparison with the overall CF splitting. The CF interaction, as determined by INS in- 
vestigations, is well documented. Due to the large exchange, it is necessary to study dilute 
systems. Such investigations are reported by Loewenhaupt and Hoenig (1978), Hoenig 
and Loewenhaupt (1979a, 1979b), Loewenhaupt (1980), Feile et al. (1981), Walter and 
Holland-Moritz (1981), Barbara et al. (1982) and later by Frick and Loewenhaupt (1985a). 
The FI singlet is the ground state and the LLW parameters display an increase in x when 
passing from Sc to La substitution. These are in good agreement with the published mag- 
netization curves. The specific heat data of Schelp et al. (1986) can be fitted with CF 
parameters which are not too far distant from the INS interpretation. Single crystal INS 
measurements have also been reported (Btihrer et al. 1973; Purwins et al. 1973, 1974). 
Due to the large exchange energy, the CF interaction gives rise to an energy gap for acous- 
tic magnons at the Brillouin zone centre (fig. 10). The theoretically calculated value for 
this anisotropy energy gap is in good agreement with the neutron data. As in the case of 
NdA12, the interatomic Tb-Tb exchange parameters were obtained from the single crys- 
tal INS data. Interactions up to sixth nearest neighbors could be fitted and these have the 
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characteristic long-range, oscillatory nature of the RKKY interaction. The magneto-elastic 
coupling is small and modeling of the observed magnetostriction gives CF parameters 
which are totally compatible with INS data (del Moral et al. 1986). The anisotropy in the 
paramagnetic phase for a single crystal of TbA12 as well as for DyA12 and ErAI2, has been 
measured and modeled by del Moral et al. (1987), using CF parameters determined by INS. 
These authors also investigated the strength of quadrupolar couplings in these systems, via 
the higher rank susceptibility tensor components. 

Parameters for the CF interaction have been obtained in a series of INS studies on dilute 
DyA12 non-magnetic compounds (Walter and Holland-Moritz 1981; Barbara et al. 1982; 
Frick and Loewenhanpt 1986a). A large variation in the x and W parameters is observed 
in the series with Sc, Y and La substitutions. Nevertheless, the investigations performed on 

the dilute compounds all attribute the ground state to the F8 (3) doublet, which is in marked 
disagreement with ESR measurements (Levin et al. 1979) which report a/'7 doublet ground 
state. The specific heat data (Schelp et al. 1986) can be comfortably reproduced with the CF 
parameters obtained from the INS measurements as can the single crystal magnetization 
curves. The magnetic excitation spectrum for a single crystal of DyA12 is reported by 
Holden et al. (1984), but interpretation in terms of a simple CF and exchange model was 
marred by a strong magnon-phonon coupling. Similarly to TbAI2, the principal effect of 
the CF interaction was to create an energy gap in the zone centre acoustic magnon branch. 

A magnetic phase transition in which Ho moments rotate from the (1 1 0) easy direction 
at low temperature to a (1 0 0) easy direction has been of principal interest in HoA12. Heat 
capacity (Schelp et al. 1983), magnetization (Barbara et al. 1975), torque (Williams et al. 
1979), magneto-elastic (Ibarra et al. 1988) measurements have been devoted to obtain an 
understanding of the low temperature part of the magnetic phase diagram for this system. 
A key to the understanding of the influence of the CF interaction on these properties has 
been played by the INS technique. Again, dilute compounds of HocXi_cLa2, X = Y (Wal- 
ter and Holland-Moritz 1981), La (Barbara et al. 1982) and Sc (Frick and Loewenhaupt 
1985a, 1985b, 1986a, 1986b) were investigated. In this case, a level crossing of the ground 

state from the/"1 singlet for compounds diluted with La to the/"(1) triplet for Y and Sc 
dilution appears to occur. The magnetic excitations in single crystal HoA12 have been in- 
vestigated in zero magnetic field (Rhyne and Koon 1982; Schelp et al. 1984) along the 
three principal symmetry directions at 4.2 K. A standard RPA pseudo-boson analysis was 
applied to the magnetic modes. The CF parameters are consistent with those reported in 
the investigations of the diluted compounds by INS. An oscillatory RKKY type variation 
of the exchange interaction was observed. The dispersion of the low magnon branch has 
also been investigated in an applied magnetic field (Schelp et al. 1985). The magnetic field 
shifts the mode energies up by about 1 meV and this field dependence of the excitations 
can be well accounted for in a model CF and exchange calculation. The CF parameters 
derived from the INS studies on HoA12 appear to be quite reliable. They are able to con- 
sistently reproduce magnetization (Schelp et al. 1983), specific heat (Schelp et al. 1984) 
and neutron diffraction data (Millhouse et al. 1972). The anomalous thermal expansion and 
magnetostriction observed at the spin re-orientation transition (Ibarra et al. 1988) are sat- 
isfactorily modeled using CF parameters obtained from INS investigations. Measurements 
of the magnetic form factor (Boucherle and Schweizer 1982) have also been utilized to de- 
termine the ground state. These, however, imply larger CF values than those deduced from 
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Fig. 11. LLW diagrams and CF level schemes determined for dilute cubic (Er, X)A12 and (Tm, X)A12 inter- 
metallics, X = La, Y, Sc. The ground state is marked by a solid line. Arrows indicate CF transitions observed by 

INS (from Frick and Loewenhanpt 1986a). 

INS work. Boucherle et al. (1982) suggested the importance of higher order quadrupolar 
pair interactions. The polarized neutron diffraction study appears to overestimate the con- 
duction electron contribution to the total moment. Indeed, NMR measurements for HoA12 
(Prakash et al. 1984) give a value for the conduction electron contribution which is three 
times less than that obtained from the neutron study. These NMR results also give a CF 
ground state which is in better agreement with INS determinations. 

Determinations of the CF parameters for ERA12 by INS are also abundant. Heer et al. 
(1974) investigated the diluted compound ErcYl-cA12 with c = 0.15. Measurements on 
even more dilute systems with Y and La were subsequently performed by Knorr et al. 
(1978a), Blanckenhagen et al. (1978), Loewenhaupt et al. (1980), Walter and Holland- 
Moritz (1981), Barbara et al. (1982), Frick and Loewenhanpt (1986a, 1986b). A summary 
of the various INS determinations for Y diluted compounds suggests that the best set of 
LLW parameters is x = -0 .30  and W = -0 .025 K (Loewenhaupt et al. 1983). These give 

the F8 O) quartet as the ground state. The same ground state is observed for compounds 
diluted with Sc and La with, however, a variation of the CF parameters when passing from 
Y to Sc, La (fig. 11). A single crystal study of the dispersion of magnetic excitations in 
ErAI2 (Stanley et al. 1985) shows only a weak dispersion of the excitations. Thus it was 
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Fig. 12. Observed (dark circles) and calculated magnetic form factor for cubic ErM 2 (dashed line: calculation 
with 0p = 15.8 K; continuous line: calculation with 0p = 7.9 K) (from Boucherle et al. 1989). 

not possible to determine with a sufficient precision the distance dependence of the ex- 
change interactions. The CF parameters determined from this study are in close agreement 
with INS measurements on polycrystalline material as well as single crystal magnetization 
measurements. Electron spin resonance measurements report a large variation in the CF 
parameters (D6bler et al. 1983). Specific heat measurements on a single crystal (Schelp et 
al. 1986) are in better agreement with INS studies than those reported for polycrystalline 
ERA12 (Inoue et al. 1977). Magnetic form factor measurements for ERA12 (Boucherle et al. 
1989) give a good confirmation of the CF parameters but a different molecular field value 
is obtained, if compared with magnetization data (fig. 12). 

Amongst the series, TmA12 presents unusual magnetic behaviour. The ferromagnetic or- 
dering temperature is rather low, at 4.2 K (Horn et al. 1979). Below the Curie point, the 
neutron and specific heat data on polycrystalline TmA12 indicate a second phase transition 
which is, however, not observed in a single crystal of TmA12 (Chattopadhyay et al. 1995). 
Inelastic neutron scattering studies reported for TmcLal_cA12 (Walter and Holland-Moritz 
1981; Feile et al. 1983; Frick et al. 1985) give a F1 non-magnetic singlet ground state 

whilst INS work on diluted Sc and Y compounds report instead a F5 (1) triplet ground state 
(Walter and Holland-Moritz 1981; Frick and Loewenhaupt 1986a, 1986b). The reported 
variation of the CF ground state Sc, Y and Lu compounds is displayed in fig. 11. The 
general set of CF parameters, x = 0.50 and W = 0.44 K (Purwins and Leson 1990) can 
consistently describe the specific heat (Heininger et al. 1974; Schelp et al. 1986), elastic 
constant (Lingner and Ltithi 1983) and M6ssbauer data (Gubbens et al. 1982). The mag- 
netic excitations in this system are almost dispersionless (Chattopadhyay et al. 1995). An 
observed excitation of about 5.7 meV can be attributed to CF excitations, most likely from 
a F (1) ground state to successive F3, F (2) states (Wentworth and Deutz 1989). The last 



CRYSTAL FIELD EFFECTS IN INTERMETALLIC COMPOUNDS 551 

two are separated by about only 0.5 meV, and are difficult to resolve. The weak dispersion 
is of course reflected in the low ordering temperature. 

The CF parameters for the series RA12 determined by INS measurements are summa- 
rized in table 14. It is clear that a rather consistent set of parameters that are applicable for 
the series have been obtained. Particularly relevant have been the measurements of the CF 
parameters in RAI2 compounds diluted with Y, Sc and La. The magnitudes of the reduced 
CF parameters A°a-5 and A°a-7 have the same sign and order of magnitude. The influ- 
ence of conduction electrons is clearly reflected in the unrealistic values of the effective R 
and A1 charges calculated on the basis of a PC model (Purwins and Leson 1990). 

4.11.2. RNie 
The bulk magnetic properties of these intermetallics, which also crystallize in the cubic 

MgCu2 Laves phase, have been summarized by Buschow (1977), Franse and Radwanski 
(1993) and Gignoux and Schmitt (1997). They order ferromagnetically at low tempera- 
tures. There is no evidence that Ni is magnetically polarized in these systems and therefore 
the exchange interaction between R ions occurs via the RKKY interaction. The low tem- 
perature magnetic properties are dominated by the CF interaction. This interaction has 
been investigated in the series with R = Pr, Nd, Tb, Er, Ho and Tm by the INS technique 
(Goremychkin et al. 1989). A particular emphasis has been placed on compounds with Pr 
for which additional INS data exist for PrX2 with X = Pt, Rh, Ir, Ru (Greidanus et al. 
1982, 1983 a) and for PrMg2 (Loidl et al. 1981). Compounds of PrNi2 diluted with La and 
Y are reported by Mtihle et al. (1989). Other INS measurements for PrNi2 are reported by 
Andreeff et al. (1982), Matz et al. (1982) and Aksenov et al. (1983). The magnetic excita- 
tions, as determined by the INS technique, in single crystal material have been investigated 
only for the compound HoNi2 (Castets et al. 1982b). The parameters of the CF interaction 
determined by INS measurements for the series are displayed in table 15. 

The compound PrNi2 is regarded as an exchange enhanced Van Vleck paramagnet and 
displays strong magneto-elastic interactions (Ibarra et al. 1984a, 1984b; del Moral and 
Ibarra 1985). Evidence to support this hypothesis is found in the strong coupling of the 
F1 --+ F5 CF excitation to a low energy phonon excitation (Mtihle et al. 1989). Measure- 
ments in the paramagnetic state for the series PrX2 with X = (Pt, Rh, Ir and Ru) yield 
values of the CF parameters which contain a level-crossing point of the LLW diagram, 
where the ground state can pass from either a non-magnetic/'1 singlet or the non-magnetic 
/'3 doublet (Greidanus et al. 1983a). The CF parameters determined by INS for this series 
give a satisfactory agreement, after a mean field calculation, of the specific heat, magne- 
tization, neutron diffraction (Greidanus et al. 1983b) and resistivity and AC susceptibil- 
ity data (Greidanus et al. 1983c). There still remain problems with the true ground state. 
Later specific heat and susceptibility studies for PrNi2 indicate either the F1 (Javorsky 
et al. 1994) or the F3 ground state (Melero et al. 1995). The situation appears clearer if 
one takes into account the INS studies on Y and L diluted PrNi2 (Miihle et al. 1989). In 
both compounds, the F3 doublet is determined as the ground state. This result has also 
been obtained by Andreeff et al. (1982) and Aksenov et al. (1983) in previous INS studies 
of PrNi2. 

For NdNi2, ESR measurements give a g-factor which would indicate a/ '6  ground state 
(Donosco et al. 1981). The INS results of Goremychkin et al. (1989) confirm this doublet 
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TABLE 14 

Crystal field coefficients for RA12 intermetaffics (cubic MgCn 2 structure) determined by INS experiments. Crystal 
field coefficients are in units of K ron. 

Compound x W (K) A 0 A60 Ground state Ref. 

PrA12 0.70 -4 .19  19.53 -0.873 F 3 [1] 
PrA12 0.77 -2 .92  15.99 -0 .548 F 3 [2] 
PrA12 -0 .58 5.36 20.72 -1 .565 F 3 [3] 
PrA12 0.75 -3 .52  17.60 -0.611 F 3 [4] 
Pr0.05Y0.95A12 0.73 -3 .62  17.62 -0.775 /'3 [5] 
Pr0.02Sc0.98A12 0.59 -3 .00  11.82 -0.833 P3 [6,7] 
Pr0.02La0.98A12 0.85 -5 .70  32.39 -0.588 f 1 [6,7] 
Pr0.01La0.99A12 0.85 --2.40 16.19 -0.293 /'1 [7,8] 

NdA12 -0 .37 1.78 13.17 -0.778 /'6 [9] 
NdA12 -0 .37 1.78 13.17 -0.778 /'6 [10] 
NdA12 -0 .37  1.78 13.17 -0.778 /'6 [11] 
Nd0.05Yo.95A12 -0 .40  2.29 15.84 -0.918 /'6 [5] 
Nd0.02Sc0.98A12 -0 .28  2.27 12.51 -1.118 /'6 [6] 
Nd0.10La0.90A12 -0 .58 1.76 20.09 -0 .512 I'6 [12] 

SmA12* 44.4 ± 14.8 [13] 

TbA12 0.90 0.223 16.55 -0.383 F 1 [14] 
TbA12 0.90 0.223 16.55 -0.383 F 1 [15] 
Tb0.02La0.98A12 0.75 0.524 32.41 2.253 /'1 [16] 
Tb0.04Y0.96A12 0.82 0.26 17.44 -0.798 /'1 [5] 
Tb0.03Y0.97La 2 0.90 0.30 22.27 -0 .52  /'1 [6,7,8] 
Tb0.10¥0.90La 2 0.95 0.30 25.07 -0 .28 /'1 [12] 
Tb0.003 Y0.997La 2 0.90 0.30 22.27 -0 .52  /'1 [17,18] 
Tb0.01Sc0.99La 2 0.58 0.22 10.52 -1 .58 /'1 [6,7,8] 

DyA12 0.49 -0.11 10.17 -0 .65 F8 (3) [19] 

0.43 -0 .16  12.70 -1 .06  --/'~3) Dy0.05Y0.95La2 [51 
0.68 -0.11 17.58 --0.41 --F~ (3) Dy0.10Y0.90La2 [6,7,12] 

0.27 -0 .17 8.43 --1.38 /'(3) Dyo.02Y0.98La2 [6,7] 

--0.34 0.17 20.62 -1 .14  /'(1) HoA12 [20,21] 
-0 .24  0.21 18.48 -1 .67  /'(1) HoAI 2 [22] 
-0 .34  0.17 20.62 -1 .14  /'(1) HoA12 [23,24] 
-0.31 0.16 17.67 -1 .12  / ' (I)  Ho0.05Y0.95La2 [51 

Ho0.o2La0.98La 2 -0 .49  0.11 19.23 -0 .56  /'1 [6,7,8] 
-0 .18 0.16 10.60 -1 .39  --F5 C1) Ho0.01 Sc0.99La2 [6,25] 

-0 .16  --0.33 15.80 -2 .04  / (3)  ERA12 [26,27] 
-0 .30  --0.25 22.16 -1 .27  /'(3) ErA12 [28,29,311 
-0 .30  --0.25 22.16 -1 .27  /'(3) ErxYl_xLa2 [8,291 

x = 0.02, 0.05, 0.2, 0.4 

Er0.003Y0.997La 2 -0.31 -0 .26  23.68 -1 .27  "8/i' (3) [6,7] 

Er0.05Y0.95La 2 --0.30 -0 .23 20.74 -1 .19  /'8 (3) [5] 
-0 .36  -0 .52  54.57 -2 .38 /'.(3) Er0.08Y0.92La2 [26,3O] 
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Compound x W (K) A 0 A 0 Ground state Ref. 6 

Er0.15Y0.85La 2 -0.54 -0.21 33.51 -0.69 F~33) ) [27] 
Er0.90Y0.10La 2 -0.58 -0.27 46.28 -0.82 "8, [32] 
Er0.10Y0.90La2 -0.59 -0.26 44.56 -0.77 / " (3 )  [26,28,32] 

Er0.003La0.997La 2 -0.51 -0.19 28.63 -0.67 "8, [6] 
Er0.003 Sc0.997La2 -0.19 -0.25 14.11 -1.43 F8 (3) [6,7,8,25] 

Tmx YI -x A12 Not reported [33,36] 
x = 1, 0.02, 0.07, 0.15 

Tin0.25 Y0.75La2 0.50 0.45 24.44 -1.21 /"5 (17 [34] 
Tm0.003La0.997La2 0.72 0.44 26.44 -1.35 F 1 [35,37] 
Tm0.02Y0.98La2 0.52 0.40 19.19 -1.05 "5F (1) [5] 

Tm0.003Sc0.997La 2 0.42 0.48 17.54 -1.51 F5 O) [7] 
TmA12 Not reported [38] 

* From magnetic form factor measurements. 
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ground state, also in  agreement  with magnet iza t ion  data (Ibarra et al. 1984a, 1984b). The 

calculated heat  capaci ty us ing  the INS parameters  is in good agreement  with heat capacity 
data (Melero and Burriel  1996). The F6 ground state is also obta ined f rom INS studies 

per formed on NdMg2 (Loidl  et al. 1981). This  result  is in  accord with the observed ground 

state magnet ic  m o m e n t  for Nd in NdMg2 
The INS studies per formed on TbNi2 result  in a F1 ground state (Goremychk in  et al. 

1989). This c o m p o u n d  has a Curie  point  o f  33 K. The INS measurements  were performed 

at 10 and 80 K. At  the higher  temperature,  CF  transi t ions can be almost  washed out, i.e., 
s ignificantly broadened,  whilst  at the lower temperature,  well  into the ordered phase, single 

crystal measurements  appear desirable. The calculated heat  capacity, us ing  the INS param- 
eters, is too low above 40 K, whilst  magnet iza t ion  measurements  (Ibarra et al. 1984a, 

1984b) are in better  agreement  with specific heat  data for TbNi2 (Melero and Burriel  

1996). 
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TABLE 15 
Crystal field coefficients for RX 2 intermetallics (cubic MgCu2 structure) for X = Ni, Rh, Ir, Pt, Ru and Mg 

determined by INS experiments. Units for An m are in Kro n . 

Compound x W (K) A40 A 0 Ground state Ref. 

PrNi 2 0.62 -2.21 9.11 -0.58 F 3 [1] 
PrNi 2 -0.64 -2.67 11.37 -0.67 /"3 [2] 
PrNi 2 -0.63 -2.70 11.51 -0.63 F 3 [3] 
PrNi2 0.58 -2.09 8.08 -0.61 F 3 [4] 
Pr0.05Y0.95Ni 2 0.05 -0.81 0.28 -0.53 /"3 [5] 
Pr0.1La0,9Ni 2 0.56 -1.78 6.59 -0.55 /"3 [5] 
PrRh 2 0.93 -4.06 25.17 -0.19 /"1 [1] 

0.75 -3.83 19.15 -0.67 /"3 [1] 
PrIr 2 0.86 -6.62 37.90 -0.64 /"1,/"3,/"4 [1] 
PrPt 2 0.93 -4.40 27.28 -0.19 /"1 [1] 
PrRu2 0.68 -3.83 17.36 -0.85 /"3 [1] 
PrMg2 0.67 -4.00 17.89 -0.91 /"3 [1,6] 

NdNi 2 -0.89 3.25 56.89 -0.25 /"6 [4] 
NdMg 2 -0.37 1.89 13.70 -0.81 /"6 [6] 

TbNi 2 -0.73 -0.77 46.11 -3.56 /"1 [4] 
HoNi 2 -0.44 0.24 38.98 -1.42 /"5 (1) [4] 
HoNi 2 -0.50 0.27 49.00 1.40 /"5(1) [7] 
ErNi 2 -0.54 -0.39 53.56 - 1.31 --/"~3) [4] 
TmNi 2 0.62 0.71 38.29 - 1.46 /"1 [4] 

References: 
[1] Greidanus et al. (1983a) 
[21 Andreeff et al. (1982) 
[3] Aksenov et al. (1983) 

[4] Goremychkin et al. (1989) 
[5] Mtihle et al. (1989) 
[6] Loidl et al. (1981) 

[7] Castets et al. (1982b) 

Two separate INS results are reported for HoNi2. In  the first instance,  Castets et al. 
(1982b) reported an invest igat ion of  the magnet ic  excitations propagat ing in  the [0 0 1] di- 

rection. The observed excitations cannot  be  accounted for by  us ing the CF  and  exchange 

parameters deduced f rom magnet iza t ion  data (Gignoux et al. 1975). In  this first neu t ron  
study, CF  parameters  of  x = - 0 . 5  and W ----= 0.27 K are in better agreement  with a 
second INS invest igat ion reported for polycrystal l ine HoNi2 (Goremychkin  et al. 1989). 

Both INS studies assign the F5 (1) triplet to the ground state. The magnet iza t ion data (Ibarra 
et al. 1984a, 1984b) also give the same ground state but  with a larger overall  CF  split- 
ring. 

Inelastic neut ron  studies for ErNi2 are reported by  Goremychk in  et al. (1989) with the 

ground state deduced to be the F (3) quartet. This  compound  orders at 6.5 K. This  ground 

state is also deduced f rom the specific heat  data (Melero et al. 1995) but  with a slightly 
different CF parameter  set, as do magnet iza t ion  measurements  (Gignoux  and Givord 1983; 
Ibarra et al. 1984a, 1984b). In  their analysis  of  INS data for the series, Goremychk in  et 
al. (1989) invoked quadrupolar  interactions but  a more  detailed analysis  of  the magnet ic  
excitations de termined by  INS studies on  single crystals are necessary. 
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A/ '1  singlet is the proposed ground state for Tm in TmNi2, as investigated by Gore- 
mychkin et al. (1989), in accordance with specific heat data (Deutz et al. 1989). The INS 
data were plagued by a very broad distribution of the CF excitations as well[ as the large 
absorption cross section of the Tm ion. The INS measurements were performed well above 
the ordering temperature of approximately 14 K. An introduction of a tetragonal distortion 
and a supposed large quadrupolar ordering (Gubbens et al. 1984; Deutz et al. 1986) did 
not lead to any significant improvement in the data analysis of the INS spectra. 

As can be expected, neither the PCM or the modified PCM (Zolnierek et al. 1984) nor 
models which include electronic structure effects are able to explain the generally observed 
behaviour of the CF parameters in this series, i.e., a positive fourth order CF coefficient 
and a negative sixth order coefficient. Unfortunately, no detailed INS study of diluted com- 
pounds, analogous to the very detailed data which exists for the RA12 series, has been 
performed to date. The parameters determined by INS are, however, generally capable of 
giving a reasonable account of the observed bulk magnetic properties throughout the series. 

4.11.3. RX2 (X = Fe, Co) 
In contrast to Ni compounds of the series, the presence of a significant Fe-Fe and Co-Co 

exchange interaction in these compounds, changes dramatically the interpretation of INS 
spectra determined for these compounds. The magnetic properties of these intermetallics 
are reviewed by Kirchmayr and Poldy (1979), Buschow (1977, 1980) and later by Franse 
and Radwanski (1993). The important magnetostrictive effects observed in the series are 
summarized by Clark (1980), Koon et al. (1991) and Andreev (1995). A detailed inves- 
tigation of the magnetic excitation spectrum for these compounds requires preparation of 
large single crystals. These have been synthesized for both series, principally with R = 
Er and Ho. In the RFe2 series, compounds with Pr and Nd have only been synthesized 
in small quantifies in polycrystalline form (Meyer et al. 1981). The magnetic excitations 
in these compounds have previously been reviewed by Sinha (1978), Koon and Rhyne 
(1980a, 1980b), Rhyne (1980), Jensen (1982), Stifling and McEwen (1987), Rhyne (1987) 
and Moon and Nicklow (1991). There are no distinct crystal field transitions, as the level 
splitting of the R ion is established by the presence of a large Fe or Co exchange field. 
A schematic diagram of the dispersion of magnetic excitations arising from Fe-Fe, Fe-R 
and R-R interactions is displayed in fig. 13. The magnetic behaviour in the R2e2 series is 
different from RCo2 compounds in that for the former, the Curie points are of the order of 
600 K, whilst for the latter, Curie points are a factor of three or four times smaller (Buschow 
1977). Thus for the RFe2 series, CF effects are an order of magnitude smaller than the cor- 
responding exchange effects. The highly dispersive Fe-Fe spin wave excitations are very 
similar to those observed for elemental Fe. An INS investigation of the magnetic excita- 
tions in UFe2 has even demonstrated a strong hybridization between 5f and 3d electrons, 
resulting in an enhancement of the spin wave stiffness constant, even though the Curie 
point is much lower than in the corresponding RFe2 intermetallics (Paolasini et al. 1996). 
Thus, in RFe2 intermetallics, the R wave functions are thus almost pure Jz states and only 
spin wave type excitations are expected. There is however, a CF induced reduction of the 
R moment, as evidenced for example in the polarized neutron diffraction studies of the 
magnetic form factor in HoFe2, where the Ho moment is shown to be reduced from its free 
ion value (Collins et al. 1993). 
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Fig. 13. Schematic diagram displaying the general energy dependence of the dispersion of magnetic excitations in 
systems governed by predominant Fe-Fe exchange interactions and weaker R-Fe and R-R exchange interactions. 

The localized modes which are dominated by the CF interaction, and which crossover 
with the modes dominated by the Fe exchange interaction, have been investigated by 
Clausen et al. (1982) for ErFe2. In corresponding RCo2 compounds, CF effects are ex- 
tremely important and affect the magnetic excitation spectrum in a more marked manner. 
The much weaker R-Co exchange allows significant transitions from the ground state to 
states which are above the first excited state. In fig. 14, the temperature dependence of such 
modes for ErCo2 is displayed, together with a model fit based on a linear spin wave calcu- 
lation incorporating a bilinear exchange and cubic CF interaction. The localized mode is 
a function of the CF parameters and the parameters employed in the fit are in good agree- 
ment with those obtained from bulk measurements. In contrast to the Fe compounds, the 
Co sublattice moment displays metamagnetic behaviour and the Co moment in RCo2 inter- 
metallics is induced only by the 3d-4f  exchange interaction. The eigenstates of the R ion 
are no longer pure and equally spaced Jz states. In both cases, a suitable Hamiltonian is 
one consisting of CF and exchange terms. The magnetic excitations in this instance consist 
of localized transitions between single ion levels which propagate through the lattice via 
the rare-earth transition metal exchange with a weak dispersion. In RCo2 compounds, the 
relative strengths of CF and exchange obtained from magnetization (Gignoux et al. 1975, 
1977), spin reorientation phenomena (Aubert et al. 1978), specific heat (Imai et al. 1995) 
as well as magnetic form factor measurements (Gignoux et al. 1977, 1979a, 1979b) clearly 
show that these compounds have CF and exchange interactions which are comparable in 
size. 

Intermetallics of the series RFe2 and RCo2, as investigated by INS, are tabulated in ta- 
ble 16 together with deduced CF parameters. The R-R exchange interaction is small for 
both RFe2 and RCo2 compounds. Model calculations incorporating localized R moments 
and itinerant d-electrons have been performed by Yamada and Shimizu (1982, 1983). The 
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Fig. 14. Observed low lying magnetic excitations for a single crystal of cubic ErCo 2 as a function of wavevector, 
measured in the [1 1 0] symmetry direction, together with energy levels calculated in a CF - isotxopic exchange 
mean field-RPA approximation. CF parameters used are as tabulated in table 16. The exchange parameters used 
were JEr-Er = 0 and JEr-Co = -- 1.78 K. The hatched region shows the range of energies expected for the highly 

dispersive Co-Co modes, where Jco--Co varies from 60 to 230 K (from Koon and Rhyne 1981). 

TABLE 16 

Crystal field coefficients for RFe 2 and RCo 2 intermetallics (cubic MgCu 2 structure) determined 
by INS experiments. Units for A m are in Kron.  

Compound x W (K) A 0 A 0 Ref. 

ErFe2 -0 .40 -0.277 37.4 - 1.45 [1-5] 

HoFe 2 -0 .44 0.127 23.2 -0.81 [5,6,12] 
Ho0.88Tb0.12Fe2 -0.49 0.109 22.0 - 1.01 [7] 

ErCo 2 -0.43 -0 .40  49.9 - 1.74 [5,8,13] 
HoCo 2 49.9 -2 .32 [5,9,10] 
HoCo 2 -0 .48 0.30 52.4 - 1.59 [11,12] 

References: 
[1] Rhyne et al. (1977) [5] Rhyne (1980) [9] Koon and Rhyne (1981) 
[2] Koon and Rhyne (1978) [6] Rhyne and Koon (1979) [10] Rhyne et al. (1979) 
[3] Clausen et al. (1982) [7] Nicklow et al. (1976) [11] Castets et al. (1980) 
[4] Koon and Rhyne (1980a, [8] Koon and Rhyne (1980a, [12] Castets et al. (1982a) 

1980b) 1980b) [13] Rhyne (1987). 

C F  p a r a m e t e r s  f o r  R C o 2  i n t e r m e t a l l i c s  a r e  g e n e r a l l y  f o u n d  to  b e  l a rge r  t h a n  t h e  c o r r e -  

s p o n d i n g  F e  se r ies ,  a f ac t  w h i c h  c a n  b e  a t t r i bu t ed  to  a s m a l l e r  d - b a n d  d e n s i t y  o f  s ta tes  f o r  

C o  in  th is  s t ruc tu re .  P o i n t  c h a r g e  e s t i m a t e s  o f  t he  C F  p a r a m e t e r s  f o r  t h e  C o  se r i e s  p r e d i c t  

s m a l l e r  p a r a m e t e r s  t h a n  t h o s e  d e t e r m i n e d  e x p e r i m e n t a l l y  ( G i g n o u x  e t  al. 1975) .  F o r  t h e  
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Fe series, the CF parameters determined by INS are in rather favorable agreement with 
M6ssbauer effect studies (Atzomy et al. 1973). 

4.12. Crystal fields of rare-earths in dilute alloys 

First measurements of the CF levels in R ions in noble metals by INS were reported by 
Murani et al. (1975), who investigated 5% Er in Pd. This investigation followed on from 
earlier ESR results for dilute alloys of R ions in Ag (Griffith and Coles 1966). A negative 
value of the sixth order parameter was observed, in contrast to the positive values observed 
in other face centered cubic alloys of Er such as Au and Ag (Davidov et al. 1972). This dif- 
ference was attributed to differences in the electronic band structures between Pd and Ag. 
In further studies devoted to the origins of the CF in metallic systems, attention was later 
focused on R ions dissolved in Au and Ag (Hahn et al. 1992). Noble metals were chosen 
because of the fairly simple electronic band structures adopted by these metals. In this 
study, the CF interaction of concentrations as small as 0.08 at% of Er and Dy dissolved 
in cubic alloys of Au and Ag. Other information about the CF states previously available 
for these systems is from susceptibility data (Williams and Hirst 1969; Chelkomski and 
Orbach 1975; Oseroff et al. 1981), Mrssbauer data (Kikkert and Niesen 1981a, 1981b) 
and EPR measurements (Davidov et al. 1971, 1972). 

The cubic crystal structure again allows a description of the CF in terms of just two 
parameters. Due to the low concentration of dissolved R ions, these measurements were 
performed using neutron spectrometers with an extremely high incident neutron flux. In 
this instance, it can be inferred that the CF states were determined with sufficient accuracy 
(see table 17) to compare them with those available from theoretical calculations (Dixon 
and Dupree 1973; Christodoulos and Dixon 1987a, 1987b; Albanesi et al. 1989). The 
parameters determined by the INS studies are at some variance with the calculations, which 
also considered the conduction electron contribution. The sign difference in the sixth order 
parameters observed between Ag and Pd alloys is verified. All these experimental studies 
of CF interactions in dilute alloys have obviously pointed out the necessity for ab initio 
calculations of the CF in metallic systems as well as follow-up INS studies on an extensive 
series of similar systems. 

TABLE 17 

Crystal field coefficients determined by INS for dilute face centered cubic R alloys. Units for A m are in Kron.  

Compound x W (K) A 0 A06 Ground state Ref. 

0.47 -0 .170  -23 .8  -0 .64  ~/"8 `3) ErPd [11 

ErA u -0 .26  0.190 - 14.6 1.02 1"7 [2] 
DyAu 0.85 0.125 - 19.9 0.21 F 8 [2] 

ErAg --0.15 0.215 -9 .5  1.32 /"7 [2] 
DyA__g_g 0.37 0.147 -- 10.2 1.07 /'7 [2] 

References: 

[1] Murani et al. (1975) 
[2] Hahn et al. (1992) 
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5. Inelastic neutron scattering experiments on stable hexagonal lanthanide 
intermetallics 

In systems of hexagonal symmetry, where the number of CF parameters increases to four, 
the INS technique has been used to investigate the CF interaction in a large variety of differ- 
ent structural types. These include dilute R alloys, RNi5 and RCus, R2C017, R2Fel7, RA13 
and RGa2. The increased number of CF parameters makes a combined analysis of data 
obtained by INS and other techniques, such as magnetization and specific heat, imperative. 

5.1. RcXI-c (X = Y, Lu, Sc, Mg) 

Due mention must be made of INS studies of Rare-Earth CF states in dilute hexagonal 
alloys. This is the most appropriate way to separate out the crystal field interaction from 
the indirect exchange interaction. Even though such systems cannot be classed as true in- 
termetallics, it is again instructive to examine the level and type of information obtained 
about the CF interaction in the pure rare-earth elements. (The subject of magnetic excita- 
tions in the rare-earth metals themselves is dealt with in detail in the monograph of Jensen 
and Macintosh (1991).) The results themselves have a considerable impact on our under- 
standing of the origins of crystal fields in metals. The first measurements of CF levels in a 
dilute alloy were reported by Rathmann et al. (1974). An alloy of Er-Y containing 2% Er, 
which crystallizes in a hexagonal close packed structure, was studied by triple-axis spec- 
trometry in order to test in a critical manner the reliability of CF parameters for this system 
previously obtained by bulk magnetization techniques. A low Er concentration was chosen 
in order to study the CF interaction in isolation from the strong Er-Er exchange interac- 
tion. The CF parameters obtained in this way were rather accurate because it was possible 
to probe different states by measuring along high symmetry directions of the hexagonal 
lattice. With the scattering vector oriented along the high symmetry YA direction (c-axis), 
the scattering cross section arises only from the transverse components of the angular mo- 
mentum operator, Jx and Jy. For the scattering vector along the FM (b-axis) symmetry 
direction, only matrix elements containing Jz are probed. In this way, the problem of ob- 
taining reliable values of the four parameters necessary for a description of the hexagonal 
CF Hamiltonian is completely resolved. 

A further measurement on this system with an improved energy resolution (Kjems et al. 
1979) showed the effects of transitions arising even from nearest neighbor Er pairs and in 
this instance a CF model incorporating cluster effects was invoked (Furrer and Gtidel 1977) 
in order to explain an additional transition observed over and above those expected from 
single ion CF excitations. These studies were then followed by a systematic investigation 
of a series of Sc, Y and Lu rare-earth alloys (Rathman and Touborg 1977; Touborg 1977). 
Again, the necessity arose to check in an independent manner, CF parameters deduced from 
bulk magnetization investigations for these alloy systems. A check for a more universal 
behaviour of the CF interaction was carried out in a study of CF interactions in dilute MgR 
(R = Dy, Ho, Er and Tm) single crystal alloys by de Jong and Kjems (1983). Magnesium 
was chosen because of the ease with which it was possible to grow relatively large single 
crystals (of the order of a few cm 3 in volume) and the markedly different properties such 
as valence, ionic volume, c/a ratio and d-electron contribution of the Mg ion, in contrast 
to R like hosts such as Y and Lu. Using greatly improved instrumentation, single crystals 
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TABLE 18 
Crystal field coefficients for R ions in dilute hexagonal close packed alloys as 

determined by INS experiments on single crystals. Units for A m are in Kro n . 

Compound A 0 A 0 A 0 A 6 * 6 6 ( ) Ref. 

YEt -156.0 10.6 2.5 
YTb -114.0 2.9 1.9 c/a = 1.573 [1-3] 
YDy -67.8 29.2 5.3 

L~r  -78.3 7.6 3.3 
Lu____~ -76.6 3.2 1.8 c/a = 1.584 [1-3] 
LuDy -28.2 32.0 5.5 
L uHo -48.4 0.6 2.4 

Sc_._Tb -37.7 8.1 3.6 
ScDy -38.4 9.8 3.5 c/a = 1.594 [1-3] 
S__qcEr -40.8 6.5 3.8 

M gTb -17.0 10.9 3.5 - 
M gDy -7.2 2.6 2.7 22.7 
Mg.____Ho -6.0 2.0 2.4 22.0 [4,5] 
Mg__ Er -18.3 10.2 2.1 23.6 
MgTrn -1.5 1.5 2.9 24.8 

* For the ideal hexagonal close packed slructure, c/a = 1.573 and A 6 = 7-~7 A0 
(Segal and Wallace 1970). For M__..ggR alloys, c/a = 1.624. 

References: 

[1] Rathmann et al. (1974) [4] Kjems et al. (1979) 
[2] Rathmann and Touborg (1977) [5] de Jong and Kjems (1983) 
[3] Touborg (1977) 

containing about 0.1 at% of R ions were studied in an extremely demanding experiment. 
A knowledge of the non-magnetic contribution from the phonon spectrum of Mg (Mishra 
and Kushwaha, 1978) enabled a good discrimination between CF excitations and non- 
magnetic scattering to be carried out. The CF coefficients determined for the series of 
alloys with Y, Lu, Sc and Mg are collected in table 18. There is a broad and satisfying 
internal consistency of the determined coefficients. 

5.2. RNi5 

Intermetallics of the type RNi5 crystallize in the hexagonal CaCu5 structure (Wernik and 
Geller 1959). The magnetic properties have been reviewed by Franse and Radwanski 
(1993) and Gignoux and Schmitt (1997) and a comprehensive investigation of the mag- 
netic properties of the series (susceptibility, specific heat, magnetization and INS) has been 
completed by Kayzel (1997). There are a significant number of INS studies of the series 
and these are summarized in the following sections. 

Early INS investigations by Alekseev et al. (1980) and later work by Alekseev et al. 
(1991) on polycrystalline material assign the F4 singlet ground state to the Van Vleck 
paramagnet PrNis. In a more precise single crystal INS study, Amato et al. (1992) have 
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(1) Fig. 15. Dispersion of the F4-F ~ CF excitation for a single crystal of hexagonal PrNi5 measured for wavevectors 
parallel and perpendicular to the hexagonal axis. The thermal variation of the low temperature susceptibility, 
measured parallel and perpendicular to the c-axis is displayed in the right hand part of the figure. Solid and 
dashed lines are the calculated susceptibilities using the CF parameters obtained from the INS data (from Amato 

et al. 1992). 

determined the CF parameters as well as a dispersion of  the /~4--F (1) doublet excitation. 
This they attributed to the existence of  a Pr-Pr exchange interaction. The nearest and next 
nearest neighbor exchange interactions are respectively the isotropic interactions along the 
c-axis and in the (ab) plane. The coupling was found to be ferromagnetic and reminiscent 
of  a RKKY behaviour (fig. 15). The value of  the exchange susceptibility is not sufficient 
to induce long range magnetic order. In contrast with bulk measurements, no appreciable 
susceptibility is attributed to the Ni sublattice below 50 K. The CF parameters determined 
in these studies are fairly consistent with detailed specific heat (Kim-Ngan et al. 1995) as 
well as single crystal magnetization measurements (Barthem et al. 1988a, 1988b). Point 
contact spectroscopy in zero (Akimenko et al. 1984) and applied magnetic field (Reiffers 
et al. 1989) has also been used to determine the CF parameters. The applied field measure- 
ments in particular make the F4-F1 transition visible, and the behaviour of  the F1 level 
in a magnetic field allowed the CF parameters to be obtained. They are in overall accord 
with the INS results. Muon spin resonance studies had previously proposed a significant Ni 
susceptibility below 50 K (Kaplan et al. 1989) but following the suggestion by Amato et 
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Fig. 16. Temperature dependence of the energy level diagram and level composition for hexagonal TbNi5, de- 
duced from a combined analysis of specific heat, magnetization and INS data. Arrows indicate the dipolar transi- 

tions observed by INS, with energies denoted by E i (from Kayzel 1997). 

al. (1992) that a modification of the hexagonal CF field could be induced by the presence 
of interstitial tx +, a more detailed single crystal muon study found that the interstitial 6i 
(1/2, 0, 0.21) site occupied by the muon in fact lowers the energy of the F4 level and splits 
the F6 doublet by 14 K (Feyerherm et al. 1995). 

Goremychkin et al. (1985a) found a F8 doublet ground state for NdNis. The CF pa- 
rameters from this study are able to reproduce the CF contribution to the paramagnetic 
anisotropy determined by Morellon et al. (1996) in an exposition of the fourth and sixth 
rank susceptibility tensor for the RNi5 series. 

Three INS investigations exist for TbNis. Goremychkin et al. (1984) obtained CF pa- 
rameters for polycrystalline material, whilst a single crystal study of the magnetic excita- 
tions is reported by Gignoux and Rhyne (1986). The ground state is the F(2) singlet. The 
powder CF parameters are sufficient for explaining hyperfine field splitting data (Carboni 



CRYSTAL FIELD EFFECTS IN INTERMETALLIC COMPOUNDS 563 

et al. 1996) as well as single crystal high field magnetization data (Gignoux et al. 1979a). 
Gignoux and Rhyne could not obtain a particularly good agreement with bulk data and 
suggested the possibility of higher order quadrupolar and magneto-elastic interactions, a 
conjecture supported by the results of paramagnetic anisotropy studies of TbNi5 (Morel- 
lon et al. 1996). The energy level diagram for TbNi5 is displayed in fig. 16, together with 
transitions observed by INS. 

Goremychkin et al. (1984, 1985b) report an INS powder study of HoNis. The second 
order CF parameter is in agreement with bulk single crystal high field magnetization mea- 
surements (Gignoux et al. 1979a). Morellon et al. (1996) used the high field magnetization 
results for the CF parameters in their study of the paramagnetic anisotropy, but the INS set 
can equally well account for the anisotropy in the paramagnetic phase. 

Four separate INS studies of ErNi5 are reported. Escudier et al. (1977) propose a F7 CF 

ground state, whilst Goremychkin et al. (1984, 1985b) obtain a F8 (3) doublet CF ground 
state as do Radwanski et al. (1992) in analysis of specific heat data. A very consistent set of 
CF parameters for this compound is obtained by Zhang et al. (1994) in a combined analysis 
of single crystal high field magnetization data and previous INS data (Goremychkin et al. 
1984). 

The compound TmNi5 has a low ordering point and presents extremely anisotropic mag- 
netic properties (Barthem et al. 1988b). Inelastic neutron scattering studies of the CF in- 
teraction confirm a pseudo-doublet CF ground state which is composed of two very close 
lying/'1 singlets (Gignoux et al. 1982). The CF parameters determined by INS work are 
in general accord with bulk results with only the A ° coefficient being about 15% larger in 
the case of the INS determinations. Both the magnetization and INS investigations report 
a negative value of the A ° coefficient, which is the only exception in the series° 6 

The high sensitivity of CF splittings to the presence of local disorder has been investi- 
gated by the INS technique in amorphous PrNis. Interpretation of this data is discussed in 
the section on amorphous lanthanide intermetallics. The CF parameters determined for the 
RNi5 series by INS are collected in table 19. It can be seen that throughout the series, a 
fairly consistent set of parameters is available. Electronic band structure calculations have 
been performed for the series (Nov~k and Kuriplach 1994). The final calculation is diffÉ- 
cult, but the signs and orders of magnitude of the CF parameters are in agreement with INS 
data. The Newman superposition model also is valid for this series (Newman 1983). 

5.3. RCu5 

Inelastic neutron scattering data exist only for the light rare-earth intermetallics PrCu5 
and NdCu5. INS measurements have determined the CF level scheme in the Van Vleck 
paramagnet PrCu5 (Andreeff et al. 1981; Matz et al. 1982; Goremychkin et al. 1988). The 
Van Vleck susceptibility is reported by Andres et al. (1975) who proposed a F4 singlet CF 
ground state with the first excited state at 30 K composed of the F3 singlet. The INS results 
are at variance with this result, as they propose a F1 singlet ground state. The CF parameters 
obtained from the bulk susceptibility cannot reproduce the observed INS transitions and 
intensities. The electrical resistivity has been measured by Takayanagi (1984) who used 
level schemes obtained from the susceptibility and INS investigations. The F4 singlet is 
favored also in this case. 
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TABLE 19 

Crystal field coefficients for RNi 5 and RCu 5 (hexagonal CaCu 5 structure) intermetallics determined by INS 
experiments. Units for An m are in Kro n . 

Compound A 0 A 0 A06 A66 Ground state Ref. 

PrNi 5 -210 - 16.2 0.79 25.6 F4 [1,2] 
PrNi 5 -222 - 17.8 0.76 25.4 F 3 [3,4,5] 
NdNi 5 -342 -7.1 0.64 23.4 F (1) [5] 
TbNi 5 -430 -8.6 1.44 46.4 F 1 [6,7,8] 
HoNi 5 -692 - 15.6 1.27 36.9 / '3 [6,9] 
ErNi 5 -337 -38.7 2.23 12.7 E (3) [6,7] 

ErNi5 -464 - 18.9 1.44 34.1 "9 [10,11] 
ErNi 5 -481 - 18.9 1.44 33.0 F9 t3) [161 
TmNi 5 -543 -63.1 -7.23 30.0 F 1 [12] 
PrCu 5 -209 3.8 0.48 13.6 F 1 [13] 
PrCu 5 -200 4.8 0.53 10.6 F 1 [14] 
NdCu 5 - 14 18.4 1.06 36.1 - -  F9 tl) [15] 

References: 

[1] Alekseev et al. (t980) 
[2] Alekseev et al. (1991) 
[3] Amato et al. (1992) 
[4] Alekseev et al. (1992b) 
[5] Gorernychldn et al. (1985a) 
[6] Goremychkin and Miihle (1984) 

[7] Goremychkin et al. (1984) 
[8] Gignoux and Rhyne (1986) 
[9] Goremychkin et al. (1985b) 

[10] Escudier et al. (1977) 
[11] Zhang et al. (1994) 
[12] Gignoux et al. (1982) 

[13] Andreeff et al. (1981) 
[14] Goremychkin et al. (1988) 
[15] Divis et al. (1991) 
[16] Kayzel (1997) 

Inelastic neu t ron  scattering data also exist for NdCus ,  which  orders ferromagnet ical ly  
be low 15 K (Barthem et al. 1989). Divis et al. (1991) obtain a set of  CF  parameters  which 
consistent ly account  for the specific heat, high field magnet izat ion,  susceptibil i ty and spin 
re-orientat ion transi t ion reported by  the same authors at 5.6 K. The CF  ground state is 

the/"9 (1) doublet.  The sixth order CF  coefficients are similar to those obtained for PrCus,  
but  the second and fourth order coefficients are much  smaller  than for the corresponding 
Pr compound.  A negative fourth order coefficient which is as large as the second order 
one, accounts for the observed spin re-or ientat ion transi t ion from axis to plane. The CF  
coefficients, as de termined by  INS, are also tabulated in  table 19. 

The CF  parameters for these intermetal l ics  have also been  discussed in terms of  the 
superposi t ion model  (Newman  1983; N e w m a n  and Ng 1989). A fair agreement  is obtained 
for PrCus.  

5.4. RPdeX3  (X = Al, Ga)  

Inelastic neut ron  scattering measurements  are reported for the l ight rare-earth com- 
pounds  PrPd2X3 and NdPd2X3 for X = A1 and Ga (D6nni  et al. 1997a, 1997b). In  
this case, Pd atoms reside at the 2c site with A1 distr ibuted over the 3g site of  the 
modified CaCu5 structure. The c o m p o u n d  PrPd2A13 is paramagnet ic  down to low tem- 
peratures (Ghosh et al. 1993) whilst  NdPd2A13 displays ant i ferromagnet ic  order be-  
low 7.7 K (D6nni  et al. 1997a). The corresponding Ga compounds  have a similar be-  
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Fig. 17. (a) Inelastic neutron scattering spectra and energy level scheme deduced for polycrystalline hexagonal 
NdPd2A13. Arrows indicate the dipolar transitions observed by INS (from DtJnni et al. 1997a). (b) Calculated and 
observed temperature dependence of the CF levels deduced for polycrystalline hexagonal NdPd2A13 from INS 

data (from Dtinni et al. 1997a). 
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TABLE 20 
Crystal field coefficients for RPd2A13 and RPd2Ga 3 hexagonal intermetallics as determined by INS experiments. 

Units for A m are in Kro n. 

Compound A 0 A 0 A 0 A66 Ground state Ref, 

CePd2A13 * -354.0 15.2 /'7 [1] 
PrPd2A13 -343.0 14.4 0.45 -9.1 F 1 [1] 
NdPd2A13 -347.0 14.4 0.45 -8.9 F7 [1] 

CePd2Ga 3 * -387.2 16.6 /"7 [2] 
PrPd2Ga 3 -374.7 13.8 0.31 -6.3 F 1 [2] 
NdPd2Ga3 -380.2 13.7 0.30 -6.2 /'7 [2] 

* Extrapolated from Pr and Nd compounds. 

References: 

[1] Dt~mi et al. (1997a) 
[2] D/inni et al. (1997b) 

haviour with PrPd2Ga3 paramagnetic down to 0.3 K and NdPd2Ga3 antiferromagnetic 
below 6.5 K (Bauer et al. 1997). Compounds with Ce display a heavy fermion be- 
haviour and the ordered magnetic moments are all perpendicular to the hexagonal c- 
axis. Clearly such magnetic properties are strongly influenced by the CF interaction. The 
INS data were supplemented with single crystal susceptibility data and a good agree- 
ment was obtained between these two different sets of  measurements. The tempera- 
ture dependence of  the inelastic spectra and level scheme for NdPdzA13 are displayed 
in fig. 17, together with the calculated and observed temperature dependence of  the 
level populations. The CF ground state F7 doublet correctly fixes the ordered Nd mo- 
ments in the basal plane, for both A1 and Ga compounds, as observed experimentally 
by neutron diffraction. The changes in the CF coefficients (table 20) between A1 and 
Ga compounds is attributed to differences in the electronic structure, since an expected 
change in the coefficients due only to a difference in the crystal structure was not ob- 
served. 

5.5. R2XI7 (X = Fe, Co) 

5.5.1. R2Fel7 
The magnetic properties of  RzFe17 compounds, which crystallize in the hexagonal 

Th2Ni17 structure are summarized by Franse and Radwanski (1993). Structural and mag- 
netic data are tabulated by Buschow (1977, 1980). Inelastic neutron scattering measure- 
ments have been reported only for a single crystal of  HozFel7 (Clausen and Lebech 1982). 
The low energy part of  the ground state excitation spectrum was found to consist of three 
modes; a highly dispersive Fe-Fe mode, one weakly dispersive mode as well as a non- 
dispersive mode (fig. 18). The crystal structure places Ho ions at two distinct crystallo- 
graphic sites, 2b and 2d. Given the tendency for a certain amount of  local disorder to exist 
in this type of  intermetallic (Christensen and Hazell 1980; Moze et al. 1994) the two sites 
can be considered to be magnetically equivalent (the disorder inhibits an averaging of  the 
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Fig. 18. (a) Dispersion of the low lying magnetic excitations for a single crystal of hexagonal Ho2Fel7 , measured 
along the high synmaetry directions, at 4.2 K. Lines are results of a fit to the q-dependence of the modes using 
a spin wave approximation. (b) Temperature dependence of the scattering from the non-dispersive (localized) 
mode. Lines are results of a mean-field calculation. The calculated energy levels, the value of the z component 
of J and the dipolar matrix elements for adjacent state transitions, within the mean field approximation, are also 

shown in the right hand part of the figure (from Clausen and Lebech 1982). 
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Fig. 19. Dispersion of the low lying magnetic excitations for a single crystal of hexagonal Dy2COl7, measured 
along three high symmetry directions, at 4.2 K. Lines are results of a fit to the q-dependence of the modes using 

a linear spin wave approximation (from Colpa et al. 1989b). 

close surroundings of the two sites). This structural detail is crucial for analysis of the 
magnetic excitations. A linear spin wave approximation was used to model the dynamic 
susceptibility as well as the bulk anisotropy behaviour. A negligible Ho-Ho exchange inter- 
action was assumed as only one non-dispersive mode was observed. This non-dispersive 
mode is in particular an intimate function of the four CF parameters and the Ho-Fe ex- 
change interaction. The CF parameters determined in this way are substantially larger than 
those obtained from specific heat, high field magnetization and Mi3ssbauer measurements 
(Franse and Radwanski 1993). The CF parameters for the series with Y, Dy, Ho and Er 
have been obtained from a detailed and comprehensive high field magnetization investiga- 
tion (Garcia-Landa et al. 1997). The parameters for Ho2Fe17 are a factor of 10 less than 
those obtained from the INS investigation, but the signs are in agreement on both counts. 
This demonstrates the tremendous difficulty in obtaining a consistent set of parameters for 
a particular isostructural series with a CF of low symmetry. 

5.5.2. R2Co17 (R = Ho, Dy) 
A similar analysis was performed by Clausen and Lebech (1980, 1982) for INS data 

obtained on a single crystal of Ho2Co17. Colpa et al. (1989a, 1989b) also report INS data 
for a single crystal of Dy2Co17. In contrast to Ho2Fe17 and Ho2Co17, the analysis for 
Dy2Col7 was generalized to include an exchange interaction between Dy ions and closed 
expressions for the dispersion relations were obtained (these are listed in detail by Colpa et 
al. 1989b). This gave a better agreement between INS and bulk studies for Dy2Co17. The 
results are displayed in fig. 19. The CF coefficients determined by INS for the intermetallics 
Ho2FelT, Ho2Co17 and Dy2Co17 are tabulated in table 21. Clearly, there are discrepancies 
in the variations of the coefficients between Ho and Dy and further INS single crystal 
measurements for other members of the series are needed. 
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TABLE 21 

Crystal field coefficients for hexagonal and rhombohedral R2X17 (X = Fe, Co, Zn) intermetallics 
determined by INS experiments. Units for A m are in Kron. 

Hexagonal (Th2Nil7 structure) 

569 

Compound A 0 A 0 A06 A66 Ref. 

Ho2Fel7 -900 -30  -3.4 - 1.7 [1] 
Ho2Co17 -66  19.4 -1.4 -3.9 [1,2] 
Dy2COl7 -71 -3.1 0 -45.4 [3,4] 

Rhombohedral (Th2Znl7 structure) 

A0 A0 A3 A06 A3 a 6 Ref. 

Nd2Col7 * -169 -14.2 -4.7 0.35 -5.25 0.14 [5] 
Sm2Fe17 1.5 2.9 [6] 
Sm2Fel7N -160 8 -2.5 [6] 
Pr2Znl7 55.5 10.3 333.9 -0.10 -4.75 8.26 [7,8] 
Tb2Zn17 208.2 6.2 138 -0.95 -7.16 -68.1 ['7,8] 
Dy2Znl7 [7,8] 
Ho2Znl 7 ['7,8] 
Er2Znl7 208.5 7.9 150 -0.75 -3.74 -29.9 ['7,8] 

* These values were taken from high field magnetization studies and then used to calculate dipole 
transitions. 

References: 

[1] Clausen and Lebech (1982) [4] Colpa et al. (1989b) [7] Ibarra et al. (1992) 
[2] Clausen and Lebech (1980) [5] Colpa et al. (1994) [8] Garcla-Landa et al. (1995) 
[3] Colpa et al. (1989a) [6] Moze et al. (1992a) 

5.6. RAI3 

Compounds of this type with the light rare-earths crystallize in the hexagonal Ni3Sn struc- 
ture (Van Vucht and Buschow 1966). Compounds with the heavy rare-earths crystallize in 
the rhombohedral HoA13 structure, with the exception of ERA13 which crystallizes in the 
cubic Cu3Au structure (Buschow 1980). INS data exist for the light rare-earths with Pr 
and Nd. 

Inelastic neutron scattering data for PrA13 are reported by Alekseev et al. (1976) and 
Andreeff et al. (1978) for this Van Vleck paramagnet. Compounds diluted with La and 
Y have also been investigated (Alekseev et al. 1979, 1982). The ground state is the F1 
singlet, with the first excited state composed of the/'4 singlet. The agreement with spe- 
cific heat (Mahoney et al. 1973) and susceptibility data (Mader et al. 1969) is reasonable. 
Goossens et al. (1996, 1998) have also observed CF excitations in PrA13 by using the 
technique of neutron polarization analysis. Transitions were observed at 3.5 and 4.5 meV, 
the same as observed in previous determinations, but unequivocally identified as CF tran- 
sitions due to the ability of polarized neutrons to separate magnetic from non-magnetic 
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Fig. 20. (a) Inelastic neutron scattering spectra measured for polycrystalline hexagonal PrA13 at 295 K and 100 K. 
These are shown as the first two spectra at the top of the figure. The scattering from a non-magnetic reference 
compound LaA13, is also displayed, for 295 and 10 K respectively, in last two spectra in the bottom part of the 
figure. Solid lines are a least squares fit to the INS cross-section for a hexagonal CF and the calculated dipolar 
transitions are marked by arrows (from Alekseev et al. 1982). (b) Clear separation of crystal field excitations from 
non-magnetic scattering displayed for polycrystalline hexagonal PrAI3, at 295 K and 25 K, using neutron polar- 
ization analysis. The CF scattering appears as negative dips whilst non-magnetic scattering appears as positive 
dips. Lines through the points have been obtained by fitting two CF transitions with a simple Gaussian lineshape. 

These correspond to the F4-F5 (2) and F1-F 6 transitions observed at 3.5 and 4.5 meV displayed in (a) (from 
Goossens et al. 1996, 1998). 

scattering (fig. 20). No CF parameters are reported are reported in these later investiga- 
tions. 

Alekseev et al. (1983) determined the CF ground state in NdA13 and assigned it the 
/.(2) doublet. A F7 doublet ground state was rejected because this failed to reproduce the 
specific heat data even though the CF contribution to the susceptibility at low temperatures 
can be accounted for by both sets of CF parameters. Four alternative sets of CF parameters 



CRYSTAL FIELD EFFECTS 1N INTERMETALLIC COMPOUNDS 

TABLE 22 
Crystal field coefficients for RA13 hexagonal (Ni3Sn sVucture) intermetallics determined by INS 

experiments. Units for A m are in Kro n. 
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Compound A ° A 0 A ° A 6 Ground state Ref. 

PrA13 -32 -{-6.5 1.32 7.0 /'1 [1] 
PrA13 - 95 +6.3 1.17 7.8 1"1 [2] 
PrA13 -92 +8.8 1.10 15.9 /'1 [3,4] 
Pr0.25La0.75 A13 -60 +6.5 0.91 14.1 F 1 [4] 
Pr0.50La0.50A13 -75 +8.0 0.91 15.0 f '  1 [4] 
Pr0.75La0.25 A13 -79 +8.6 1.01 15.6 /'1 [4] 
Pr0.25Y0.75A13 -102 +8.6 1.23 16.7 /'1 [4] 
Pr0.50Y0.50A13 -123 -t-8.6 1.31 18.3 F 1 [4] 
PrA13 [5] 
NdA13 -124 +3.1 1.21 17.6 /,(2) [6] 

References: 

[1] Alekseev et al. (1976) 
[2] Andreeff et al. (1978) 
[3] Alekseev et al. (1979) 

[4] Alekseev et al. (1982) 
[5] Goossens et al. (1996, 1998) 
[6] Alekseev et al. (1983) 

were proposed in a series of  specific heat, susceptibility and resistivity data (Ivlahoney et 
al. 1975), none of  which can reproduce the observed CF transitions and intensities. The 
anomaly in the specific heat at approximately 5 K is attributed to magnetic ordering of  
the Nd ions. The INS determinations of  the CF parameters for this series are collected in 
table 22. There is a rather satisfying and consistent variation for the parameters., at least for 
the light rare-earths which have been investigated. 

5. 7. RGa2 

This series of  intermetallics are an example of  a frustrated magnetic structure that occurs 
on a simple hexagonal  lattice. The strong uniaxial anisotropy coupled with a long range 
oscil latory exchange interaction leads to either an Ising or X - Y  behaviour. They crystall ize 
in the A1B2 type with a space group P r / m m m  (Haszko et al. 1961). The magnetic prop- 
erties were investigated by Tsai et al. (1978) and are summarized by Buschow (1980) and 
Gignoux and Schmitt  (1997). The intriguing variety of  magnetic phase diagrams presented 
by  these systems are reviewed by Gignoux and Schmitt  (1995). In the series, compounds 
with Nd, Pr and Ho have been studied by INS techniques in order to determine the CF 
interaction. 

Ball  et al. (1993a) have determined the CF level scheme for PrGa2, using INS. A /'1 
ground state with a F6 first excited state lying very close to each other explains the exis- 
tence of  the collinear long range periodic-antiphase magnetic structure at low temperatures, 
as has been observed by neutron diffraction (Ball et al. 1993b). The derived CF parameters 
account well  also for the variation of  the specific heat with temperature and the field and 
temperature dependence of  the magnetization (Ball et al. 1993c; Gamier  et al. 1997). This 
material  is a particularly beautiful example of  a system displaying multi-step magnetiza- 
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Fig. 21. Reciprocal susceptibility, magnetization at 8 K and field dependence of the magnetization at 5 K (along 
[1 00]) for single crystal hexagonal PrGa 2. Lines through the reciprocal susceptibility and magnetization at 8 K 
have been calculated by inclusion of CF parameters determined from INS data for polycrystalline PrGa 2. Model 
calculations for the magnetization at 5 K have been performed using a CF and periodic exchange field model. 
Configurations are shown for D O domains (magnetic propagation vector parallel to the applied magnetic field) 
and for D60 domains (magnetic propagation vector at 60 ° to the applied magnetic field) (from Ball et al. 1993a, 

1993b, 1993c). 

tion processes which result from the competition between a strong planar CF anisotropy 
and long-ranged oscillatory exchange interactions (fig. 21). 

Anti-ferromagnetic order was found to exist in the series of hexagonal NdAlxGa2-x 
compounds (Martin et al. 1983). In particular, the easy axis of magnetization is parallel to 
the c-axis for x = 1.25 and perpendicular to the c-axis for x < 1. The c/a ratio changes 
in a drastic fashion for the series and this determines the CF interaction. Furrer and Martin 
(1986) used INS to determine the CF parameters in this series and found the CF parameters 
to be strongly correlated to the geometrical co-ordination of the Nd ion. A radial RKKY 

type dependence of the exchange parameters determined from the neutron diffraction data 
for NdA1Ga is displayed in fig. 22. The sign of the parameter B2 ° is consistent with the 
observed easy axis directions whilst a rapid decrease in the overall CF splitting by almost 

one order of magnitude when passing from NdA11.25Gao.75 to NdA1Ga was observed. The 
sign reversal in B ° in passing between these two compositions was correctly predicted by 
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Fig. 22. Radial dependence of the Nd-Nd exchange interaction parameters j (R) for NdA1Ga obtained from 
analysis of magnetic structural data. The resultant magnetic structure is stabilized by the CF interaction (from 

Furrer and Martin 1986). 

considerations of the geometrical co-ordination factor. For the series, the calculated ground 
state magnetic moments are in agreement with the bulk studies (Martin et al. 1983). Further 
INS studies were subsequently carried out on a single crystal of NdA10.sGal.; (Elsenhans 
et al. 1990b). In this instance, the polarization factor for magnetic scattering allows for 
a total suppression of the longitudinal CF excitations for measurements performed with 
the scattering vector parallel to the c-axis. The fitted CF parameters were in overall good 
agreement with previous determinations. The INS measurements were also extended to 
below the ordering temperature. The CF excitations displayed little or no dispersion and 
could be analyzed in the mean field approximation. The observed splitting of the ground 
state F7 doublet into two low lying transverse excitations was in good agreement with the 
expected CF level scheme. In a later INS investigation, Ball et al. (1994) deduced an overall 
CF splitting of 50 K for Nd0.sY0.sGae. This is twice that proposed by Furrer and Martin 
(1986) for NdGae. The parameters obtained in this study could account for the anisotropy 
in the paramagnetic susceptibility, the temperature dependence of the magnetic entropy 
and the complex multi-step magnetization processes observed. 

The compound HoGa2 also exhibits an extremely complicated H - T  magnetic phase 
diagram along the (0 0 1) axis (Gignoux et al. 1991). An INS investigation on diluted HoY- 
AlGa is reported by Ball et al. (1993c). A F6 (1) ground state doublet with a first excited 

.](2) singlet was deduced after an exhaustive trial search combining the INS data with the 
available data for the anisotropic paramagnetic susceptibility. From the obtained CF and 
exchange field parameters, the authors were able to give a surprisingly accurate description 
of (a) the multi-step magnetization process, (b) magnetization curves along the hard axis of 
magnetization, (c) moment magnitude and direction, and (d) reduced value of the specific 
heat discontinuity in the ;L anomaly below TN. 
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TABLE 23 

Crystal field coefficients for hexagonal RGa 2 (A1B 2 structure) intermetallics determined by INS exper- 
iments. Units for A m are in Kro  n. 

Compound A 0 A 0 A 0 6 A 6 Ground state Ref. 

PrGa2 - 1 4 9  -3 .95  -0 .18  - 2 . 6  F 1 [1] 
Nd0.5Y0,5Ga 2 - 1 0 0  -3 .48  -0 .24  - 2 . 6  /'7 [2] 
NdGa 2 - 11.7 2.73 -0 .02  - 2 . 4  /'7 [3] 
NdA10.5Gal. 5 -18 .7  4.2 0.12 -5 .5  /'7 [3] 
NdA1Ga -20 .8  4.7 -0 .3  - 7 . 8  /'7 [3] 

NdAll.25Ga0,75 11.0 9.8 3.12 - 9 . 2  F8 (1) [3] 
NdA10.SGal. 2 * - 14.1 8.6 - 0 .3  - 4 . 5  F7 [41 

Hoo.25Alo.75Ga 2 162 14.9 - 6 . 2  -2 .1  --F6 tl) [5] 

* Single crystal. 

References: 

[1] Ball et al. (1993a) 
[2] Ball et al. (1994) 
[3] Fnrrer and Martin (1986) 

[4] Elsenhans et al. (1990b) 
[5] Ball et al. (1993b) 

The CF coefficients determined for this series by INS are collected in table 23. There are 
glaring contrasts between the INS results reported by Furrer and Martin (1986) and Ball 
et al. (1994) for the Nd compounds. In only one instance have INS measurements been 
carried out on single crystal material and these are reported for NdA10.gGal.2 (Elsenhans 
et al. 1990b). The origins of the sign change in A °, reported for the compound HoA1Ga, 
are most likely similar to those reported for the Nd series. These INS studies are surely a 
harbinger of the large number of rare earth intermetallic compounds with intricate magnetic 
phase diagrams which still await investigation by combined INS and bulk studies. 

6. Inelastic neutron scattering experiments on stable rhombohedral 
lanthanide intermetallics 

Rare-earth intermetallics which crystallize in a rhombohedral lattice present a total of six 
CF parameters which need to be determined. Inelastic neutron scattering investigations 
of these systems are scarce, with only Nd2C017 and the series R2Znl7 (R = Pr, Tb, Dy, 
Ho and Er) having been studied in any detail. In the former compound, the R-Co and 
Co-Co exchange interactions dominate whilst in the later, CF effects are important at low 
temperatures. High energy INS has also been employed to study intermultiplet transitions 
in Sm2Fel7 and nitrogenated Sm2Fel7 as well as the details of the rare-earth transition 
metal exchange interaction in Gd2Fel7 and Gd2C017 together with their corresponding 
nitrides and carbides. 

6.1. R2C017 

Colpa et al. (1994) have used INS to observe the non dispersive excitations in N d 2 C o 1 7  

which arise from the excitations of the Nd ion. In this case, a set of CF parameters which 
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were derived from high field magnetization measurements (Sinnema et al. 1986, 1987) 
were used to model these limited number of modes. In this way, the molecular field experi- 
enced by the Nd ion, approximately 320 Tesla, was deduced. Such information is difficult 
to arrive at for the light rare-earths from just magnetization measurements alone, in con- 
trast to the heavy rare-earths, where the coupling is ferrimagnetic. The accuracy of the 
determined molecular field is very sensitive to the set of CF parameters chosen. 

6.2. R2Zn17 

The difficulty of deriving, even from INS experiments, six reliable CF parameters is high- 
lighted by INS measurements performed on this series, which crystallize in the rhombohe- 
dral Th2Zn17 structure (Iandelli and Palenzona (1979), space group R3m). A paramagnetic 
behaviour is observed over a large temperature range (Stewart and Coles 1974). The high- 
est N6el points are observed for Gd2Zn17 (10 K), TbzZn17 (23 K) and DyzZn17 (9 K). 
Specific heat and susceptibility data are reported by Marquina et al. (1993) and Gignoux 
et al. (1994). Low temperature neutron diffraction investigations of Tb and Dy compounds 
clearly reveal that these systems order magnetically in a complex helical magnetic structure 
(Moze et al. 1996). For the series, INS measurements are reported by Ibarra et al. (1992) 
and Garcia-Landa et al. (1995). 

The large number of observed transitions observed for Pr~Zn~7 allowed imposition of 
severe restrictions on the number of possible CF parameter sets. Nevertheless, it proved 
difficult to obtain a consistent set. This was due to a lack of information about transitions 
from levels lying below 1 meV to higher energies. The CF parameters reported in table 21 
give a reasonable fit to the INS spectra but should be treated with some care. 

The high ordering point for Tb2Zn17 makes analysis particularly difficult for this system. 
The CF parameters give a qualitative fit to the INS spectra and the specific heat data. 
Additionally, a scaling of the parameters to the ErzZn17 system gives a good account of 
the transition energies and intensities observed for this latter material. 

A first set of CF parameters was obtained from fits of the specific heat and paramagnetic 
susceptibility data for DyzZn17. These do not give an adequate description of the INS data 
and, conversely, a good fit to the INS spectra does not adequately describe the bulk data. 
A scaling of these parameters from those obtained from Er2Znl7 did, however, yield a 
parameter set which reproduced the observed INS spectra. 

The large number of possible transitions possible for the non-Kramers Ho ion in 
HozZn17 entirely precluded an analysis in this case. A combined interpretation of INS 
and specific heat data could not produce a unique set of parameters. All the trial solu- 
tions obtained from INS, specific heat and susceptibility data indicated a CF splitting of 
greater than 30 meV, a range not accessible with the particular type of TOF spectrometer 
employed. 

Of the entire series investigated, Er2Zn17 was the one for which a reliable CF parameter 
set was obtained. This is displayed in figs 23 and 24 where the INS and paramagnetic sus- 
ceptibility data are displayed together with predictions based on the parameter set reported 
in table 21. 

For this series, INS measurements with single crystal material would most likely allow 
a more definitive set of CF parameters to be obtained, since the longitudinal and transverse 
CF excitations are more easily distinguished. Additionally, suppression of the exchange 
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interaction for Yb2Znl7  by dilution with non-magnetic lanthanide ions, would surely allow 
a more consistent set of parameters to be obtained. 

6.3. R2Fel7 

The magnetic properties of these compounds and their modification by interstitial solid 
solutions have been reviewed by Fujii and Sun (1995). Moze et al. (1992a) employed high 
energy INS to explore the mixing of the J = 5/2 state with the J = 7/2 and 9/2 excited 
states of the Sm 3+ ion in Sm2Fe17 and the corresponding nitride Sm2FelTN2.7, where the 
location of the N atom in the 9e site of the rhombohedral structure induces a large en- 
hancement of the Curie point (Ibberson et al. 1991). The mixing of the states is induced 
by CF, exchange and spin-orbit interactions. The only observed transition was a disper- 
sionless excitation of 174 meV at 5 K. The limited observation of just one intense peak 
appears to make a detailed analysis of the CF interaction precarious. However, the inten- 
sity and energy of this excitation was adequately modeled by a Hamiltonian incorporating 
a predominant exchange term and a much smaller CF interaction, as well as the known 
spin-orbit splitting of 129 meV for Sm 3+. The CF parameters used were those obtained 
from magnetization measurements (Zhao et al. 1991). These parameters, together with the 
exchange coefficient, derived from the Curie temperature, were used to obtain eigenvalues, 
eigenfunctions and transition probabilities. These yielded three levels in the range from 
0 to 250 meV which are coupled to the ground state in the dipole approximation. The 
most intense of these was at 170 meV, based on estimates of the intensities of transitions. 
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The associated energy level scheme and composition of the eigenfunctions reproduce the 
macroscopic magnetic properties, in particular the observed spin reorientation from plane 
to axis at 165 K. For the nitrogenated compound, Sm2FelyN2.7, a broad inelastic inten- 
sity was observed in the energy range from 140 to 170 meV. In order to obtain a strong 
transition at these energies, an enhanced exchange constant as well as a large second or- 
der CF coefficient A ° are necessary. However, the presence, in approximately the same 
energy range, of a non-magnetic signal arising from localized N vibrational modes pre- 
cluded a more detailed analysis. Nevertheless, the confirmation by INS of the proposed 
transition energy levels and their associated intensities does imply that the proposed CF 
and exchange parameters obtained from other methods can then be pinpointed more accu- 
rately. 

The absence of the transitions between CF states in Gd compounds, where the level 
splitting arises from the Zeeman splitting due to the presence of the molecular field, makes 
INS an attractive technique for investigating the exchange interaction between the Gd and 
transition metal sublattices. This exchange interaction can be determined from INS mea- 
surements by use of the well known SW (spin wave) model. The alternative is to establish 
the coupling by use of the high field free powder method. The very weakly dispersionless 
spin wave mode corresponds to the out-of-phase precession of the Gd spins which experi- 
ence the molecular field Bmol of near neighbor Fe or Co spins. The relationship between 
the neutron energy transfer A (in meV) and the molecular field Bmol (in T) is given by 
(Loewenhanpt et al. 1994a): 

A = 2/ZBBmol. (6.1) 

In the mean field approximation, and for Gd-Fe compounds, this reduces to: 

zA = 2ZRT JGdFeSFe, (6.2) 

where JGdFe is the Gd-Fe exchange interaction (in meV), SFe the mean Fe moment and 
ZRT the R nearest neighbor co-ordination. The values of the molecular field can then be 
obtained directly from the observed energy transfers. The use of a rather high incident 
neutron energy (above 250 meV) means that compounds containing the naturally occur- 
ring Gd isotope can be investigated. The measurements performed on Gd2Fe17 and the 
associated nitrogenated compounds (Loewenhaupt et al. 1994a, 1996a) have been com- 
pared with those available from HFFP measurements (Liu et al. 1994) and band structure 
calculations (Beuerle et al. 1994; Liu et al. 1994). Similar measurements are reported by 
Loewenhaupt et al. (1994b) for Gd2Coi7. The molecular field determined by this method is 
10% higher (219 T) than that determined for the same compound by the HFFP technique. 
Amongst a large series of Gd-Co intermetallics, this is the lowest value observed. 

7. Inelastic neutron scattering experiments on stable tetragonal lanthanide 
intermetallics 

The general considerations about the CF point group symmetry interaction points to a to- 
tal of five CF parameters which need to be determined for tetragonal symmetry. Inelastic 
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neutron scattering studies have been performed on a rather wide class of materials where 
the R ion possesses tetragonal point symmetry. These consist of intermetallics which crys- 
tallize in the ThMnl 2, ThCr2Si2 and MoSi2 structures for which the relevant space group 
is I4/mmm, and where the point group symmetry of the R ion is 4/mmm. The magnetic 
properties of compounds which crystallize in the ThMn12 structure have been reviewed 
by Suski (1996). Gignoux and Schmitt (1997) have reviewed the magnetic structures of 
compounds which crystallize in the ThCr2Si2 and MoSi2 structures. 

7.1. RT4AIs (T = Cu, Mn, Fe) 

Ternary rare-earth intermetallic compounds which crystallize in the body-centered tetrag- 
onal ThMnl2 structure (Florio et al. 1952) display an extremely rich variety of magnetic 
phenomena (H.-S. Li and Coey 1991; Suski 1996). The magnetic behaviour, in particular of 
the R sublattice, are reported for A1 rich compounds of the type RT4AI8 (Felner and Nowik 
1978, 1979) using bulk magnetization and Mrssbauer techniques with antiferromagnetic 
ordering at low temperatures (< 15 K) reported for all the rare-earths of the series RM4A18 
(M = Cr, Mn and Cu), where the transition metal sublattice is non-magnetic or only very 
weakly magnetic. Neutron powder diffraction measurements on RCu4AI8 have shown the 
existence of collinear and helical magnetic order at low temperatures, respectively for R = 
Er, Dy and Ho and R ----- Tb (Drportes et al. 1979; Baio et al. 1997), whilst for members of 

TABLE 24 

Crystal field coefficients for tetragonal RT4A18 (T = Mn, Cu, Fe) and RNil0Si 2 intermetallics determined by 
INS experiments. Units for A m are in Kro  n. 

Compound A 0 A 0 A 0 6 A4 A 4 Ground state Ref. 

TbMn4AI 8 
HoMn4A18 
ErMn4A18 
ErCu4A18 
ErFe4A18 
HoFe4A18 
SmMn4AI8 
SmFel 1Ti* 
ErFe 11 Ti 
ErFe 11 TiN 
TbNil0Si 2 
ErNil0Si2 
HoNil0Si2 

TmNil0Si2 

-102.7 26.8 -3 .5  123.0 -23.4  F 1 [1,2,4] 
-189.7 17.9 -3 .8  26.8 -5 .5  /'1 [1,2,4,9] 
-212.0 26.8 - 3 . 0  18.9 -7 .1  F 7 [1,4] 

122.8 44.6 -7 .7  -55.8 -49.1 /'6 [3,4] 
245.5 412.9 - 3 . 0  44.6 -6 .7  F 7 [3,4] 

Not reported F7 [9] 
Observed spin--orbit coupling of 1439 K for J = 5/2-7/2 multiplets [5] 

-126 3.8 6.7 [5] 
3.9 -0.37 [6] 

-25.8 2.21 [6] 
Not reported. Estimated overall CF splitting of 60 K [7] 
Not reported. Estimated overall CF splitting of 70 K [7,10] 
Not reported. Estimated overall CF splitting of 80 K [7] 

-77 .2  -4 .2  -2 .54 -1.98 2.10 --ff'~2) [8",101 D 

* From susceptibility measurements. 

References: 

[1] Moze et al. (1989) [5] Moze etal. (1990d) 
[2] Moze et al. (1990c) [6] Hurley et al. (1995) 
[3] Paci et al. (1995) [7] Moze etal. (1992b) 
[4] Caciuffo et al. (1995) [8] Stefanski etal. (1995) 

[9] Tils et al. (1997) 
[10] Moze et al. (1997) 
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Fig. 25. Temperature dependence of INS spectra for polycrystalline tetragonal ErCu4A18. Lines are results of a 
least squares fit of the data to the CF cross section for a tetragonal CF (from Caciuffo et al. 1995). 

the series RMn4A18, neutron diffraction studies report  no long range magnetic order above 
1.6 K (Schobinger-Papamantellos et al. 1996; Baio et al. 1997). This is in contrast with the 
bulk magnetization measurements.  The preferential site occupation in the series for T = 
Mn (Moze et al. 1990a) and T = Fe (Moze et al. 1990b) has been investigated by neutron 
diffraction. Aluminum atoms are found to reside at sites 8i and 8j with a small residual 
disorder of T-A1 atoms on all three sites. 

Inelastic neutron scattering studies of  the CF interaction are reported by Moze et al. 
(1989) for ErMn4A18, TbMn4A18 and HoMn4A18 (Moze et al. 1990c), ErCu4AI8 and 
ErFe4Als (Paci et al. 1995) and by Tils et al. (1997) for HoT4A18, T = Mn, Fe. A compre- 
hensive analysis of  the INS data has been performed for most of  the above series (Caciuffo 
et al. 1995). The CF parameters obtained from INS investigations are collected in table 24. 
A crucial element in the analysis is the value of  the CF coefficient A ° which has been 
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and a molecular field parameter determined by neutron diffraction (from Baio et al. 1997; Paci et al. 1997). 

obtained from 155Gd M6ssbauer spectroscopy for GdT4A18 (T = Cu, Fe) compounds (Fel- 
ner and Nowik 1979) via the quadrupole coupling constant. This served as a basic starting 
point, even though having unphysical origins, for the least squares fitting of the parameters 
in the CF Hamiltonian (fig. 25). As can be seen from table 24, the resulting parameters 
are rather consistent throughout the series. The RMn4A18 compounds with R = Tb, Ho 
and Er are found to have F1, F1 singlet and F6 doublet CF ground states, respectively. For 
ErFe4A18, where the Er and Fe sublattices order at 25 and 110 K, respectively, further INS 
measurements on the expected dispersion of the excitations would be necessary, due to the 
presence of the molecular field up to high temperatures. 

The validity of the CF parameters, as determined by INS, has been tested by a neutron 
diffraction study of the magnetic structure of ErCu4A18 (Baio et al. 1997; Paci et al. 1997). 
The refined magnetic moment is clearly reduced from the free ion value, definitive proof 
of a strong crystal field interaction. The Er ions are found to order in a type 1 AF structure 
and the temperature dependence of the moment has been modeled using a standard CF 
and exchange Hamiltonian. The CF parameters point to a / '6  ground state doublet and this 
reproduces the strong reduction of the reduced moment with respect to the free ion value 
of 9/zB (fig. 26) and lends further credence to the general validity of the CF parameters 
determined by the INS technique. 

7.2. RFe11Ti 

Compounds of the type RFellTi are interesting candidates for permanent magnet appli- 
cations. The magnetic properties of these compounds and their interstitial modifications 
have been reviewed by Fujii and Sun (1995). The high Curie temperature and moderate Fe 
moment give rise to a sequence of equally spaced levels (Abadia et al. 1998). Under such 
circumstances, only INS studies performed on large single crystals are able to furnish any 
information on the details of the CF and exchange interactions, These are very difficult to 
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synthesize and very limited INS results have been reported. The crystal structure has been 
established by neutron diffraction and shows that Ti atoms substitute preferentially into 
the 8i sites (Moze et al. 1988). High energy neutron spectroscopy has been used to inves- 
tigate the excitations in SmFellTi (Moze et al. 1990d; Moze 1991), ErFellTi (Hurley et 
al. 1995). The dispersionless electronic excitation observed in SmFel 1Ti at 176 meV cor- 
responds to transitions between mostly exchange split ground (J = 5/2) and first excited 
state ( J  = 7/2) multiplets of the Sm 3+ ion. This excitation, observed for the first time in 
a rare-earth intermetallic, was modeled in the framework of an exchange and CF model by 
assuming a bare spin-orbit coupling of 129 meV for the J = 5/2 and J = 7/2 multiplets 
(this coupling was confirmed directly by high energy INS for the isomorphous intermetallic 
SmMn4A18). The intermultiplet J-mixing of the eigenfunctions by the CF and exchange 
interactions observed in the INS data were explained with the same parameters used to fit 
the experimental magnetization curves for a single crystal of SmFel 1Ti. 

Hurley et al. (1995) have measured the level scheme of low lying states within the ground 
state multiplet for the compounds ErFel 1Ti and ErFeTi11N, where the interstitial N atoms 
occupy vacant octahedral sites close to the R ion. This occupation results in a unit cell 
expansion, increasing the Fe-Fe interatomic distances and enhancing the Fe-Fe exchange. 
The CF interaction is also strongly modified by the presence of the interstitial N atom. The 
transition energies and intensities were fitted with, respect to the CF and exchange param- 
eters in order to determine the effects of the interstitial occupation on the main terms in 
the CF Hamiltonian. The sixth order term B°(O °) was found to be dominant. This con- 
firmed the existence of the spin reorientation transition (Hurley 1993) for both compounds, 
which is dominated by this term. Loewenhaupt et al. (1996a) have also used high energy 
INS to determine the intersublattice interactions in GdFel0Si2 and GdFel0.6V~.4. The Gd- 
Fe exchange constants were obtained from the position of the dominant transition at low 
values of the momentum transfer. Similar studies are reported for GdCol0V2 (Loewen- 
haupt et al. 1994a, 1994b). Hurley et al. (1994), by INS techniques, obtained the Gd-Fe 
exchange constants for GdFellTi and GdFel 1TiN intermetallics. In the latter case, the ex- 
change field acting at the Gd sites was found to be reduced by 35 T in comparison with 
the parent GdFel 1Ti compound (255 T). For all the Gd compounds investigated by INS, 
the values deduced directly by the INS method are in accord with those obtained from the 
Curie temperature using the mean field approximation. 

7.3. RNiloSi2 

A class of compounds which are ideal model candidates for an investigation of the CF in- 
teraction on the ground state properties of R ions in the ThMn12 structure are those of the 
type RNil0Si2. The Ni sublattice exhibits practically zero magnetization and the magnetic 
properties appear to be dominated by the CF interaction. The crystal structure has been 
determined by neutron powder diffraction (Moze et al. 1991) with Si atoms found to pref- 
erentially occupy the 8f site. Paramagnetic susceptibility and magnetization measurements 
are reported only for TmNia0Si2 (Stefanski et al. 1995). The Ni paramagnetic susceptibility 
displays a Pauli paramagnetic behaviour. A fit of the paramagnetic susceptibility proposes 
a F5 doublet ground state, separated by 15 K from a first excited F4 singlet. The magnetic 
moment associated with the ground state doublet reproduces the magnetization at 4.2 K. 
The overall CF splitting of 70 K (determined by the CF parameters as obtained from a fit 
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of  the paramagnetic susceptibility and displayed in table 24) is in approximate agreement 
with the INS data reported for the compounds TbNil0Sia, ErNil0Si2 and HoNil0Si2 (Moze 
et al. 1992b). Later INS data for TmNil0Si2 and ErNil0Si2 display even the presence of  a 
molecular field at low temperatures (Moze et al. 1997). 

The transferability of  CF parameters to isomorphous compounds must be treated with 
extreme caution for metallic systems. This is exemplified in the example of  RCol0Mo2 sys- 
tems. A neutron powder diffraction investigation of  the magnetic structure of  TbCol0MO2 
and ErCol0MO2 (Moze and Bushow 1996) has shown that Tb displays an axial anisotropy 
at low temperatures whilst Er exhibits a low temperature planar anisotropy. The Co sublat- 
tice displays an axial anisotropy at room temperature (Moze et al. 1995). This confirms the 
positive nature of  the first order CF terms, in contrast to Fe compounds, where it is nega- 
tive. There are obvious underlying fundamental differences in the electronic band structure 
between these systems. In this case, even the sign of  A ° is different. The CF parame- 
ters determined for the RMn4A18 system are able to give a reasonable account of  the low 
temperature easy directions but are much less suited for describing the room temperature 
behaviour. 

Z4. RNi2B2C 

Quaternary intermetallics of  the type RNieBeC display a co-existence of  superconductiv- 
ity with magnetic ordering of  the rare-earth moments (Cava et al. 1994; Nagarajan et al. 
1994). Superconductivity above 4 K has been reported for compounds with R = Y, Lu, 
Tm, Er and Ho. The AF ordering temperatures and superconducting critical temperatures 
are found to be of  the same order of  magnitude. They crystallize in a structural variant of  
the ThCr2Si2 structure, with R - C  planes alternating with two dimensional Ni2B2 layers 
stacked along the c-axis (Rainford and Cywinski 1994; Siegrist et al. 1994). The mag- 
netic ordering temperatures and the decrease of  the superconducting transition point are 

TABLE 25 
Crystal field coefficients for tetragonal RNi2B2C quaternary intermetallics determined by INS experiments. Units 

for An m are in Kro n . 

Compound A 0 A 0 A06 A4 A 4 Ground state Ref. 

EPCM* --876 32.2 -0.11 -966 43.1 [1,5] 
HoNi2B2C -161.8 25.7 -4.7 -796.8 130.6 F 4 [1,5] 
HoNi2B2C [2] 
ErNi2B2C -70.3 36.8 -6.8 -824.7 112.7 /'6 [1,5] 
ErNi2B2C -390 -6.7 -0.9 -28.6 -31.4 F 6 [3] 
TmNi2B2C -145 24.1 -14.7 -704 174.1 F 5 [1,5] 
TmNi2B2C 106.9 -52.4 13.8 137 32.4 F 5 [4] 

* Extended point charge model calculation. 

References: 

[1] Gasser et al. (1996) 
[2] Grigereit et al. (1995) 
[3] Gardner et al. (1995) 

[4] Lappas et al. (1995) 
[5] Mesot et al. (1997) 
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Fig. 27. Inelastic neutron spectra measured for HoNi2B2C at 15 K. The difference curve is the subtracted data at 
low and high scattering vectors and yields the intensity due to CF excitations (from Gasser et al. 1996). 

found to scale approximately with the de Gennes factor (Cho et al. 1995a). A reentrant be- 
haviour into the normal state is observed for compounds with Er, Ho and Tm (Eisaki et al. 
1994; Lai et al. 1995). The high anisotropies observed in single crystal susceptibility mea- 
surements (Cranfield et al. 1994; Cho et al. 1995b, 1995c) have been confirmed by neutron 
diffraction measurements which clearly show that for Ho and Er, the ground state moments 
lie in the basal plane whilst for Tm, the moments are aligned along the tetragonal c-axis 
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Fig. 28. Temperature dependence of the magnetic susceptibility, measured parallel and perpendicular to the c-axis 
for RNi2B2 C (R = Ho, Er, Tin) intermetallics. Full lines are fits using CF parameters obtained from INS data 

(Gasser et al. 1996). 

(Grigereit et al. 1995; Sinha et al. 1995; Zaretsky et al. 1995). The magnetic structures 
also exhibit incommensurate spirals which reaches a maximum near the reentrant super- 
conducting transition. Clearly such magnetic behaviour must have its origins in the crystal 
field interaction. This interaction, in compounds with Er, Ho and Tm, has been investigated 
by the INS technique. These results are discussed below and reported in table 25. 

Crystal field excitations are reported for HoNi2B2C by Grigereit et al. (1995), Gasser et 
al. (1996) and Mesot et al. (1997). Grigereit et al. (1995) report two transitions out of the 
ground state, at 11.3 and 16.0 meV, with a further transition between these two levels of 
4.7 meV at higher temperatures. Magnetic doublet F5 states were assigned to these levels 
as well as to the ground state. Experiments performed with a higher energy resolution and 
over a larger energy range, assigned a F4 singlet to the ground state, with a very close 
lying first excited /"5 doublet at 0.15 meV (fig. 27). This CF level scheme reproduces 
the available magnetic specific heat and single crystal magnetization measurements. An 
extended point charge approximation was used in order to obtain a sufficiently reasonable 
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is given in table 25 (from Gasser et al. 1996). 

starting set of CF parameters. An important element in this approximation is the effect 
of screening of the charge carriers. The two-dimensional nature of the charge carriers (the 
surroundings of the R ion are square planar in this structure) enhances the screening, which 
is taken into account by introducing a correction having a Yukawa-type potential into the 
expression for the CF potential. All ions within a sphere of radius 5 A around the R were 
included in the calculation. In this manner, starting parameters (also displayed in table 25) 
rapidly converged to a set of parameters consistent with the INS data. This procedure was 
also followed for the Er and Tm compounds. The enormous value of A 4 is also verified in 
the single crystal magnetization data (Cho et al. 1996). 

Inelastic neutron studies are reported for ErNi2B2C by Gardner et al. (1995), Gasser et 
al. (1996) and Mesot et al. (1997). The preliminary CF parameters by Gardner et al. are 
based on observation of one transition at approximately 6 K and are markedly different 
from those of Gasser et al., who reported a further ground state transition at 18 meV, 
with further observation of the excited transition of 12 meV between these two states at 
higher temperatures. The parameters reported by Gasser et al. (F6 ground state doublet 
and a/"7 first excited doublet at 5.78 meV) give a very impressive reproduction of the 
single crystal magnetization data (fig. 28). The CF level scheme reproduces the generally 
observed maximum at 20 K in the magnetic specific heat above the magnetic ordering 
temperature (Movshovich et al. 1994; Sallow et al. 1995; Bonville et al. 1996). 

Preliminary INS data for TmNi2B2C were firstly reported by Lappas et al. (1995) fol- 
lowed by a more extensive data set and analysis (Gasser et al. 1996; Mesot et al. 1997). 
Both give a F5 doublet ground state and a first excited state composed of two closely 
spaced (0.4 meV)/'1 and/"3 singlets. The CF parameters reported by Gasser et al. give an 
excellent agreement with the observed single crystal magnetization data (Cho et al. 1995c) 
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and a reasonable reproduction of the broad maximum between 5 and 20 K observed in the 
magnetic specific heat (Movshovich et al. 1994). Neutron diffraction measurements have 
also been reported for Co and Cu doped isotopically enriched ErNillB2C and HoNizHBzC 
compounds (Gasser et al. 1997). 

The set of CF coefficients display the same order of magnitude and sign variation when 
passing from Ho to Tm, indicating that such a qualitative determination by INS can be 
taken to be rather reliable. In fig. 29 are displayed the CF level schemes extrapolated to 
other R ions in the series. The INS measurements for the three compounds with Ho, Er 
and Tm were also extended by Gasser et al. (1996) to below their respective ordering tem- 
peratures. These revealed, as can be expected, a splitting in the CF levels by the molecular 
field. This inevitably leads to a dispersion of the CF energy levels. Future imrestigation of 
these dispersive magnetic excitations by INS are surely warranted, since this will provide 
crucial information on the co-existence of magnetic order and superconductivity in these 
systems. 

7.5. RT2X2 (T = Fe, Cu, Ni) 

Ternary RTzX2 intermetallics exhibit an extraordinary range of magnetic as well as super- 
conducting and heavy fermion behaviour. They crystallize mostly in the ThCrzSi2-type 
tetragonal structure. The crystallographic and magnetic properties of a truly enormous 
number of these intermetallics are reviewed by Parth~ and Chabot (1984), Rogl (1984), 
Szytula and Leciejewicz (1989), Szytula (1991) and Gignoux and Schmitt (1997). With 
the general exception of the RMnzX2 series, the ordering points are rather low, so that the 
CF interaction can be studied in isolation, by the INS technique, for most of the series. The 
CF is generated by the presence of a square prism of eight X atoms as well as eight almost 
equidistant T atoms, both of which have a large variation in their electronic structures, 
implying an equally large variety in the magnetic properties. Inelastic neutron scattering 
investigations of the CF interaction have been reported for PrFezSi2, PrFezGe2, and for al- 
most the whole of the series RCu2Si2 and RNi2 Si2. These are collected in table 26, together 
with the determined CF coefficients. 

7.5.1. RFe2X2 (X = Si, Ge) 
Blaise et al. (1995) have determined the CF parameters for PrFe2Si2 and PrFe2Ge2 in 

a combined INS and specific heat investigation. Neutron diffraction measurements (Mala- 
man et al. 1992, 1993) reveal low temperature type II AF structures with quite different or- 
dered Pr moments between the Si (1.41/zB) and Ge (2.75/zB) compounds, with PrFe2Ge2 
displaying an additional incommensurate-commensurate transition below the N6el point. 
The anisotropy is axial for both compounds. The ground states are two close lying F1 and 
/'2 singlets and similar level schemes, with the Si compound displaying an overall CF split- 
ting of 550 K and that of Ge approximately half this value. The CF parameters tabulated 
in table 26 also give a good description of the magnetic specific heat, entropy and ordered 
values of the Pr 3+ ion in both structures. The method of Santini et al. (1993), who treat the 
J = 4 multiplet for tetragonal symmetry by parameterizing the CF Hamiltonian such that 
selected sets of CF parameters can be chosen, enabled best solutions to all the available 
INS and bulk data to be quickly located. These parameter sets are self-consistent solutions 
of the CF and molecular field Hamiltonian with fixed values of both the ordered moment 
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TABLE 26 
Crystal field coefficients for tetragonal RT2X 2 (T = Fe, Cu, Si; X = Si, Ge) ternary intermetaUics determined by 

INS experiments. Units for A m are in Kro n. 

Compound A 0 A 0 A06 A4 A 4 Ground state Ref. 

PrFe2Si 2 343 17.8 -0.48 -351 -2.53 /"(2) [1] 
PrFe2Ge 2 117 28.1 -0.05 -122 -1.09 /"(1) [1] 
NdFezSi 2 452 -0.38 1.88 69.0 -20.1 /"6 (1) [2] 

PrCu2Si 2 43.7 8.0 0.48 85.6 5.63 /Z, (2) [3,4,5] 
NdCu2Si 2 48.4 -16.4 0.61 20.1 12.96 F!I) [5,6] 
HoCu2Si 2 -149 -17.2 0.35 37.5 18.4 /"3 (1) [5] 
ErCu2Si 2 -90.5 -23.6 0.66 62.0 31.7 /"7 [5,7] 

PrNi2Si 2 140 -4.2 0.68 108 -8.7 /"(1) [8] 
PrNi2Si 2 140 11.0 3.40 93.4 -4.85 /"l (1) [9,10,13] 
NdNi2Si 2 117 -2.6 0.81 115 -3.6 /"6 (1) [2] 
TbNi2Si 2 117 14.3 9.21 280 -137 /"4 (1) [9,11] 
DyNi2Si 2 58 -16 1.93 119 32 /"7 [12] 

References: 

[1] Blaise et al. (1995) 
[2] Osborn et al. (1993) 
[3] Osborn and Goremychkin (1994) 
[4] Goremychkin et al. (1994) 
[5] Goremychldn et al. (1996) 

[6] Goremychkin et al. (1992) 
[7] Gubbens et al. (1995) 
[8] Blanco et al. (1992a) 
[9] Blanco et al. (1992b) 

[10] Blanco et al. (1995) 

[11] Blanco et al. (1992c) 
[12] Ffi_k et al. (1997) 
[13] Blanco et al. (1997a, 1997b) 

and ordering temperature. Osborn et al. (1993) also obtained CF parameters for PrFe2Si2 
and NdFezSi2 via the INS technique, but these were not verified with any observed bulk 
behaviour. The parameters for PrFezSi2 are different from those of  Blaise et al. (1995), par- 
t icularly in the signs and magnitudes of  A 4 and A °. The parameters obtained for NdFezSi2 
scale well with those obtained by the same authors for PrFezSi2 but there are differences 
in sign for the CF coefficients. 

7.5.2. RCueSie 
The CF coefficients for this series, as determined by INS, are reported by Osborn and 

Goremychkin (1994), and Goremychkin et al. (1992, 1996). The signs and magnitudes 
are in approximate agreement when passing from PrCu2Si2 to NdCu2Si2 and in a much 
more consistent fashion between HoCu2Si2 and ErCu2Si2. As an example, the INS spectra 
and energy level scheme for ErCu2Si2 is displayed in fig. 30. These authors have also 
analyzed the CF parameters in terms of  the Newman superposition model. For  NdCu2Si2 
the conclusion is that the CF is dominated by the Cu sublattice, the same applying to other 
members  of  the series, with the exception of  CeCu2Si2, where hybridization between the 
Ce f-electrons and 3p electrons of  Si is proposed (Goremychkin and Osborn 1993). A 141pr 
M6ssbauer investigation of  PrCu2Si2 (Moolenaar et al. 1995) also confirms the positive 
value of  A °. The anomalously large specific heat coefficient (Sampathkumaran and Das 
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Fig. 30. INS spectra for polycrystalline tetragonal ErCu2Si 2 at 4.5 and 30 K, together with the determined energy 
levels and level eigenfunction composition. Dashed lines are least squares fits to the spectra (from Goremychkin 

et al. 1996). 

1992) of  F = 225 rnJ/mol indicates a possible hybridization effect here also. From the 
determined CF parameters, Goremychkin et al. (1994) were able to account for the specific 
heat, and concluded that PrCu2Si2 is a normal stable rare-earth intermetallic. The overall 
behaviour of  the CF parameters determined by Goremychkin et al. (1996) for ErCu2Si2 
concord with a 166Er M6ssbauer and INS investigation reported by Gubbens et al. (1995). 

7.5.3. RNi2Si2 
These are yet another example of  systems which present a large range of  magnetic struc- 

tures due to competing isotropic exchange and a large magnetocrystalline anisotropy which 
confines the moments either along the c-axis or in the basal plane. The resulting structures 
are invariably simple antiferromagnets or incommensurate modulated phases, with some- 
times a remarkable transition of  phases between these two states in the ordered regime. 
The CF interaction in such systems, which plays a crucial role in determining the free en- 
ergy minimum, has been investigated in some detail by INS for the compounds PrNi2Si2 
(Blanco et al. 1992a, 1992b), NdNi2Si2 (Osborn et al. 1993), TbNi2Si2 (Blanco et al. 
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1992b, 1992c) and DyNi2Si2 (FLk et al. 1997). The magnetic excitations in single crys- 
tal PrNizSi2 (Blanco et al. 1995, 1997a, 1997b), studied in both disordered and ordered 
phases, display a moderate dispersion for one of the longitudinal modes (fig. 31). The 
inter-ionic coupling constants were fitted up to 8th nearest neighbors along the c-axis and 
5th nearest neighbors in the basal plane direction. A long ranged feature of the axial cou- 
pling constants was observed. These beautiful and rather conclusive results support the idea 
that the amplitude modulated structure observed in this compound below the Ntel point of 
20 K is a direct consequence of such long ranged exchange interactions in the presence of a 
large uniaxial anisotropy driven by the CE A strong enhancement of the Fourier transform 
of the exchange interaction J(q) (fig. 31) close to the propagation vector of the magnetic 
structure is likely associated with details of the shape of the Fermi surface. 

As can clearly be noted from table 26, for the RCuzSi2 and NdNizSi2 series, there is 
no overall internal consistency between signs and magnitudes of the CF coefficients, even 
though the determined values, when obtained from a combined analysis of the suscepti- 
bility, specific heat and magnetization, are able to account in large part for the magnetic 
properties. Further INS investigations on La and Y diluted compounds appear to be highly 
desirable. 

7.6. RAg2 

Tetragonal RAg2 compounds crystallize in the MoSi2 structure (I4/mmm, Dwight et al. 
(1967)) and the magnetic structures have been determined sometime ago (Atoji 1969a, 
1969b, 1972). Two compounds have been investigated by INS, as well as by magnetic sus- 
ceptibility techniques, particularly in the paramagnetic regime. The main characteristics 
of the magnetic structure of HoAg2 are the existence of an incommensurate longitudinal 
mode just below the Ntel point of 6.4 K with a subsequent transverse mode below 4.5 K. 
The second order CF parameter (which turns out to be very weak) could be determined 
with sufficient precision from the high temperature behaviour of the parallel and perpen- 
dicular susceptibility, whilst the origins of the change of easy magnetization direction in 
the paramagnetic regime at about 75 K lie in the relative strengths of the higher order CF 

parameters. The ground state is a F50) doublet and the small value of the second order CF 
parameter appears to be responsible for the resultant change in sign of anisotropy of the 
high temperature susceptibility (Morin and Blanco 1993). 

The weak value of this second order parameter probably arises from the almost cubic 
point symmetry of the R ions in this structure, akin to the cubic symmetry present in in- 
termetallics of the type RBe13. Gignoux and Schmitt (1995) have pointed out that in this 
particular case the susceptibility and INS data appear to be sufficient for determination of 
the five CF parameters. The INS measurements were particularly useful, with five very 
well defined transitions observed above the ordering temperature. Such a large number of 
transitions is to be expected from an ion such as Ho 3+, with J = 8. 

The Compound TmAg2 presents a tetragonal to orthorhombic transition at 5 K, with a 
ferroquadrupolar ordering and a F5 (1) ground state doublet, as determined from INS and 
susceptibility measurements (Morin and Rouchy 1993). A thorough determination of the 
CF parameters, governing the stronger first order magnetic interactions, allowed the weaker 
higher order magneto-elastic coupling and quadrupolar pair interactions to be determined 
from third-order susceptibility, parastriction and ultrasonic data. The CF parameters deter- 
mined by INS for these two compounds are collected in table 27. 
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Fig. 31. (a) Dispersion of the magnetic excitations for a single crystal of tetragonal PrNi2Si 2 at 30 K. Continuous 
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coupled excitations from the ground state F1 (1) singlet to the F 2 singlet. The propagation vector of the magnetic 
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The overall paramagnetic CF level scheme for PrNi2Si2, labeled with the observed longitudinal and transverse 
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the basal plane (from Blanco et al. 1997b). 



592 O. MOZE 

TABLE 27 
Crystal field coefficients for tetragonal RE Ag 2 (MoSi 2 structure) interrnetallics determined by INS 

experiments. Units for A m are in Kro n . 

Compound A 0 A 0 A 4 A 0 A 6 Ground state Ref. 

HoAg 2 62.3 4.4 -282.9 -2.8 36.3 /"5 (1) [1] 
TmAg 2 13.0 1.7 -336.0 -3.7 52.9 /5 (1) [2] 

References: 
[1] Morin and Blanco (1993) 
[2] Morin and Rouchy (1993) 

7.7. R2Fel4B 

The magnetism of high magnetic energy product R2Fel4B supermagnets is dominated by 
large exchange interactions and smaller CF effects. The intrinsic magnetic properties of 
these highly important materials have been reviewed by Herbst (1991), Buschow (1991) 
and Franse and Radwanski (1993). All compounds of the series are known to crystallize 
in the tetragonal (P42/mnm) Nd2Fe14B structure (Herbst et al. 1984; Herbst and Yelon 
1985). Investigation of the microscopic magnetic properties by INS techniques is com- 
pounded by the complex crystal structure (68 atoms per unit cell). This alone leads to a 
total of 64 spin wave modes. The R ions are situated at two distinct crystallographic sites, 
4f and 4g, and the symmetry of the CF is orthorhombic (each R ion has mm orthorhombic 
point symmetry). As a consequence, a total of 18 CF parameters need to be determined. 
A relevant discussion of CF effects in R2Fe14B compounds is that presented by Cadogan 
and Coey (1984). 

It is not possible to suppress the molecular field at Fe sites, since no isomorphous and 
weakly magnetic compounds are known to exist. Hence, for exchange dominated systems 
such as these, the energy level splitting is Zeeman like, with virtually pure Jz eigenfunc- 
tions. Inelastic neutron scattering studies of the magnetic excitations have been performed 
by Loewenhaupt et al. (1988, 1990, 1995a), Loewenhaupt and Sosnowska (1991) for prac- 
tically the whole series of R2Fe14B intermetallics and by Mayer et al. (1991, 1992) for 
single crystal Nd2Fe14B and Y2Fe14B. The analysis is tremendously complicated for the 
reasons cited above. In general terms, the excitations from the ground state to the first ex- 
cited state are located in an energy range between 5 and 40 meV (fig. 32). For Y2Fe14B, 
where the scattering is due to spin wave excitations of the four Fe sublattices, a similar 
distribution of the scattering is observed. A more detailed fine structure is present for the 
compounds with Pr, Nd, Tb, Er, Ho and Tm. Modeling of the INS spectra was performed 
by calculating the dynamic susceptibility from CF and exchange parameters obtained from 
single crystal high field magnetization measurements (Cadogan et al. 1988; Yamada et al. 
1988). Due to the large number of required CF parameters, the magnetization measure- 
ments were analyzed with a reduced set of six CF parameters, as the CF interaction at 4f 
and 4g sites was assumed to be the same, with the additional constraint that A62 = A66 = 0. 
On this basis, the measured and calculated splittings are in good accord, but the observed 
fine structure could not be reproduced. 
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Fig. 32. INS spectra for polycrystalline Nd2Fel4B, Ce2FeI4B and Y2Fel4 B intermetallics measured at 5 K with 
incident neutron energies ranging from 50 to 70 meV. The data for Nd and Ce are displayed at small Q values, 
where magnetic scattering is dominant. The data for Y2Fel4 B are displayed for both low and high values of Q. 
Peaks at approximately 22 and 35 meV correspond to transitions between the ground and first and second excited 
states calculated using CF and exchange parameters adapted from magnetization data (from Loewerthaupt et al. 

1990). 

High resolution INS studies of  polycrystal l ine Dy2Fe14B (Loewenhaupt et al. 1995a) 
reveal a detailed fine structure at low temperatures with a dominant excitation at 12 meV, a 
small shoulder to this line at 11 meV and two further weak transitions at 3.8 and 5.5 meV 
(fig. 33). The dominant mode corresponds to the Fe molecular  field, since the temperature 
dependence of  this mode (followed up to the Curie point) is practically identical to the 
spontaneous magnetization observed for Y2Fe14B, but small deviations at 200 K (a small 
increase in energy) were proposed as arising from CF effects, which indicates that the level 
scheme of  Dy is not purely Zeeman like. A spin wave model  of  the magnetic excitation 
spectrum for Dy2Fe14B, within the framework of  a two sublattice model  incorporating a 
single ion anisotropy (Ried et al. 1994), predicts only one sharp peak at 12 meV. 

The single crystal data reported by Mayer  et al. (1991, 1992) clearly highlights the gen- 
eral problem encountered in INS studies of  these difficult systems. For  Y2Fe~4B, a low ly- 
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Fig. 33. INS spectra for polycrystalfine Dy2Fel4B measured at 12 K with an incident neutron energy of 25 meV 
(from Loewenhaupt et al. 1995a). Magnetic excitations are shown as dashed lines. 

ing and highly dispersive acoustic excitation, arising from the Fe-Fe exchange, is observed. 
A small gap observed at the zone center of approximately 0.25 meV corresponds to the Fe 
sublattice anisotropy (Bolzoni et al. 1987). Similar measurements reported for Nd2Fe14B 
reveal only one highly dispersive magnon mode which has a temperature dependent spin 
wave energy gap, highly reminiscent of the temperature dependence of the observed spin 
re-orientation transition. Mayer et al. (1991) analyzed the dispersive mode observed for 
NdzFeI4B with a highly approximative classical spin wave model incorporating a nearest 
neighbor Heisenberg exchange with uniaxial anisotropy (fig. 34). The agreement with the 
measured energy gaps and dispersion was extremely poor, as should be expected from such 
a model which neglects the expected strong itinerant effects and longer range exchange in- 
teractions. 

The intersublattice coupling has also been directly determined by INS studies for 
Gd2Fe14B (Loewenhaupt et al. 1996a) and Gd2Co14B (Loewenhaupt et al. 1994b). The 
results for Gd2Fe14B are in good agreement with band structure calculations (Liebs et al. 
1993) and for both Fe and Co compounds, the coupling strengths are also in agreement 
with experimental determinations using HFFP (High Field Free Powder) magnetization 
measurements (Liu et al. 1994). 

Interpretation of INS data for this series, even if performed on single crystals, is 
rendered difficult by the crystal structure. New methods and techniques of investiga- 
tion, perhaps using magnetic X-ray elastic and inelastic scattering, are clearly urgently 
needed. 



CRYSTAL FIELD EFFECTS IN INTERMETALLIC COMPOUNDS 595 

1 / *  I ! i I 

Nd 2 Fe14 B I. 
12 Spin Wove Dispersion i X  

Q= (O,O, 2+q)/~/rt4' 108 C 

/('," 

0 0.1 0.2 0.3 0.4 0.5 
qc (reciprocal lattice units) 

Fig. 34. Measured dispersion curves for magnetic excitations in a single crystal of Nd2Fel4B at 6 K and 295 K. 
Solid lines are results of a least squares fit to E = a + b[1 - cos(Tzqc)] around the reciprocal lattice vector 
Q = (00 2). Numerical calculations of the dispersion, using a classical linear spin wave model with nearest 

neighbor interactions and an uniaxial anisotropy, are shown as dashed lines (from Mayer et al. 1992). 

8. Inelastic neutron scattering experiments on orthorhombic lanthanides 

The crystal field Hamiltonian for rare-earth ions residing in a site which possesses or- 
thorhombic point symmetry is described by a total of  nine parameters. Needless to say, in 
such a case, it is of  utmost importance to use the largest number of  experimental techniques 
for a complete and unambiguous determination of  the level scheme and eigenfunction com- 
position. To date, only a l imited number of  such systems have been investigated by INS. 
Compounds investigated are those which crystallize in the CeCu2 structure whilst some 
limited INS data exists only for PrCu6 and NdCu6 (orthorhombic CeCu6 structure, but 
with a monoclinic R point  symmetry).  

8.1. RCu2 

The magnetic and structural properties of  this series have been reviewed by Luong and 
Franse (1995) and by Gignoux and Schmitt (1997). These compounds crystallize in the or- 
thorhombic structure CeCu2 (Larson and Cromer 1961). There exists a phenomenal  series 
of  different types of  magnetic structures as well as a possible ferroquadrupolar ordering 
(in PrCu2), the stability of  which both appear to be determined in large part, i f  not totally, 
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circles refer to Jy transitions and the other two sets of data refer to peaks for remaining two branches of Jx 

transitions (from Kawarazaki et al. 1995). 

by the CF interaction. The intermetallic PrCu2 has been investigated by INS for the past 
twenty years or so, It is a Van Vleck paramagnet, with a Jahn-Teller transition at 7.5 K. 
This structural distortion has been investigated by neutron diffraction and INS (Kjems et al. 
1978). Later, the CF transitions (singlet-singlet) in the paramagnetic state have been inves- 
tigated by INS on single crystal material (Kawarazaki et al. 1995). The .Ix transitions are 
found to be strongly dispersive (fig. 35) whilst Jy transitions are weakly dispersive, a clear 
signature of an anisotropic RKKY interaction. Below the structural transition, metamag- 
netic transitions are observed (Settai et al. 1995). The highly anisotropic CF is confirmed 
by anisotropic thermal expansion and magnetostriction data (Takeuchi et al. 1996). A fer- 
roquadrupolar ordering has been suggested as a possible origin of the structural distortion 
(Morin and Schmitt 1990). A combined analysis of INS, magnetic susceptibility, thermal 
expansion, magnetostriction and high field magnetization data have allowed a rather con- 
sistent set of CF parameters to be determined for tM?u2 (Ahmet et al. 1996). In fig. 36 are 
displayed the susceptibility and high field magnetization data together with model calcula- 
tions using the CF parameters contained in table 28. The data is adequately reproduced for 
the a and b directions, but the observed metamagnetic transition observed along c cannot 
be reproduced, even with inclusion of quadrupolar interactions. 

In a similar fashion, the CF parameters for NdCu2 have been determined (Gratz et al. 
1991) in a combined analysis of INS, magnetization, specific heat, thermal expansion, and 
electrical resistivity data. The nine CF parameters were obtained using the Newman super- 
position model, from the energy level scheme comprising five doublets, clearly observed 
by INS (fig. 37). The specific heat measured below 1 K and in magnetic fields of up to 
6 T has allowed for a rather definitive (B, T) phase diagram to be determined for NdCu2 
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al. 1996). 



598 O. MOZE 

TABLE 28 

Crystal field coefficients for orthorhombic RE Cu 2 (CeCu2 structure) intermetallics deter- 
mined by INS experiments. Units for A m are in Kro  n, 

Compound 

PrCu2 NdCu2 ErCu 2 TmCu 2 

A 0 -203.6 - 189.0 - 152.9 - 134.4 

A 2 -181.3 -218.4 -120.1 -175.9 

A 0 -23.7 -26.3 -53.2 -46.9 

A 2 -58.9 - 11.9 -24.8 20.4 

A 4 199.6 -23.1 53.2 - 18.8 

A 0 -0.96 -0.97 -2 .0  -2 .4  

A 2 -15.2 -0.24 -4 .7  -10.2 6 
A 4 -31.1 -0.86 -9 .7  1.97 6 
A 6 -40.7 -7.44 -29.7 -25.9 6 

Ground state F(1) 

Ref. [1-4"] [5] [6,7] [8,9] 

* Single crystal magnetization measurements, using INS data from references [1-3]. 

References: 

[1] Kjems (1977) [4] Ahmet et al. (1996) [7] Lange (1992) 
[2] Kjems et at. (1978) [5] Gratz et al. (1991) [8] Gubbens et al. (1992) 
[3] Kawarazaki et al. (1995) [6] Gubbens et al. (1991) [9] Heidelmann (1992) 
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Fig. 37. Inelastic neutron scattering spectra for NdCu 2, measured in the paramagnetic state (T = 10 K). These 
measurements have been obtained for different incident neutron energies. The numbered levels correspond to 
successive CF excitations from the ground state doublet to the four excited doublet levels, giving an overall CF 

splitting of 14 meV (from Gratz et al. 1991). 



CRYSTAL FIELD EFFECTS IN INTERMETALLIC COMPOUNDS 599 

(Sieck et al. 1995). The magnetic structure, as determined by neutron diffraction (Arons 
et al. 1994; Loewenhaupt et al. 1995b, 1996b; Kawarazaki et al. 1996) exhibits a rather 
amazing sequence of incommensurate amplitude (at the Nrel point) and long period com- 
mensurate modulations. These appear to be stabilized by CF and anisotropic exchange 
interactions. 

The CF interaction for two compounds in this series, ErCu2 and TmCu2, have also 
been investigated by INS. Again, a myriad of magnetic structures are present. For ErCu2, 
two single crystal neutron diffraction investigations (Lebech et al. 1987; Hashimoto et al. 
1995) indicate up to two distinct incommensurate phases below the Nrel point (11.5 K). 
Metamagnetic transitions in the magnetization curves are strongly reminescent of domi- 
nant CF effects, with a large CF associated anisotropy in the b-direction (Hashimoto et 
al. 1979). M6ssbaner 155Er spectroscopy also confirm the strong anisotropy along the b- 
axis (Gubbens et al. 1991) and a good agreement is observed between these and INS data 
(Lange 1992). A similar situation pertains to TmCu2, where three different ordered mag- 
netic phases exist below the Nrel point (Heidelmann et al. 1992). The temperature depen- 
dence of the electric quadrupole splitting, as measured by M6ssbaner 169Tm spectroscopy, 
combined with the usual INS, magnetization, specific heat and thermal expansion data 
(Sima et al. 1989; Gubbens et al. 1992; Heidelmann 1992) yield a set of CF parameters 
which are broadly consistent with those determined for the Pr, Nd and Er compounds. As 
already discussed by Gignoux and Schmitt (1995, 1997), inclusion of higher order cou- 
pling interactions could lead to an improvement in the modeling of the magnetic structures 
adopted by these systems. This is exemplified by the results for PrCu2. 

The CF coefficients for this series, as determined by combined INS and other techniques 
are displayed in table 28. Throughout the series, there is a reasonable consistency in the 
signs and magnitudes of the determined coefficients, with the particular exception of A 4, 
where a change in sign is apparent. This must reflect the global difficulty in determining a 
large set of consistent CF parameters in systems with such a low CF symmetry. 

8.2. RCu6 

For this series, INS data exists for CeCu6, PrCu6 and NdCu6. These compounds crystal- 
lize in the CeCu6 structure (Cromer et al. 1960). The magnetic properties and incipient 
structural instabilities for the series are reviewed by Gignoux and Schmitt (1997). The 
compound CeCu6 is a very thoroughly investigated (by INS) heavy fermion system (Wal- 
ter et al. 1986a; Loewenhaupt and Fischer 1993a, 1993b), whilst INS studies have also 
been performed for the compounds PrCu6 and NdCu6. The R ion resides in a site with a 
monoclinic point symmetry and consequently the CF is described by a total of 14 parame- 
ters. Needless to say, a complete determination of these is an almost impossible task. The 
level scheme and dipole matrix elements between levels were obtained by a careful profile 
analysis of the inelastic transitions, including a modeling of non-magnetic scattering from 
multi-phonon processes (Walter et al. 1986a, 1986b). A total of nine transitions at low 
temperatures were clearly identified for PrCu6 and one should expect nine non-magnetic 
singlets (Walter et al. 1986c). The level scheme with associated transition matrix elements 
is displayed in fig. 38. The ground state is composed of two extremely close lying sin- 
glets (separated by approximately 0.23 K). This quasi-doublet ground state displays no 



600 O. MOZE 

~ 1 0 0  , . . . .  , , , I ] m 

E PrCu 6 

:'10 -8 -6 -z~ -2 0 
ENERGY TRANSFER "hi,)[meV] 

- . . . . . . . . .  I i  

10 e 

d~ 
N 

5 

-20 ' -1'6 ' -12 ' -8 ' -~ ' 
ENERGY TRANSFER [meV] 

(a) 

1 
7.3~,meV 

6.3 meV 1/~.8 I 
It,.51 

0.31 meV 

~ 15.61 

. . . . .  - l -  t 
3.36meV 

I¢.11 

1.00meV .,11.91 

1J,,18~V 1.6~meV 2.64me 

( b )  

8.95 meV 

9.0meV 
:0,81 

5,17meV 
L,.86meV 

4.SSmeV 

13.t.I meV 

1.6t,,meV 
1.50 meV 

- ~ . O Z m e V  

Fig. 38. Measured INS spectra for PrCu 6 at 50 K, and non-magnetic LaCu 6 at 120 K, together with the determined 
CF level scheme for the nine singlets and associated dipolar transition probabilities (from Walter et al. 1986c). 

quasi-elastic scattering and the effective moment obtained from this analysis is in broad 
agreement with static magnetic susceptibility data (Andres and Bucher 1972). 

A similar result was obtained for NdCu6 (Walter et al. 1988), where a much simpler 
CF level scheme is expected for a Kramers ion with J = 9/2,  i.e., only five doubly de- 
generate levels. The level scheme was obtained from a line profile analysis, again after a 
careful subtraction of  the one-phonon and multi-phonon contributions. The proposed CF 
level scheme was used to calculate the CF contribution to the specific heat and the static 
susceptibility resulting in a satisfying agreement with measured data for these (Onuki et 
al. 1986). Higher order CF terms appear to govern the CF splitting for this compound. 
Point contact spectroscopy revealed three CF transitions at the same energies as observed 
by INS, thus adding further confirmation for the proposed level scheme (Yonemitsu et al. 
1991). 

The overall CF splitting for these compounds is rather small (about 100 K). There exist 
at present no qualitative theoretical calculations of  the CF splitting in these systems, but 
the uniqueness of  the INS technique for probing CF eigenstates in materials with such a 
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low CF point symmetry, clearly demonstrates that it can be usefully extended to similarly 
complex systems. 

9. Inelastic neutron scattering experiments on hydrides and carbides 
of lanthanide intermetallics 

Rare earth metal hydrides form phases which are stable over large composition ranges. 
The dihydrides RH2 crystallize in the CaF2-type structure, with hydrogen atoms occupying 
tetrahedral sites. Trihydrides, RH3, crystallize in the RH3-type structure, with octahedral 
sites also occupied. In both structures, the rare earth nearest neighbor environment con- 
sists of eight H atoms located on tetrahedral sites. The magnetic properties of rare earth 
metal hydrides are naturally enhanced, due to an observed lattice expansion associated 
with hydrogen absorption. The magnetism of hydrides has been reviewed by Wiesinger 
and Hilscher (1991). Structural and electronic properties of hydrogen in rare-earth metals 
have been reviewed by Vajda (1995). Hydrogen absorption in intermetallic compounds is 
reviewed by Buschow (1984). 

Inelastic neutron scattering studies of the CF splitting in rare earth metal hydrides are 
not very numerous. The most detailed studies exist for the Pr deuterides. Knorr and Fender 
(1977) and Knorr et al. (1978b) determined the CF splitting in Pr deuterides, PrD2 and 
PrD2.5. For the former compound, the CF is cubic, but for the latter, a determination of the 
CF parameters is rendered difficult. This is due to a non statistical occupation of the oc- 
tahedral sites which generates a CF of orthorhombic symmetry. Successive investigations 
on PrD1.95 assign a/"5 state to the ground state, with an overall CF splitting of 41 meV 
(Axons et al. 1986, 1987). This magnetic ground state is confirmed in an analysis of the 
spin-disorder resistivity for PrH2+x, x = 0, 0.08 (Burger et al. 1990). 

Inelastic neutron scattering measurements have also been carried out on light rare earth 
carbides, RC2, which crystallize in the CaC2-type structure (Atoji 1961) and order anti- 
ferromagnetically, with moments aligned along the c-axis (Atoji 1967). The R site in this 
structure has a tetragonal point symmetry. Wegener et al. (1981) report INS data for CeC2 
whilst Wegener et al. (1982) report measurements for the other light rare earth carbides, 
PrC2 and NdC2. The low temperature ordered moments are considerably smaller than their 
free ion values. Crystal field parameters obtained from an analysis of the INS data repro- 
duce the values of the ordered moments, but due to the difficulty in determining five CF 
parameters uniquely from weakly resolved CF transitions, the global reliability of these 
parameters for the whole RC2 series must be treated with caution. 

10. Icosahedral crystal fields in lanthanide intermetallics 

The crystal field splitting of rare-earth ions in icosahedral symmetry has been treated in de- 
tail by group theoretical and numerical calculations (Waiter 1987a, 1987b) which followed 
earlier theoretical treatments (Judd 1957; Golding et al. 1985). The calculation is based on 
assumption of an R ion surrounded by 12 next nearest neighbors with a simple and highly 
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TABLE 29 

Crystal field states IF i), in the representation I J, M j ) ,  and associated dipo- 
lar matrix elements [ (F/ IJz l r i ) l  2 for the icosahedral CF operator 0 5 tab- 

ulated for J = 9 /2  and J = 4 (adapted from Walter 1987b). 

J = 9 /2  

CF state F8 F9 

F 8 0.529 I 4- 9/2) - 0.849 [ q: 1/2) 16.2 16.8 
0.917 1-4- 7/2) - 0.400 I q: 3/2) 

/'9 0.849 b 4- 9/2) + 0.529 I q= 1/2) 32.7 
0.917 I ± 3/2) + 0.400 I q= 7/2) 
1.000 1-t- 5/2) 

J = 4  

CF state F 5 F 4 

F 5 0.683 ] 4- 4) - 0.730 I T 1) 18.9 14.4 
0.966 [ -4- 3) - 0.258 [ T 2) 
1.ooo 10) 

/ '4 0.730 [ -4- 4) + 0.683 I q: 1) 24.55 
0.258 I 4- 3) + 0.966 I q: 2) 

spherically symmetrical icosahedral co-ordination. Due to the high symmetry of the icosa- 
hedron, the CF Hamiltonian is simple, being of the form (with the z-axis parallel to the 
live-fold axis and the threefold axis parallel to the x - z  plane): 

HCF = B6(O ° -- 42065) (10.1) 

with 

065 = J[Jz(J+ + J!) + + s!)Jz]. (10.2) 

(O ° is tabulated in Hutchings, 1964.) The CF Hamiltonian is governed by only one param- 
eter. The CF level schemes derived here are expected to be applicable to metallic glasses 
as well as to quasicrystals. The irreducible representations of the icosahedral group Ih for 
all the rare-earths have been tabulated in detail by Walter (1987b). In addition, numeri- 
cal calculations of the CF eigenstates, dipole transition matrix elements (/]i I JzlFj)2, static 
susceptibility and specific heat for R ions in icosahedral symmetry are presented in the 
same article. These are tabulated for ions with J = 4 and J = 9/2 in table 29. It is ob- 
viously a classic reference work for experimental studies of the magnetic properties of R 
ions in systems displaying an icosahedral symmetry. Further tabulations can be found in 
G6rller-Walrand and Binnemans (1996). 

Neutron diffraction and magnetization measurements confirm the existence of antiferro- 
magnetic interactions in icosahedral RsMg42Zn50 (R = Tb, Dy, Ho and Er) intermetallics, 
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Fig. 39. (a) Temperature dependence of the magnetic entropy and magnetic specific heat for icosahedral quasicrys- 
talline Ho8Mg42Zn50. The magnetic entropy at 20 K has almost reached its maximum value of R ln(2J + 1) = 
188 Joules per degree K. (b) Magnetic excitation spectrum, measured at 30 K, for icosahedral quasicrystalline 

TbsMg42Zn50 (after Charrier and Schmitt 1997b). 

which are the only known rare-earth based icosahedral quasicrystals (Charrier et al. 1997; 
Charrier and Schmitt 1997a). The low ordering temperatures are comparable to those ob- 
served in crystalline intermetallics which have similar compositions, such as R2Znl7 and 
RZn12. Preliminary INS measurements of the magnetic excitations in RsMg42Zns0 icosa- 
hedral quasicrystals, together with specific heat and magnetic entropy data indicate a broad 
distribution of CF excitations, in the range 0.5 to 4 meV (Charrier and Schmitt 1997b). 
The INS, magnetic entropy and specific heat data (fig. 39) imply that, due to the very 
high symmetry of the icosahedron, crystal field effects in these systems are much weaker 
than in crystalline intermetallics. The degeneracy of the multiplets are raised only very 
weakly, confirming the high symmetry of the icosahedron. Walter (1987a, 1987b) has 
pointed out that not all icosahedra are compatible with a long range translational order. 
In the special case of quasicrystals, a long range orientafional order as well as a "qua- 
sitype" of translational order most likely exist. Unfortunately, details of the local envi- 
ronment around the rare earth and the occupancy at different crystallographic sites, are at 
present almost unknown. In this context, a continuous distribution of 4f levels has been 
proposed. 
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11. Crystal fields in amorphous lanthanide alloys 

Crystal field splittings are obviously extremely sensitive to the local structure comprising 
the environment around the R ion, particularly the distribution of bond angles, which is 
difficult to obtain even from diffraction techniques for structurally amorphous systems. 
This sensitivity should allow the local topology such as that present in amorphous rare- 
earth alloys to be investigated and modeled. The proposed random nature of the CF in such 
amorphous systems is based on model calculations and some bulk magnetic measurements, 
with a simple distribution of quadratic uniaxial crystal fields (Harris et al. 1973; Fert and 
Campbell 1978; Bieri et al. 1982). 

Experimental investigations concerning INS of CF states in metallic glasses are ex- 
tremely scarce. Amorphous Y-Cu alloys, where 5% of the Y was diluted by Ce, Pr and Er 
were investigated by INS (Rainford et al. 1982) and a well defined inelastic CF transition 
at 2 meV was observed only for Er alloys. More detailed INS investigations and modeling 
of CF states in amorphous PrNi5 have, however, been carried out in the last few years. The 
motivation for studying PrNi5 is that in the crystalline state, the hexagonal CF has been 
abundantly characterized by INS, and the degree of crystallization (or amorphization) can 
be reliably controlled by a simple heat treatment. The three pronounced low temperature 
CF transitions from the F4 ground state observed in polycrystalline PrNis, are absent in 
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Fig. 40. Calculated scattering law S(O, w) for the crystalline and amorphous phases of PrNi 5. Curve 1 - model 
spectrum for polycrystalline material at T = 15 K, calculated from CF parameters determined for the hexagonal 
phase. Curve 2 - the result of averaging over only the lattice parameters of the model spectrum corresponding 
to the hexagonal CF Hamiltonian, at T = 15 K. Curve 3 - result of averaging the model spectrum calculated 
taking into account an orthorhombic distortion of the hexagonal symmetry, at 15 K. Curve 4 - same as curve 3, 
but calculated for T = 50 K. The inset shows the CF level schemes for hexagonal and orthorhombic symmetries 

(corresponding point groups are D3h and D2h, respectively) (from Alekseev et al. 1996). 
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amorphous PrNi5 (Alekseev et al. 1991, 1992a, 1992b). Rather a broad and strong mag- 
netic signal located near the elastic peak, and extending approximately 10 meV into the 
inelastic part of the spectrum, is observed. The nonlinearities observed in the magneti- 
zation curves of amorphous PrNi5 (Alekseev et al. 1995) is also strong evidence for the 
existence of ferromagnetic correlations. A way to model the disorder is to progressively 
lower the symmetry of the CF, by introduction of an orthorhombic distortion. In this case, 
the degeneracy of the ground state multiplet in crystalline PrNi5 is removed and the asso- 
ciated distortion allows for transitions between the ground and low lying levels, transitions 
which are otherwise forbidden for a hexagonal CE This gives rise to a characteristic broad 
structure in the low energy part of the INS spectrum, a feature observed experimentally 
(fig. 40). The magnetic contribution to the specific heat, the magnetization as well as the 
INS data, are reasonably accounted for on the basis of this "deformed crystal" model for 
amorphous PrNi5 (Alekseev et al. 1996). 

12. Theoretical aspects of crystal fields in lanthanide intermetallics 

An abundant quantity of experimentally determined CF coefficients for a large number of 
rare-earth intermetallics now exists. Within a given series, there are consistent trends in the 
signs and variations of these coefficients. There appear to be three principal contributions to 
the CF in rare-earth intermetallics (Das and Ray 1970): (a) a point charge like contribution, 
(b) the contribution from conduction electrons, and (c) overlap and covalency contributions 
from the ligand ions. The APW (Augmented Plane Wave) method had already been sug- 
gested as a suitable approach for attempting realistic band calculations of CF parameters 
in metals (Lethuillier et al. 1977). The predictive powers of the PC (Point Charge) approx- 
imation are noticeably lacking in metallic systems due to charge screening and 5d VBS 
(Virtual Bound States), features which are caused by the conduction electrons. Improve- 
ments to the PC model proposed a splitting of the d-charge distribution by the electric field 
of nearest neighbor ions (quasi bound 5d states). This splitting is subsequently ,experienced 
by the 4f-electron states (Williams and Hirst 1969). 

Given the obvious general inadequacies of the PC approximation for metallic systems, 
a large effort has been devoted to numerical ab initio computation of the CF interaction, 
computations which are based on more firmer realistic microscopic physical principles for 
metals (Coehoorn 1991; Coehoorn and Daalderop 1992). This is exemplified in the RX 
system, R = Er, X=  Rh, Cu, Ag, Zn and Mg (cubic CsC1 structure) where the CF param- 
eters were determined some 20 years ago. Schmitt performed calculations for this series 
(Schmitt 1977, 1979), using APW techniques and partially accounted for the variation in 
the fourth order CF parameters, obtaining a good order of magnitude for A °. Disagreement 
in the calculation with the observed parameters included, however, much smaller sixth or- 
der A6 ° parameters as well as rather large differences between RCu and RAg intermetallics. 
Inclusion of exchange contributions as well as the Coulomb part did not lead to any signifi- 
cant improvement. Later computations for the RX series, using the LAPW method (Linear 
Augmented Plane Wave) by Novfik and Kuriplach (1992) and within the LSDA (Local 
Spin Density Approximation, F~ihnle (1995)) are in encouraging overall agreement with 
experimentally observed trends (Divis and Kuriplach 1995). Similar results are obtained 
for R impurities in noble metals (Steinbeck et al. 1994) as well as for RNi5 compounds 
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(Novfik and Kuriplach 1994). This is also the situation obtained for the RA12 series (Di- 
vis et al. 1995). Problems remain, however, in obtaining a total microscopic description 
of the CF potential, For example, first principles density functional computations of CF 
parameters in RCo5 intermetallics lead to a correct sign for all the parameters but never- 
theless considerably overestimate A ° (Richter et al. 1992, 1993a, 1993b). Later and more 
successful first principles calculations, within the LSDA approximation, applied to cubic 
PrSb and TmSb intermetallics, now propose that crystal field excitations should be more 
properly considered as "quasi-particle" excitations which now consist of a 4f excitation to- 
gether with the associated cloud of conduction electrons (Brooks et al. 1997). A review of 
density functional theory of the ground state magnetic properties of rare-earth and actinide 
intermetallics is reported by Brooks and Johansson (1993). 

A generalized phenomenological model, the Newman superposition model of crystal 
fields (Newman 1971; Newman and Ng 1989), employed widely even by experimental- 
ists because of its simplicity, appears to be valid in a very general way for rare-earth in- 
termetallics. In this approach, the total CF experienced by the R ion is a sum of axially 
symmetric contributions from nearest neighbors only. Calculations on this basis have been 
performed for the following systems; RX (CsC1 structure, Newman (1983)), cubic RAI2, 
RPd3, RB6, RNi2, hexagonal RNi5 (Divis 1991), tetragonal RCu2Si2 (Goremychkin et al. 
1992; Goremychkin et al. 1996) and orthorhombic RCu2 intermetallics (Gratz et al. 1991). 
The "superposed" CF parameters are found to be in remarkable agreement with those de- 
termined by INS or other techniques. The model clearly represents a reasonable basis for 
more advanced, sophisticated ab-initio electronic band structure calculations. 

Much simplified analytical approximations have also been utilized in accounting for 
the CF parameters. The screening of the point charges by the conduction electrons, using 
Thomas-Fermi and Hartree type screening functions, were calculated by Duthie and Heine 
(1979). Friedel like oscillations in the effective electrostatic interaction between R ions 
were considered by Orlov and Jensen (1988) in analytical calculations of the CF parameters 
for dilute R alloys. Another phenomenological approach is the analytical screened charge 
model which treats the conduction electron contribution as a weakly disturbed linearized 
Thomas-Fermi gas (Skomski 1994; Skomski and Coey 1995). In this approximation, the 
predicted zero-temperature anisotropy constants for R2Fe17N3 and RFel 1N compounds are 
even of the correct sign and order of magnitude (Hurley 1993). 

It can be expected that, on the basis of CF parameters determined in particular by INS 
techniques, similar numerical and analytical computations can now be safely attempted on 
more extensive series of rare-earth intermetallics. 

13. Conclusion 

The technique of neutron inelastic scattering is a unique and powerful spectroscopic tech- 
nique which has been used with large effect for the determination of CF levels and level 
composition in an enormous number of rare-earth interrnetallics. An intimate knowledge 
of the CF interaction allows us to model, and understand in a more profound way, the prin- 
ciple mechanisms responsible for what are truly beautiful and complex magnetic structures 
and phase transitions in systems composed of stable lanthanide intermetallics. There still 
remains much to be done, as there exist many systems which have not yet been investigated 
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in any way by INS, including cubic compounds. Measurements on single crystal materials, 
when they can be synthesized, are always highly desirable, since the transverse and lon- 
gitudinal components of non-dispersive CF transitions (and transitions which are highly 
dispersive in the presence of magnetic order) can be identified clearly. For systems where 
the R ion resides in a site of low symmetry, which makes a determination of the large num- 
ber of CF parameters an almost impossible task, the energy level scheme and intensity of 
transitions can, in principle, be determined. With such information at hand, the tempera- 
ture dependence of the specific heat and the low temperature magnetic moment can, for 
example, be suitably modeled within the CF formalism. It is hoped that this chapter will 
strongly encourage even those who are only vaguely familiar with neutron scattering to 
contemplate use of INS techniques in the determination of magnetic excitations, and more 
particularly CF transitions, in rare-earth intermetallic compounds. 

Symbols and abbreviations 

A n 

B.~ 
APW 
barn 

C 

CF 
D 
e 

EF 
Ei 
Ef 
EPR 

f (O)  
F, 
gJ 

gN 
h 
o)(q) 
INS 
J 
J± 
Jz 
J(q) 
k 
ki 
kf 
kB 
LAPW 
LCAO 

crystal field coefficients 
crystal field parameters 
augmented plane wave 
unit of scattering cross-section (= 10 -28 m 2) 
1/(kBT) 
velocity of light 
crystalline electric field 
dispersion stiffness constant 
electron charge 
Fermi energy level 
incident neutron energy 
final neutron energy 
electron paramagnetic resonance 
magnetic form factor 
irreducible representation of a symmetry group 
Land6 g-factor 
neutron gyromagnetic ratio = 1.91 
Planck's constant/27c 
energy for magnetic excitations with a wavevector q 
inelastic neutron scattering 
angular momentum operator 
raising and lowering operators of the angular momentum 
z-component of the angular momentum operator 
Fourier transform of the bilinear exchange interaction 
propagation vector of magnetic structure 
initial neutron wavevector 
final neutron wavevector 
Boltzmann's constant 
linear augmented plane wave 
linear combination of atomic orbitals 



608 O. MOZE 

LLW 
LSDF 
me 

mN 

meV 
NA 
N 
NMR 

q 
Q 
R 
Ri 
?'e 
ro 
R K K Y  

S(Q, co) 
T 
To 
TN 
Op 
#B 
X (Q, co, T) 

X 

Lea, Leask and Wolf formalism for cubic crystal fields 
local spin density functional 
electron mass 
neutron mass 
milli-electron Volts 
Avogadro's constant 
number of rare-earth ions per unit cell 
nuclear magnetic resonance 
Stevens operator equivalents 
wavevector of a magnetic excitation 
momentum transfer or scattering vector (= ki  - k f )  

rare-earth 
atomic position 
electron radius 
atomic radius 
Rudermann-Kittel-Kasuya-Yosida interaction 
scattering law 
temperature (Kelvin degrees) 
Curie temperature (Kelvin degrees) 
Ntel temperature (Kelvin degrees) 
paramagnetic Curie temperature 
magnetic moment, in Bohr magnetons 
dynamic magnetic susceptibility 
bulk magnetic susceptibility 
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- U 3 A u  3Sn 4 200 

- U3Cu 3Sn 4 200 

- U3Rh4SnI3 250 

- U 3 T 3 X 4  198 
- various uranium ternary compounds 244-249 

gap field 305 

gap fringe flux 318 

gap length 319, 320 

gas pressure 333 

Gaussian fits 576 

Gaussian lineshape 570 

generalized dynamical  susceptibility 500, 506, 515 

geometrical co-ordination 572 

- factor 573 

Giant Magneto Resistance (GMR) 25-28,  386 

- UNiGa  57 

- UNiGe 100 

- UNi2Ge 2 162, 163 

- UPdGe 105 

- UPtln 73 

- URhIn 68 

- URhSi 89 

giant magneto-resistive effect 390 

glow-discharge sputtering 333 

grain boundaries 316, 343,349,  350 

grain-packing density 331 

grain size 360, 369 

granular films 379 

ground state multiplet splitting 504 

ground state type 

- AnT2Si 2 178 

- AnTxM12_ x 206, 207 

- AnTxX12_ x 206, 207 

- An2T2X 184 

- antiferromagnetic 

- - LT-phase UCo2Ge 2 160 

- - N p C o 2 S i  2 179 

- - UAu Ga  108 

- - U C o 2 P  2 176 

- - U C o 2 S i  2 130 

- - UCuGe  127 

- - U C u S n  119 

- - Ulr2Si 2 155 

- - UNiA1 45, 75 

- - UNiGa 51 

- -  UNiGe 96 

- - U N i 2 G e  2 161 

- -  UPdGa 107 

- -  UPdGa (ZrNiAl-type) 68 

- -  UPdSi 91 

- -  UPd2Ge 2 169 

- - U P d 2 S i  2 152 

- -  UPtln 72 

- - U P t 2 S i  2 155 

- -  URhln 67, 68 

- - U R U l _ x P d x G a  68 

- -  U2Ni2Sn 187 

- - U 2 P t 2 S n  196 

- -  U3Cu3Sn 4 200 

- ferromagnetic 

- - U A u 2 S i  2 158 

- - U C O l _ x R u x A 1  63, 74 

- -  UCOl_xRuxSn 65 

- -  UCoGa  43 

- -  UCoSn 44 

- - UCu2Si2 135 

- - U F e 4 A 1 8  2 t 0  

- - UIrA1 71 

- - UIrGa 72 

- - UIrSn 72 

- - U M n 2 G e  2 158 

- - UNi l_xRuxA1 75 

- - U P d G e  103 

- - U P d S b  121 

- - UPtA1 71 

- - UPtGa 72 

- -  URhl_xRuxA1 75 

- - URhA1 65 
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- -  U R h G a  66 

- - U R h G e  101 

- -  URhSi 88 

- -  URhSn 68 

- -  U R U l _ x P d x G a  68 

- -  URUl_xRhxA1 66 

- -  U R U l _ x R h x G a  66 

- -  URuSb 65 

- -  URuSn 64 

- -  U2Co3Ge 5 161 

- -  U3Co3Sb 4 198 

- -  U3Cu3Sb 4 200 

- -  U3Cu4Ge 4 242  

- -  UaCu4Si  4 243 

- NpT2Ge2  179 

- paramagnet ic  

- -  ThCr4A18 205 

- - UCoA1 39, 75 

- -  U C o G e  93 

- -  UCoSi  78 

- -  UCr4A18 205 

- -  UFeSi  78 

- -  UIrSi  91 

- -  UPdA1 107 

- - URhA1 61 

- - URuA1 61, 75 

- - U R u G e  101 

- - URuSi  88 

- - U 2 C o 2 S n  185 

- - U 3 N i 3 S b  4 199 

- - U 3 N i 3 S n  4 199 
- Pauli paramagnet ic  

- - UFe2Ge  2 158 

- - UFe2Si  2 130 

- - U O s 2 S i  2 154 

- - URe2Si  2 154 

- - U 2 F e 2 S n  185 

- spin glass 

- - U R h 2 G e  2 168 

- superconduct ing 

- - ThIrSi  93 

- U3T3X4 198 
- U - T - G a  171 

- U - T - S n  171 

- uncompensa ted  ant iferromagnetic  

- - UNiSi  87 

- U T G a  5 231 

- U T X  34-36 ,  73, 79 -84 ,  108, 110, 126 

- U T X  2 223 
- UTXn 232 

- U T 2 G e  2 159 

- UT2Si  2 129 

- UT2X 234 

- UT2X 2 pnictides 174, 175 

- various u ran ium ternary compounds  

growth  mechan i sm 360 

growth  process 342, 349 

Griineissen parameter  

- UNiA1 50 

- URu2Si  2 142, 146 

2 4 4 - 2 4 9  

h.c.p. Co  366 

h.c.p, structure 344, 349 

Hall  effect 26 

- UNiA1 49 

- U N i G a  27, 56, 58, 59 

- UNiSn  122 

- UNi2Ge  2 162 

- U R u 2 S i  2 138, 140, 144, 145 

hard axes 308, 314 

hard coat ings 399 

hard  disk 296, 297 

- drives 388 

- media  332, 361 

- recording 298 

- technology 299 

head  296, 299, 300 

- field gradient  318 

- material  304, 305 

- noise 330 

- stiction 362 

head  and media  interface 386 

h e a d - m e d i u m  interface 299, 344 

h e a d - m e d i u m  distance 364 

head-f ie ld  distribution 300 

head /medium spacing 386 

heat flux 3 3 3 , 3 3 7  

heavy fermion 544, 566 

- c o m p o u n d  517 

- intermetallics 497 

- state 

- - NpCu2Si  2 180 

- - U C u 4 + x A 1 8 _  x 210  
- - U P d 2 G a  3 215 

- -  UPd2In  236 

- -  URu2Si  2 145 

- - U 3 R h 4 S n l 3  250  
- superconductor  

- - U N i 2 A 1 3  215 

- -  UPd2A13 215 
Heisenberg exchange  interaction 530  

Heisenberg isotropic three-dimensional  Hamil tonian  

515 
hefical magnet ic  structure 575 

Heusler  structure 542, 543 

hexaborides 527 
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hexagonal 
- CF Hamiltonian 559 
- close packed alloy 560 
- close packed structure 559 
- lanthanide intermetallics 559 

- lattice 559, 571 
- Ni3Sn structure 569 
- point symmetry 511 
- symmetry 508 
HFFP (High Field Free Powder) magnetization 
high Tc superconducting cuprates 498 
high Tc superconducting oxides 514 
high density recording 316, 317 
high field magnetization 497 
high magnetic energy 592 
high temperature superconductors 499 
holographic storage technology 296 
Hund ground state 500 
hybridization 588 
hybridization effects 540 
hybridization of 5f-states 6-8 
- anisotropic 
- - URhA1 65 
- UTX 75 
- U T 2 X 2  127, 181,182 
- U3T3X4 202 
hydride 498, 601 
hydrogen absorption 601 
hydrostatic pressure 
- NpCo2Si 2 179 
- UNiGa 59 
- UNiSn 125 
-UNi2Si  2 135 
- UPdln 69 
- URuSn 65 
- U R u l _ x R h x A 1  67 
-URn2Si  2 142, 146 
hyperfine field (HFF) 414, 562 
- domain wall centre (DWC) 416, 464, 481 
- domain wall edge (DWE) 416, 444, 464 
- enhancement o f r f  field 416 
- nearest neighbor effects 415, 487 
- NpCr2Si 2 177 
- transferred 414 
- U M n 2 S i  2 130 
hysteresis loop 304, 305,317, 323, 329 

icosahedral CF operator 602 
icosahedral crystal fields 601 
icosahedral group I h 602 
icosahedral quasicrystalline 603 
icosahedral quasicrystals 603 
icosahedral symmetry 601,602 

594 

icosahedral systems 498 
icosahedron 602, 603 
impurity atoms 342 
impurity level 373 
in-plane anisotropy 315, 347 
incoherent reversal mechanisms 327 
incoherent rotation 324 
- modes 311 
incoherent switching 324, 358 
incommensurate longitudinal mode 590 
incommensurate spirals 585 
incommensurate structure 528 
incommensurate-commensurate transition 
indirect exchange interaction 559 
induced moment magnetism 527 
induced moment spin glass 527 
induced voltage 319 
induction 304 
inelastic neutron scattering 28-30, 498 

- U3Cu3Sb 4 203 
- U3Ni3Sb 4 202, 203 
- UNiA1 50 
- URhA1 65 
- URu2Si2 142, 143 
inelastic scattering 594 
information storage 294 
initial layer 347 
INS 509 
inter-atomic spacing 306, 307 
inter-uranium spacing 109 
- An2T2X 184 
- UFeA1 37 
- UFeGa 37 
- various uranium ternary compounds 
interaction 303, 308 
- field 328 
-phenomena  317 
interatomic distances 582 
interatomic exchange interaction 546 
interdiffusion processes 349 
interface 332 

- formation 348 
interference lithography 395 
mtergranular exchange coupling 
interlayers 371 
intermediate layer 371 
intermediate valence behaviour 544 
intermultiplet 582 
internal fields 306 
international point group 508 
interstitial 

- atoms 582 
- occupation 582 

587 

244-249 

325,368 
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- solid solutions 577 
intrinsic 
- anisotropy 311 
- coercivity 328 
- magnetic structures 317 
- parameters 304 
- properties 304 
ion-beam sputtering 333 
ionic volume 559 
iron compounds 498 
irreducible representations 511,602 
irreversible motion 316 
irreversible changes 314 
Ising behaviour 571 
island forming 349 
isomer shift 
- NpTX 74 
isotopically enriched compounds 587 
isotropic exchange 525 
- model 547 
itinerant 5f-electron ferromagnet 
- URhGe 101 

- URhSi 89 
itinerant d-electrons 556 
itinerant effects 594 

Jatm-Teller lattice distortion 
- UNiSn 123 
Johnson noise 330 

keepered medium 373 
Knight shift 
- UPd2A13 219 
Kondo 527 
- lattice behaviour 527 
- systems 497 
- valence behaviour 544 
Korringa relaxation 511 
Kramers ion 508, 512, 600 
Kramers-Kronig relationship 506 

L10 phase 393 
laminated medium 372 
Land6 factor 497 
Land6 g-factor 502 
lanthanide intermetallics 496 
LAPW (Linear Augmented Plane Wave) 605 
laser ablation 379 
laser interference lithography 395 
lattice constant 354 
lattice parameters 
-AnT2Si 2 178 

- AnTxMl2-x 206, 207 
- AnTxX12_ x 206, 207 
- An2T2X 184 

- NpT2Ge 2 179 
- UNiSn 124 
- URuGa 62 

- UTGa 5 231 
- UTX 34--36, 79-84, 110, 126 
- UTX 2 223, 232 

- UT2Ge 2 159 
- UT2Si 2 129 
- UT2X 234 
- UT2X 2 pnictides 174, 175 

- UT2X 3 216 

-U3T3X4 198 
- U-T-Ga 171 
- U-T-Sn 171 
- various uranium ternary compounds 244-249 
Laves phase 545, 551 
light rare earth carbides 601 
light scattering 516 

finear bit density 297, 299 
linear bit length 318, 322 
linear dichroism of the rare-earths 517 
linear response theory 506 
linear spin wave 595 

- approximation 568 
linewidths of the CF excitations 514 

LLW 546 
local disorder 563 
localized 5f-states 

- NpCo2Si 2 179 

- UCu2P2 176 
long range magnetic order 561 
long ranged anisotropic exchange coupling 524 
long ranged oscillatory exchange interactions 572 
longitudinal and transverse components 
- of generalized susceptibility, 507 

- of magnetization, 505 
longitudinal and transverse magnetic excitations 507 
longitudinal excitations 532, 591 
longitudinal magnetic recording 297 
longitudinal modes 59l 
longitudinal recording 318 
longitudinal transitions 607 
Lorentzian component 510 
low friction 381 
low temperature resistivity 536 
LSDA (Local Spin Density Approximation) 605 
lubricant film 380 
lubrication 362 
- layer 380, 383 
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macromagnetic properties 317 

macroscopic parameters 302 

magnetic anisotropy 297, 308, 350, 531 

- energy 308 

magnetic charge 302 

magnetic correlation function 505 

magnetic crystal 500 

magnetic dipole 303 ,304  

- moment  301 

- transitions 511 

magnetic disk drive components 298 

magnetic domains 316, 359 

magnetic entropy 573, 603 

magnetic exchange interactions 317 

magnetic excitation 498, 500, 516, 525 

magnetic field 301-303, 306 

- lines 302 

magnetic flux 317 

- density 301 

Magnetic Force Microscopy (MFM) 321,397 

magnetic form factor 9, 502, 504, 546, 548, 550, 556 

- U  11 

- UCoA1 11 

- UFe 2 9 
- UNiA1 11 

- URh2Si 2 148 

- URu2Si2 148 
magnetic head materials 304 

magnetic hyperfine splitting 

- NpTX 74 

- UNiSn 124 

magnetic induction 301,302 

magnetic interaction 306, 352, 510 

- operator 501 

magnetic media 296, 305 

magnetic moment  301,302,  304, 306 

- A n T 2 S i  2 178 

- A n T x M 1 2 _  x 206, 207 

- AnTxX12_ x 206, 207 

- An2T2X 184 

- NpCr2Si 2 177 

- NpTX 

- - N p  74 

- NpT2Ge 2 179 

- U C o l _ x R u x A 1  64 

- UCoGa 43 

- U M n 2 S i  2 130 
- U N i l _ x R u x  A1 64 

- UNi2Si2 134 
- uranium 

- - URu2Si  2 142 

- URhA1 65 

- URhSi 89 

- URUl_xRhxAI  66 

- URUl_xRhx Ga 66 

- URu2Si 2 141 
- UT2X 2 pnictides 174, 175 

- UTGa 5 231 
- U T X  3 4 - 3 6 , 7 3 , 7 9 - 8 4 ,  108, 110, 126 

- UTX2 223 

- UTXn 232 

- UT2Ge 2 159 
- UT2Si 2 129 

- U3Sb 4 203 

- U4Cu4P7 228 
- U - T - G a  171 

- U-T-Sn  171 

magnetic neutron diffraction 500 

magnetic neutron scattering cross section 500 

magnetic ordering temperature 

- AnT2Si 2 178 

- AnTxM12_ x 206, 207 

- AnTxX12_ x 206, 207 

- A n 2 T 2 X  184 

- NpT2Ge 2 179 

- U N i 2 S i  2 131 

- UPt2,Si 2 155 

- U R u 2 S i  2 137, 141 

- UTGa 5 231 
- UTX 34-36, 73, 79-84,  108, 110, 126 

- UTX 2 223 

- UTXn 232 

- UT2Ge 2 159 

- UT2Si 2 129 

- UT2X 234 
- UT2X 2 pnictides 174, 175 

- UT2X 3 216 

- U3T3X 4 198 
- U - T - G a  171 

- U-T-Sn  171 

- various uranium ternary compounds 244-249 

magnetic particles 321 

magnetic phase diagram 

- p - T  diagram 

- - UNiGa 60 

- U(COl_xCux)2Ge 2 164 
- U(Co l_xNix)2Ge2  164 

- U(Co,Cu)2Si 2 137 

- U(Co,Ni)2Si 2 137 
- IYNiA1 49 

- UNiGa 54 

- UNiGe 100 

- U N i 2 S i  2 130, 131 

- U ( N i l _ x C u x ) 2 G e  2 164 

- U(Ni,Cu)2Si2 137 
- U P d 2 S i  2 150 
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- UPdIn  72 

- UPdSn  117 

- U R u  1 x P d x G a  69 

- U(RUl_xRhx)2Si2  148, 149 

magnet ic  phase  transition 

- first order  type 

- - U N i 2 S i  2 132 

magnet ic  phase  transition temperature  

- UNiSi  78 

- U N i 2 S i  2 131 

- URu2Si  2 138, 142 

- U T G a  5 231 

- U T X  34-36 ,  79 -84 ,  110 

- U T X  2 223 

- UT2Ge  2 159 

- UT2Si  2 129 

- UT2X 2 pnict ides 174, 175 

magnet ic  polarizabili ty 540  

magnet ic  pole 305, 306, 312 

- densi ty 305 

magnet ic  propagat ion  vector 572  

magnet ic  propert ies 301, 304, 316, 357, 360 

magnet ic  quadrupolar  502  

magnet ic  recording 296 

- mode  297 

- process 301 

- technology 294  

magnet ic  resonance  518 

magnet ic  response funct ion 544  

magnet ic  reversal behaviour  356 

magnet ic  scattering 504 

- cross-sect ion 501 

- length 503 

- non-l inear  

- - U R h G e  102 

- UFe4A18 210 
- UNiGe  96 

- UNi4B 260  

- U P d S n  113 

- UPtIn  72 

- U 2 N i 2 I n  187 

- U2Ni2Sn  187 

- U2Rh2Sn  187 

- U4Cu4P7 227 

- U 4 2 u - G a  170 

magnet ic  susceptibility 18, 497, 518 

- Pu2Ni2In 188 

- Pu2Ni2Sn  188 

- T h l _ x U x C u 2 S i  2 136 

- U0.7La0.3Ru2Si  2 147 
- U A u  2A1 240  

- U A u  2Sn 238 

- UAuSn  118 

- U C o 2 G e  2 160 

- U C o 2 P  2 173 

- U C u S n  119 

- U C u 2 S n  240  

- U I r 2 S i  2 153 

- UNiA1 46, 47 

- U N i G a  52 

- UNiGe  94, 95 

- UNiSn  122 

- UNi2A13 217 

- UNi2Ge  2 162 

- UNi2Sn  235 

- U P d 2 A 1 3  217 

magnet ic  structure 17, 18, 329, 359, 439, 465, 471, - U P d 2 S i  2 151 

475, 606  

- ant i ferromagnet ic  

- - U N i G a  3 232 

- - UNiGa4 232 

- canted ant iferromagnetic  AFIV 

- - U ~ C u - G a  172 

- coUinear fer romagnet ic  

- - UPdGe  104 

- commensura te  

- - UNiGe  97 

- complex  ant i ferromagnet ic  

- - UNiAI  46 

- - U N i G a  52 

- -  UPdIn  70 

- -  UPtSi  93 

- incommensura te  

- -  UNiGe  97 

- modula ted  coll inear ant i ferromagnet ic  

- - U 0 . 5 Y 0 . 5 C u 2 S i  2 135 

- UPdGe  102 

- UPdln  70 

- UPdSn  112 

- U P t 2 S i  2 156 

- UPt2Sn  240 

- UPtGe 106 

- U R h 2 G e  2 165 

- URhA1 61 

- URu2Si2  136-138  
- URuA1 61 

- U R u G a  62 

- U2Pd2In  192 

- U2Rh2Sn  190 

- U2Rh3Si  5 254 

- U 2 T 2 I n  183 

- U 2 T 2 S n  183 

- U 3 A u 3 S n  4 201 

- U 3 N i 3 S b  4 199 

- U3Ni3Sn 4 199 



SUBJECT I N D E X  693 

- U x T h l _ x P d 2 S i  2 152 

- U x T h l _ x P d 2 S i  2 (x < 0.07) 153 

magnet ic  tape recording 295 

magnet ic  thickness 319 

magnet ic  thin film 298 

magnet ic  unit  cell 

- UNi2Si  2 132 

magnet ic  unit  sys tems 303 

magnet ic  X- ray  elastic scattering 594  

magnet ica l ly  induced  phase  separat ion (MIPS) 356 

magnet izat ion 19, 3 0 1 , 3 0 2 ,  304, 305, 310, 357 

- f luctuation energy 510 

- longitudinal  

- -  UFe4A18 211 

- rotation 315 

- t ransversal  

- -  UFe4A18 211 

- UFe4A18 209 

- U N i G a  58 

- UNi2Si  2 132-134  
- U R h G e  90 

- URhSi  90 

- URu2Si  2 145 

- vector  306 

magnet izat ion curve 

- UCoA1 41, 42  

- U C o G a  43 

- U C u A s  2 225 

- UCuP  2 225 

- U C u S n  120 

- UFel0S i  2 213 

- UIr2Si  2 154 

- UNiA1 45, 48 

- U N i G a  56, 57 

- U N i G e  98, 99 

- UNiSi  88 

- UPd2AI  3 218 

- U P d G e  103, 104 

- UPdIn  71 

- U P d S n  1 1 1 , 1 1 7  

- UPd2Ge2  168 

- UPt ln  67, 73 

- UPt2Si  2 156 

- U R h A t  63 

- URuAI  63 

- URhIn  67 

- URu2Si  2 144 

- UTGe  87 

- UTSi  87 

- U2Ni2Sn  187 

- U2Pd2In  193 

- U2Rh  3Si 5 257 
magnet izat ion densi ty  

- URhA1 65 

- U R u M  63 

magnet izat ion reversal 305, 308, 324 

- mechanisms  324 

magneto-crysta l l ine  anisotropy 304, 496, 541 

magneto-elas t ic  

- coupl ing 548, 590  

- effects 516, 530  

- Hamil tonian  522  

- interactions 498, 522, 5 5 1 , 5 6 3  

magneto-opt ic  recording 297 

magneto-s ta t ic  coupl ing 357 

magneto-vibra t ional  excitation spect rum 546 

magnetocalor ic  effect 

- U N i G a  58 

magnetocrystaUine anisotropy 5, 13-.17, 314, 358 

- easy-plane type 

- -  URhSi  89 

- U C o G a  43 

- U C o G e  93 

- U C o S n  44  

- UCu2Si  2 135 

- U G a  2 14 

- UIrSi  92 

- UNiA1 15, 45 

- U N i G e  94, 98 

- UNiSi  87 

- UNi 2 15 

- UNi2Si  2 133 

- U P d S n  15 ,111  

- U P d 2 M  3 216  

- UPt  3 14 

- URhA1 15 

- U R h G e  102 

- U R h 2 G e  2 166 

- URuA1 15 

- U R u 2 S i  2 136 

magnetocrysta l l ine  energy 314  

magnetores is tance 

- longitudinal  

- - U F e 4 A 1 8  211 

- -  UNiGe  98 

- - U P d 2 A 1 3  218 

- - U P d G e  104 

- - URu2Si  2 144 

- t ransversal  

- - UFe4A18 211 

- - U P d 2 M  3 218 

- - URu2Si2  144, 145 
- UNiA1 48 

- U N i G a  56, 57 

- UPd2Ge2 168 
- UPdSn  117 
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- URu2Si 2 140 
magnetoresistive read head 386 
magnetostatic energy 312 
magnetostatic interaction 311, 325, 328, 329, 330, 

331, 352 
magnetostriction 304, 350, 497, 522, 531,596 
- effect 
- - UCoA1 39 
- - U F e l o S i  2 212 
- - UNi2Si2 132 
magnetovolume effects 437 
- expanded lattices 449, 450, 480 
magnetron sputtering 336 
magnon-phonon coupling 548 
mass storage 296 
material preparation 478 
maximum head field 322 
mean field 536, 581 
-approximation 516, 520, 567, 573,578, 582 
- model 530 
- RPA approximation 557 
mean free-path length 333 
mean field calculation 567 
mechanical hardness 344 
mechanics 299 
media 296, 299, 300 
- noise 330, 338 
media-noise power 338 
meso-magnetic properties 359 
mesoscopic behaviour 317 
metal evaporated tape 297 
metallic glasses 602, 604 
rnetamagnetic behaviour 556 

metamagnetic transition 596 
- UCoA1 38 
- UNiA1 45 
- UNiGa 55, 58 
- UNiGe 100 
- UPdGe 104 
- UPdln 70 
- UPtGe 106 
- URhln 68 

- URu2Si2 145 
- U2Ni2Sn 187 
- U2Pt2Sn 196 
micromagnetic behaviour 317, 359 
micromagnetic calculation 317, 331 
micromagnetic simulation 317, 356 
microstructural properties 357 
microstructure 304, 315, 316, 342, 348, 357, 360 
microsystem technologies 397 
microtribology 399 
minidisk 298 

mismatch 315 
mixed valence 517 
molecular field 575, 578,581,583 
- condition 520 
- constant 520 
momentum transfer 501 
monoclinic symmetry 508 
monopnictides 499 
morphology 304, 342, 346, 348, 350 
multi-axis spin structures 540 
multi-domain particle (MDP) 312, 325, 326 
multilayers 398 
multiplets 496 

- J-multiplets 511 
multi-step magnetization 573 
- process 573 
muon 562 
muon spin resonance 561 
M6ssbauer effect 436, 438,453,474, 481,487, 497, 

579 
M6ssbauer spectroscopy 
_ 57Fe 

- - U F e x A l l  x 205 
- - U F e x A l l 2 _  x 205 
- - U P d S n  116 
_ 237Np 

- - Np2Co2In 186 
- -Np2Co2Sn  186 
- -  Np2Ni2In 188 
- - NpCu4A18 212 
- - NpPd2A13 221 
- - N p T 2 X  2 177 
- -  NpTX 74 
- - NpCu 2Ge 2 181 
_ 119Sn 

- - U A u S n  118 
- - UNiSn 123 
- - U P d S n  116 

NaC1 structure 523 
nanosfiders 389 
nanotechnology 392 
nearest neighbor Heisenberg exchange 594 
neutron diffraction 417, 426, 453,470, 500 
- magnetic reflection intensity 
- - UNiGa 56 
- - U N i 2 S i  2 133, 134 
- -UPd2Si2  151 
- -  URh2Ge 2 167 
- - U R u 2 S i  2 141 
- NpCo2Si 2 179 
- NpCu4A18 212 
- UFe4A18 208 
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- U M n 2 S i  2 130 
- UNiGa 52 

- UNiGe 95 
- UNiSn 124 

- UNi2Si 2 130 
- UPdGe 104 

- U2Ni2In 186 
neutron energy 499 
- energy transfer 500 

neutron gyromagnetic ratio 501 
neutron inelastic scattering 499 

neutron magnetic dipole moment  501 

neutron magnetic moment  499 

neutron magnetic scattering cross section 502 
neutron polarization 507 

- analysis 570 

- direction 505 

- scattering 497, 498 
- polarised 

- - U R u 2 S i  2 143 
neutron spectroscopy 500, 517 

orbital magnetization density 504 

orbits 302 

order parameter 

- U R u 2 S i  2 143 
ordered L10 393 

orientation 

- c-axis 346, 347 

ordering temperature 

- UCOl_xRuxA1 64 

- UNi l_xRuxA1  64 
- URhA1 65 

- URUl_xRhxA1 66 

- U R u l _ x R h x  Ga 66 
- URuSb 65 

- URuSn 64 

orthorhombic distortion 605 

orthorhombic lanthanides 595 

orthorhombic symmetry 508 

outgasing rate 341 

output 300 

- pulse 318 
neutron spin-magnetizat ionoperator  505 - voltage pulse 319 

Newman superposition model  528, 533, 563, 588, overcoats 380 
596, 606 

nickel 498 
nitrides 574 

NMR 497 
_ 105pd 

- - U P d 2 A 1 3  219 
- U R u 2 S i  2 140 
NMR studies 356 

noise 299, 305, 312, 324, 330, 360 

- factor 394 

non-equilibrium process 345, 355 
non-Fermi l iquid (NFL) 32 

- T h l _ x U x C u 2 S i  2 136 

- U  l_xThxRu2Si2  147 
- U x T h l _ x P d 2 S i  2 , x  < 0.07 153 
non-ferromagnetic composition 354 

non-interacting particles 311 
non-Kramers ions 508 

non-magnetic underlayers 350 

nuclear magneton 501 
nuclear scattering 505 

nucleation and growth 333, 348 

- process 335, 359 

nucleation field 326 
nucleation process 348, 369 
nucleation theory 308, 349 

Ntel- type transition 587, 590 
- anisotropy 308 

octahedral sites 582, 601 
octupolar excitations 502 

oxides 498 

packing density 331 

packing fraction 328 

paramagnetic anisotropy 562, 563 

paramagnetic composit ion 345 

paramagnetic Curie temperature 18,520 

- P u 2 T 2 X  189 
- UAuSn 118 

- UAu2In 236 

- UCoGa 43 

- UCo2P 2 176 
- UCuGa 120 

- UFe4A18 208 
- UIrSi 91 

- UNiGa 51 

- UNiGa 5 230 
- UNiGe 94 

- UNiSn 122 

- UNi2Si 2 135 
- UPdGa 5 230 

- UPdIn 69 

- UPdSn 111 

- UPd2Pb 236 
- UPtGa 5 230 
- UPtSn 122 

- URhA1 61 

- URhSb 122 

- URh2Ge 2 166 
- URh2Sn 237 
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- URuA1 61 
- U R u 2 S i  2 137 
- URu 1-x Rhx A1 66 
- URUl_xRhxGa 66 
- U2Ir2Sn 195 
- U2Ni2In 186 
- U2Ni2Sn 187 
- U2Pd2In 191 
- U2Pd2Sn 192 
- U2Pt2In 196 
- U2Pt2Sn 196 
- U2Rh2Sn 190 
- U 3Cu 4Ge 4 242 
- U3Ni3Sb 4 199 
- U3Ni3Sn 4 199 
-U3T3X4 198 
- various uranium ternary compounds 244-249 
paramagnetic materials 308 
paramagnetic rare-earth ions 500 
paramagnetic scattering cross sections 502 
paramagnetic susceptibility 573,582 
paramagnetic transition temperature 303 
parastriction 590 
particle diameter 312 
particle noise 325, 330 
particle size distribution 311,323 
particulate-coated media 321 
particulate media 323 
patterned media 395 
patterned structures 395 
patterning 395 
Pauli neutron spin operator 501 
Pauli paramagnetic behaviour 582 
Pauli spin matrices 499, 504 
PC (Point Charge) 605 
periodic exchange field model 572 
permanent dipole moment 308 
permanent magnet applications 581 
permanent magnetic material 302 
permeability 304, 305 
- in vacuum 302 
- of media 302 
perpendicular c-axis 347 
perpendicular anisotropy 315 
perpendicular magnetic anisotropy 298 
perpendicular magnetic recording 344 
perpendicular magnetic recording media 390 
perpendicular recording 346, 384, 392 
phase diagram 345 
phase transitions 606 
phonon cross section 504 
phonon spectrum 560 
phonons 497, 516 

photoelectron spectroscopy 30, 31 

- U3Cu3Sb 4 202 
- U3Cu3Sn 4 202 
- U3Ni 3Sb 4 202 
- U3Ni 3Sn 4 202 
photoemission 517 
photoemission spectroscopy 517 
physical separation 357 
pinning sites 329 
plasma particles 355 
playback signals 299 
pnictides 523 
point charge (PC) 605 
point charge approximation 585 
pomt contact spectroscopy 518, 561,600 
point group symmetry 508 
pomt groups 508 
polar Ken" effect 
- UCuP 2 226 
- UCu2P 2 176 
- UFel0Si 2 213 
- U M n 2 G e  2 158 
- UNiGa 60 
- UNiSn 125 
polarization 505 
- analysis 505 
- factor 573 
polarized neutron diffraction 549 
polarized neutron scattering 500 
polarized neutrons 504, 569 
polycrystalline films 343 
polycrystalline materials 315 
polymer substrates 350 
positive ions 333 
precoated layers 371 
preferential site occupation 580 
preparation conditions 316, 358 
preparation methods 315 
preparation technology 321,332 
pressure effects 450 
process parameters 342, 349 
propagation vector 591 
propagation vector of magnetic structure 
- NpPd2A13 221 
- U(Co,Cu)2Si 2 136 
- U(Co,Ni)2Si 2 136 
- UCo2P 2 176 
- UNiA1 46 

- UNiA10.6Ga0. 4 60 
- U(Ni,Cu)2Si 2 136 
- UNiGa 54 
- UNiGe 96, 98 
- UNi 1.6As2 177 
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-UNi2Si  2 131,132 
- U P d S i  91, 92 
- UPd2A13 215 
- UPd2Ge 2 169 
- UPd2Si2 152 
- UPtGe 107 
- UPtSi 93 
- URu2Si 2 142 
- U(Rul_xRhx)2Si2 148 
- U2Ni2Sn 188 
protective coating 382 
proximity recording 300 
pseudo-bosun 548 
- method 525 

quadratic uniaxial crystal fields 604 
quadrnpolar 
- compound 532 
- coupling 548 
- - constant 581 
- exchange interaction 524 
- interactions 498, 528, 530-532, 554, 563 
- ordering 532, 555 
- pair interactions 590 
- oscillations 445 
- splitting 413,415, 438, 471,473 
- -  NpTX 74 
quantum magnetic disk 395 
quasicrystalline 603 
quasicrystals 602, 603 
quasielastic paramagnetic scattering 529 
quasiparticle excitations 606 
quaternary alloys 344 
quaternary layers 372 

Racah algebra 502 
Racah tensor operator technique 507 
radial integrals 503 
Raman spectroscopy 516 
random phase approximation 515 
rare earth metal hydrides 601 
rare earth aluminum compounds 498 
rare earth intermetaUic compounds 496 
rare earth intermetallics 497, 500, 502 
ratio of orbital and spin moment 10 
- URhA1 65 
- URhSn 68 
reactive gas 339 
reactive sputtering 339 
read voltage 320 
reading 298 
reciprocal lattice vector 595 

recordable wavelength 299 
recorded bitlength 317 
recorded frequency 299 
recorded transition 318 
recording density 299, 342 
recording 
- head 298, 305 
- materials 302, 304 
- media 296, 302 
- parameters 318 
- performance 299, 348 
- wavelength 318 
reduced momentum transfer 536 
reentrant superconducting transition 585 
relative permeability 302 
relaxation time 327 
reliability 305 
remanent magnetization 302, 304, 305 
residual gases 360 
resistivity 497 
reversal behaviour 329, 354 
reversal mechanism 324, 325,329 
reversal mode 311 
reversal of magnetization 324 
reversal processes 329 
reversible process 329 
reversible domain walls 316 
rhombohedral distortion 524 
rhombohedral HoA13 structure 569 
rhombohedral lanthanide intermetallics 
rigid disk recording 298 
ring head 300 
RKKY 
- behaviour 561 
- exchange interaction 515 
- interaction 540, 548,596 
rotating speed 299 
rotation 310, 324 
RPA approximation 525 

574 

sample preparation 417, 437, 447, 478 
- processes 411 
saturated state 304 
saturation field 301 
saturation magnetization 304, 305 
saturation magnetostriction 315 
Scanning Near-field Optical Microscopy (SNOM) 

393, 397 
Scanning Probe Microscopic techniques (SPM) 392 
Scanning Tunneling Microscopy (STM) 392, 397 
scattering amplitude 499 
scattering function 506 
Schoenflies group 508 
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Schottky type contribution 521 
secondary electrons 333, 337 
sectors 299 
Seebeck coefficient 
- UNiGa 59 

- U2Ni2Sn 188 
seed layer 347, 350, 371 
segregated crystal boundaries 350 
selective etching 354 
- process 347 
self-demagnetizing field 319, 321,342 
semiconductor memories 295 

shadowing process 343 
shape anisotropy 310, 312, 313, 328 

- constant 313 
- field 311 
shape of transition 319 
sharp transitions 378 
Shubnikov-de Hass effect 22 
SiC coatings 383 
signal-to-noise ratio 299, 322, 328, 331 
single domain 329, 395 
- grain 330 
single domain particles (SDP) 308, 324, 326, 325, 

328, 329, 357 
single ion anisotropy 593 
single ion excitation 516 
singlet ground state paramagnet 524 
slider 298, 299 
slope of loop 323 
soft phases (a-Fe) 410, 426, 448, 449 
space group 
- I4/mmm 

- -  U-T-Ga 170 
- U T X  2 223,232 
- UT2X 2 pnictides 174, 175 
spacing 297, 299, 300 

- loss 300 
specific heat 20-22, 496, 497, 554, 577, 585, 596, 

602, 603 
- coefficient 588 
- discontinuity 573 
- measurements 521 
- spin fluctuation contribution 20 

-Thl_xUxCu2Si2 136 
- U0.7Lao.3Ru2Si 2 147 
- UAu2AI 241 
- UAn2Sn 239 
- UCuSn 119 
- UCu2Sn 241 
- UNiA1 47 
- UNiGa 52 
-UNiGe 95, 100 

- UNiSn 122 

- UNi2Ge 2 162 
- UNi4B 262 
- UPdGe 102 
- UPdln 70 
- UPdSi 92 
- UPdSn 114 
-UPd2Si 2 151 
- UPtGe 106 
- UPt2Sn 241 
- URhGe 90 
- URhSi 90 

- URh2Ge 2 166 
- U R u 2 S i  2 139 
- U2Ni2In 186 
- U2Ni2Sn 186 
-U2Pd2In 191, 193 
- U2Pd2Sn 193 
- U2Pt2In 195 
- U2Pt2Sn 195 
- U2Rh2In 189 
- U2Rh2Sn 189 
- U2Rh3Si 5 256 
- U2Ru2Sn 189 

- UxThl_xPd2Si 2 152 
spectral weight function 510 
spectrometer 416 
speed of disk 299 
spherical Bessel functions 503 
spin 

- density 504 
- dynamics 499 
- echo 416 
- fluctuation 497 
- moments 303 
- re-orientation temperature 531 
- r e - o r i e n t a t i o n  transition 516, 564, 594 
- valve heads 387 
- wave 
- - approximation 567 
- - dispersion 516 
- - excitations 592 
- - model 594 
spin dependent nuclear scattering cross sections 
spin dependent nuclear scattering length 499 
spin disorder resistivity 522, 535, 601 
spin-lattice interactions 514 
spin-orbit coupling 496 
spinning 302 
SPM based storage 397 
SPM recording 392 
spontaneous magnetization 303 
sputter deposition 332 

499 
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sputter cleaning 338 

sputter gas 335 

sputter parameters 361 

sputter power 341 

sputter pressure 343 

sputter yield 334, 335 

sputtered atoms 333 

sputtered films 341 

sputtering 297, 332 

- gas 333 

- of alloys 339 

- p l a s m a  341 

- system 334 

- yield 336 

squareness 305 

- hysteresis loop 305 

- ratio 323 

Stevens coefficients 507 

Stevens factor 442, 4 6 5 , 4 8 3 , 5 0 9  

Stevens operator equivalents 507 

Stevens operators 507,521 

sticking coefficients 339 

stiction 364 

stoichiometry 342 

Stoner and Wohlfarth particles 

storage 

- capacity 297 

- density road map 399 

- hierarchy 294 

- principles 295 

- technologies 294, 296 

strain anisotropy 315 

stray field 321 

stress anisotropy 315,328 

stress energy 315 

stripe domains 329 

structural aspects 342 

structural effects 343 

smactural instabilities 599 

structural zones 343 

structure type 

- A n T 2 S i  2 178 

- Heusler type 233 

- HoCoGa5-type 229 

- MnCu2Al-type 233 

- NpT2Ge 2 179 
- UTX 2 223 ,232  

- UT2X 2 pnicfides 174, 175 

- Y3Au3Sb4 197 
sublattice anisotropy 594 

substrate 298, 301 ,321 ,332  

- holder 333 

- materials 361-363 

308,325 

- properties 342, 349 

- temperature 340-343, 350 

superparamagnetic behaviour 326, 327, 398 
superparamagnetic l imit  331 

superparamagnetic particles 312, 359 

superconducting transition temperature 

- UT2X3 216 
superconductivity 542 

- URu2Si2 136 

- U2PtC 2 263 
snperposition model  514, 564 

surface 

- diffusion 342, 343,347,  352 

- energy 355 

- roughness 343, 344, 352, 363 

- smoothness 352 
- structure 352 

- temperature 345-347, 355 

- t o p o l o g y  317, 361 

susceptibility 496 
susceptibility tensor 562 

susceptibility tensor components 548 
SW (spin wave) model  578 

switching behaviour 359 

switching field 310, 311 

Switching Field Distribution (SFD) 322, 323 

tape recording 299 

target 333 

target material  334 

telegraphone 294 
temperature effects 417, 465, 467 

temperature independent susceptibility 

- Pu2T2X 189 
- UPd2Pb 236 

- URh2Sn 237 

- U2Ir2Sn 195 

- U2Pd2In 191 

- U2Pt2In 196 

- U2Pt2Sn 196 
- U2Rh2Sn 190 

- U3Ni3Sb 4 199 

- U3Ni3Sn 4 199 

- U3T3X 4 198 
- various uranium ternary compounds 

tensor operators 502 

ternary alloys 354, 367 
ternary Co based alloys 346 

ternary compounds 
- AnTX 32 

- AnT2X2 177-181 

- ThMnl2  structure type 204-215 
- t m i 4 B  2 6 0  

244-249 
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- UTGa 5 229-232 
- UTGe 76 

- UTSi 76 

- UTX 32-127 

- UTX 2 pnictides 222-229 

- UTXn 222-233 

- UT2Si 2 128 

- UT2X 233-242 

- UT2X 2 127-182 

- UT2X 2 pnictides 172-177 

- UT2X 3 215-222 

- UTIoSi  2 212-215 

- U2T2X 182-196 

- U3T3X4 197-204 
ternary layers 372 
tetragonal 

- distortion 555 

- groups 511 

- lanthanide intermetallics 578 
- symmetry 508 

tetrahedral sites 601 

texture 308, 342 

- axis 349, 350 

textured substrates 301 

texturing 362 

theoretical models 453, 476, 478, 484 

thermal activation energy 312 

thermal effects 328 

thermal energy 303 

thermal expansion 497, 596 

- UNiA1 46, 47 

- UNiGa 52, 59 

- UNi2Si 2 132-134 
- URuGa 62 

- U R u 2 S i 2  139, 141,142 

- U2Rh3Si 5 256 

- U l _ x T h x R u 2 S i  2 147 
thermal stability 305,328,  391 

thermoelectric power 26 
- UNiGa 27 

- UNiSn 122 

- UNi2Si 2 132, 133 
thin film 313 

- media 297, 304, 317, 321,327,  342, 343 
- recording media 320 

- growth 348 

Thomas-Fermi  gas 606 

Thomas-Fermi  screening fimctions 606 

Thornton diagram 347 
time decay brickwall  328 

torque measurements 315 

torque on free space moment  304 
total angular momentum 512 

total anisotropy 311,315 

track 298 

- density 297, 299 

- pitch 384 

- w i d t h  317, 319, 322 

transition 300, 318, 329 

- layer 321 

- l e n g t h  318, 319 

- n o i s e  330, 331 

- temperature 303 

- width 331 

- zone 299 

transverse excitations 591 

transverse modes 591 

transverse relaxation 416, 446 

transverse transitions 607 

tribological performance 383 

tribological requirements 363 

tribology 301,380,  383 

triclinic symmetry 508 

trigonal symmetry 508 

trihydrides 601 

ultraclean sputtering process 373 

ultrahigh density recording 392 

uncoupled columns 344 

uncoupled grains 360 

underlayer 338, 348, 365, 368 

- Cr 338, 343,352,  365 

- NiA1 370 

uniaxial  anisotropy 308, 571 

- UCoA1 40 

- U C o l o S i  2 213 

- UFeloSi  2 212 

- UIr2Si 2 155 
- UNiGa 51 

- UNi2Si2 133 
- UPdIn 69 

- U P d 2 S i  2 152 

- UPt2Si2 155 
- URhA1 65 

- UR_hGa 66 

- U R h 2 G e  2 166 

- URu2Si 2 144 
- UTX 75 

- U 2 C o 2 S n  185 

- U2Ni2Sn 188 

- U2Rh2Sn 190 

- U l_xThxRu2Si2  147 
uniaxial  magnetic anisotropy 308 
uniaxial  stress 

- U R u 2 S i  2 146 
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unpaired 4f electrons 502 
unpolarized magnetic neutron scattering cross section 

502 

vacancies 349 
vacancy distribution 527 
vacuum evaporation 297 
valence fluctuating 496, 498 
van Vleck paramagnet 551,569, 596 
VBS (Virtual Bound States) 605 
vibrational modes 578 
voids 316, 349 

- resistance 381 
wearability 352 
Williams~Comstock construction 
Winchester disk technology 299 
writing 298 
written bits 296, 321 
written track 318 

X-ray absorption spectroscopy 517 
X-ray diffraction 
- URu2Si 2 146 
X-rays 499 

wall energy 326 
wall width 316 
wavevector 499 
wear 299, 301,305 

Yukawa-type potential 586 

Zeeman energy 519, 592 
zigzag transition 319, 320 

323 



Materials Index 

a-C 382, 383 
a-C:H 382, 383 
Ag 336, 373,558 
A1 321,336, 340, 373,383,566 
A1B 2 571,574 
Alumina silicate glass 361 
Alumite 396 
A1203 340, 396 
A1203-TiC 383 
A14C 3 263 
A1-Mg 363, 371 
ArnFe 2 10 
AmRuSi 80 
Am2Ni2Sn 184 
Arn2Pd2Sn 184 
A n F e x A l l 2 _  x 205 
AnTX 32, 37, 77 
AnT2Ge 2 177 
AnT2Si 2 177 
AnT2X 3 215 
AnTxAll2_ x 205 
AnTxM12_ x 204, 206, 207 
AnTxX12_ x 204, 206, 207 
An2T2 X 182, 184, 185 
An2T3Si5 253,255 
Ar 335,336, 369, 370 
Au 336, 340,558 
AuBe 5 544 

Ba-ferrite 362, 378, 379 
BaFe12019 378 
Ba-M 314 
barium hexaferrite 409 

C2H 2 382 
C4H10 382 
CaC 2 601 
CaCu 5 564 
CaF 2 601 

carbon 263,382 
Cel_x LaxRu2Si2 29 
Ce 499, 503,504, 509 
Ce 3+ 497, 509 
CeB 6 23,517,527 
CeC 2 601 
CeCu 2 595, 598 
CeCu 6 23, 29, 595,599 
CeFe4P12 264 
CeInAg 2 544 
Celn 3 23 
CeNiSn 125 
CePd2A13 566 
CePd2Ga 3 566 
CePd 3 23,517 
CeRh2Si 2 32 
CeRu2Si 2 29 
CeSn 3 19, 23 
CeT2X 2 181 
CeA12 517 
CeA13 23 
Ce2Fel4B 457, 593 
CH 4 382 
Co 302-304, 306, 307, 314, 321,326-328, 336, 343- 

345, 350, 359, 362, 365-368, 371,372, 376, 377, 
379, 393, 395,516 

CoCrNi 342, 346, 366, 372, 374, 375 
CoCrPtTa 386, 391 
CoCrTa 341,342, 346, 350, 369-371,373-377, 383 
CoCrTa/Cr 378 
CoCrTa/NiA1 371 
Co--Cr 307, 326, 340, 344-347, 35;2-356, 371,372, 

380, 395 
Co--Cr-(Nb, Ta, Pt) 392 
Co-Cr-Pt 338, 351, 354, 368, 371, 377, 379, 391, 

476 
Co-Cr-Pt-X (X = Si, B, P, Ni, Ta) 373 
Co~r-P t -X (X = Ta, B, Ni) 344 
Co-Cr-X (X = Pt, Ta, Ni) 343, 391 
C o ~ r - X  (X = Pt, Ta, Ni, C) 372 

703 
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CoCu 390 
CoMnA1 307 
Co-Mn 307, 356 
CoNiPt 379 
CoNiPt(SiO2) 379 
CoNiPt(SiO2) 2 380 
CoNiPt(SiO2) 4 380 
Co-Ni-V 307 
CoP 352 
CoPt 380, 393, 395 
Co-Ru 356, 380 
CoSm 362 
CoTi 378 
CoZr 386 
C o - X ~ r - Y  (X = Cr, P); (Y = Ta, Pt, Ni) 349 
Co2MnA1 307 
Co50Pt50 354, 393 
Co74Cr17Pt5Ta 4 372 
Co75Cr13Pt14 377 
Co75Mn25 356 
Co76Mn24 356 
Cr 302, 306, 307, 336, 338, 340, 343-345, 347, 350, 

355-358, 362, 365-375, 383 
Cr/CrV 372 
CrO 2 326, 327, 378 
CrSi 368 
CrTi 365, 368, 371 
CrV 365, 376 
CsC1 527, 528, 534 
Cu 336, 340, 373 
Cu2MnA1 542, 544 
Cu3Au 523,533,542 

Diamond Like Carbon (DLC) 382, 383 
Dy 503,509, 593 
Dy 3+ 497, 509 
Dy0.02Y0.98La 2 552 
Dy0.05Y0.95La 2 552 
Dy0.07Y0.93Pd 3 537, 540 
Dy0.10Y0.90La 2 552 
DyAg, 558 
DyA12 548, 552 
DyAu, 558 
DyBel3 529 
DyNi2Si 2 588, 590 
DyPd 3 537 
DySb 525 
Dy2Co17 568, 569 
Dy2Fel4B 593,594 
Dy2Znl7 569, 575 

Er 503, 509, 559 
Er 3+ 497, 509 

Er0.003La0.997La 2 553 
Er0.003 Y0.997La 2 552 
Er0.05 Y0.95La 2 552 
Er0.05 Y0.95Pd 3 537 
Er0.08Y0.92La 2 552 
Er0.10Y0.90La 2 553 
Er0.15Y0.85La 2 553 
(Er0.1Gd0.9)2Fel4B 474 
Er0.2Y0.8Ag 534 
Er0.2Y0.8Cu 534 
Er0.2Y0.sZn 531,534 
Er0.90Y0.10La 2 553 
(Erl_xGdx)2Fel4B 459 
(Erl_xTbx)2Fe14B 474 
ErAg 530-534 
ErA_gg, 558 
ErAgCu 4 544 
ErA12 549, 550,552 
ErA13 569 
ErAu, 558 
ErAuCu 4 544 
ErBel3 529, 530 
ErCo 2 557 
ErColoMo 2 583 
ErCu 532-534 
ErCu 2 598, 599 
ErCu2Si 2 588, 589 
ErCu4A18 579-581 
ErFellTi 579, 582 
ErFeTil 1N 582 
ErFe2 556, 557 
ErFe4A18 579, 581 
ErFel 1 TiN 579 
ErIn 3 537, 541 
ErMg 533, 534 
ErMn4A18 579, 580 
ErMo6Se 8 545 
ErNi 2 554 
ErNi2B2C 583,586 
ErNi 11132C 587 
ErNi 5 563, 564 
ErNil0Si 2 579, 583 
ErP 526 
ErPb 3 537 
Er(PbcTll_c) 3 538 
ErPd 533, 534 
ErPd, 558 
ErPdCu4 544 
ErPd2Sn 542, 544 
ErPd 3 537, 539, 540 
ErRh 534 
ErSb 524, 526 
ErT13 537 
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(Er, X)A12 549 
ErXCu 4 544 
ErZn 531-533 
Er2FeI4B 458, 474 
Er2Fel7C 1 439 
Er203 498 
Er2Znl7 569, 575-577 
ErcYl-cAl2 549 
Erx Yl_xLa2 552 
Eu 3+ 496 

Fe 297, 302-304, 306, 307, 314, 326, 328, 336, 340, 
359, 379, 395, 516 

c¢-Fe 410, 426, 428, 435,449 
y-Fe203 297, 326, 327, 331 
Fe(2+) 393 
Fe(3+) 393 
Fe-A1 365 
FeAg 393 
FeB 533 
Fe-Co 307,339, 379 
F e ~ o - O  339 
FeCr 307 
FeNd 393 
Fe-Ni 307 
Fe304 297 
Fe~O 339 
Fel0_xAlxSi 2 212 
Fe-V 307 

Ga 541,566 
GaAs 365, 373,376 
Gd 307, 503 
Gd 3+ 497, 509 
GdCo4B 467 
GdCo 5 484 
GdColoV2 582 
GdFel0MO 2 481 
GdFel0Si 2 582 
GdFel0.6VI.4 582 
GdFell Ti 582 
GdFel 1 TiN 582 
GdGa 2 12 
Gdlr2Ge 2 169 
GdT4A18 581 
Gd2Col4B 459,467, 594 
Gd2Col7 574, 578 
Gd2FeI4B 459, 463,479, 594 
Gd2FeI4C 461,479 
Gd2Fel7 422,467, 574, 578 
Gd2FelTH5. 8 430 
Gd2FelTN x 422, 438 

Gd2Znl7 575 
Gd-Tm 5 
Ge 587 
glass ceramic 363, 365 

Ho 503,509, 566 
Ho 3+ 497,509 
Ho0.01 Sc0.99La2 552 
Ho0.02La0.98La2 552 
Ho0.05Y0.95La 2 552 
Ho0.06Y0.94Pd 3 537, 540 
Ho0.15Y0.85Zn 534 
Ho0.2Y0.sAg 534 
Ho0.20Y0.80Mg 533,534 
Ho0.25 AI0.75Ga2 574 
Ho0.25Y0.75Cu 532, 534 
Ho0.88Tb0.12Fe2 557 
HosMg42Zn50 603 
HoAg 534 
HoAg2 590, 592 
HoA12 548, 549, 552 
HoA13 569 
HoCo2 557 
HoCu 532 
HoCu2 Si 2 588 
HoFe 2 557 
HoFe4A18 208,579 
HoGa2 573 
HoIn 3 537, 541 
HoMg 533 
HoMn4A18 579, 580 
HoMo6S 8 545 
HoMo6Se 8 545 
HoN 526 
HoNi 2 554 
HoNi2B2C 583-585 
HoNill B2 C 587 
HoNi 5 563, 564 
HoNil0Si 2 579, 583 
HoP 524, 526 
HoPb 3 537 
HoPd2In 542, 544 
HoPd2Sn 542-544 
HoRh 533,534 
HoT4A18 580 
HoT13 537, 541 
HoYA1Ga 573 
HoZn 531,532, 534 
Ho2Co17 568, 569 
Ho2Fel7 566-569 
Ho203 498 
Ho2Znl7 569, 575 
HOcXl_cLa2 548 
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Kr 335, 336 

La0.1Y1.9Fe14 B 478 
La0.2Ndl.sFe14B 478 
Lao.2Y1.sFel4B 478 
La0.5Pr0.5T13 541 
La0.83Pr0.17T13 541 
La0.92Nd0.08Sn3 536 
LaA13 570 
LaCu 6 600 
La2Col4B 460, 463 
La2Fel4B 456,457, 476 
La3Au3Sb 4 197 
LaxPrl_xSn 3 535 
Lu 559 
LuCo 2 39, 41 
LuDy 560 
LuEr 560 
LuFel0Si 2 213 
L._~uHo 560 
L__.uuTb 560 
Lu2Fel4B 458 
Lu2Fel7Ax 436 
Lu2Fel7Cx 422 
Lu2Fel7Hx 422 
Lu2FelTNx 422 

Mg 559, 560 
MgCu 2 551,552, 554, 557 
MgDy 560 
MgEr 560 
MgHo 560 
MgO 365, 373,376 
MgTb 560 
MgTm 560 
MgZn 2 33, 37,42 
Mn 302, 306, 307, 344, 356 
MnAu4 307 
MnCrA1 307 
Mo 344 
MoSi 2 579, 590, 592 

NaC1 339, 526 
NaZnl3 523,528, 529 
Nd 503, 509 
Nd 3+ 497, 509 
Ndo.02Sc0.98A12 552 
Ndo.05Y0.95A12 552 
Ndo.o5 Y0.95Pd3 537 
Nd0.08La0.92Sn 3 537 
Nd0.1oLa0.90A12 552 
Ndo.1La0.9Zn 534 

Ndo.25Lao.75Mg 534 
Ndo.2La0.sZn 534 
Nd0.5Y0.sGa 2 573, 574 
(Ndl_xYx)2Col4B 472 
NdAg2In 544 
NdAI0.5 Gal. 5 574 
NdA10.8Gal. 2 573, 574 
NdA1Ga 572-574 
NdAll.25Ga0.75 572, 574 
NdA12 546, 547, 552 
NdA13 570, 571 
NdAlx Ga2-x 572 
NdAs 526 
NdB 6 517, 527, 528 
NdBi 526 
NdC 2 601 
NdCu 2 596, 598 
NdCu2Si 2 588 
NdCu 5 564 
NdCu6 595, 599, 600 
NdFe2Si 2 588 
NdFe4P12 265 
NdFel 1Ti 482 
NdFel 1TiNx 481 
NdGa2 574 
Ndln 3 537, 540 
NdMg 2 553, 554 
NdMg 3 538, 542 
NdN 526 
NdNi 2 551,554 
NdNi2Si 2 588, 589 
NdNi 5 562, 564 
NdP 526 
NdPb 3 537, 538 
NdPdln 16 
NdPd2AI 3 564-566 
NdPd2Ga 3 566 
NdPd 3 537, 538 
NdS 526 
NdSb 524, 526 
NdSe 526 
NdSn 3 535-538 
NdTe 526 
Nd2CoI4B 457,467,472 
Nd2Col7 424, 569, 574 
Nd2ColTA x 442 
Nd2Col7H3. 6 445 
Nd2ColTHx 424 
Nd2Col7Nx 424 
Nd2(Fel-xCox)14B 472 
Nd2(Fel_xNix)i4B 472 
Nd2Fel4B 411,453, 454, 463, 469, 592-595 
Nd2Fel7 422 
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Nd2Fel7Nx 422, 442 
Nd2(FexCoyNiz)14B 458 
Nd2(FexCOl_x)14B 458 
Nd15Fe77B8Hx 455, 479 
NdcLa l_cA12 546 
NdcSCl_cA12 546 
NdcYl_cA12 546 
NdxY2_xCOl4 B 461 
NdxY2_xCOl7 425 
(NdxYl_x)2COl4 B 465 
Nd-Nd exchange interaction 573 
Ni 302, 303, 306, 307, 314, 326, 328, 336, 340, 359, 

373,561 
NiA1 370, 371,373 
NiFe 373 
NiMnSb 121,125, 307 
NiP 363, 371,383 
NiP/AI 364, 365 
NiP/AIMg 371 
Ni2B 2 583 
Ni3A1 32 
Ni3Sn 569, 571 
Ni-Co 307 
Ni-Cu 307 
Ni-V 307 
NpA12 221 
NpAs2 10 
NpAu2Si 2 178 
NpCoA1 35, 74 
NpCo 2 10 
NpCo2Ge 2 179 
NpCo2Si 2 178, 179 
NpCr2Ge 2 179 
NpCr2Si 2 177-179 
NpCr4A16 205 
NpCr4A18 205,206, 209 
NpCu2Ge 2 179, 181 
NpCu2Si 2 178, 180 
NpCu4A18 206, 212 
NpFeo.5COl.5Si 2 179 
NpFeCoSi 2 179 
NpFe2Ge 2 179, 181 
NpFe2Si2 177-179 
NpFe4A18 206, 208-210 
NplrSn 35 
NpIr2Si 2 178 
NpMn2Ge 2 179 
NpMn2Si 2 177, 178 
NpNiA1 35, 74 
NpNiGa 35, 74 
NpNiGe 84 
NpNi2A13 216, 221 
NpNi2Ge 2 179 

NpNi2Si 2 178, 180 
NpOs2Si 2 178 
NpPd2A13 216, 221 
NpPd2Ge 2 179 
NpPd2Si 2 178 
NpPtA1 35, 74 
NpPtSi 80 
NpPt2Si 2 178 
NpRhA1 35, 74 
NpRhSi 80 
NpRh2Ge 2 179 
NpRh2Si 2 178 
NpRu2Si 2 178, 180 
NpTX 74 
NpT2Ge 2 179 
NpT2Si 2 178 
NpT2X2 128 
Np2Co2In 184, 186 
Np2Co2Sn 184, 186 
Np2Ir2In 184 
Np2Mo3 Si4 245 
Np2Ni2In 184, 188 
Np2Ni2Sn 184, 188 
Np2Pd2In 184, 194 
Np2Pd2Sn t84, 194 
Np2Pt2In 184, 196 
Np2Pt2Sn 184, 196 
Np2Re3 Si 5 246 
Np2Rh2In 184, 191 
Np2Rh2Sn 184, 191 
Np2Ru2Sn 184, 189 
Np2T2X 185 
Np2Tc3Ge 4 245 
Np2Tc3Si 4 245, 253 
Np4Ru7Ge 6 245, 252 

Pd 344, 544, 564 
Perfluoropolyether (PFPE) 
PET 321 
polyester 321 
Pr0.01La0.99A12 552 
Pr0.02La0.98 AI 2 552 
Pr0.02La0.98Pb 3 537 
Pr0.02La0.98 Sn 3 537 
Pr0.02Sc0.98A12 552 
Pr0.05Y0.95A12 546, 552 
Pr0.05Y0.95Ni 2 554 
Pr0.05Yo.95Pd 3 537 
Pr0.08La0.92Pb 3 537 
Pr0.08La0.92Sn 3 537 
Pr0.1Lao.9Ni 2 554 
Pro.15La0.85Mg 534 
Pr0.17Lao.83T13 537 

383 
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Pr0.25La0.75 A13 571 
Pr0.25La0.75 Zn 534 
Pr0.25Y0.75A13 571 
Pr0.50La0.50A13 571 
Pr0.50Y0.50A13 571 
Pr0.5La0.5T13 537 
Pr0.75La0.25A13 571 
(Pr0.9Lu0.1)2Fel4 B 475 
Pr 503, 509,527, 564 
Pr 3+ 497, 509, 518,587 
PrAg 530, 534 
PrAg2In 544 
PrA12 546, 552 
PrA13 569-571 
PrAs 526 
PrB 6 527, 528 
PrBi 526 
PrC 2 601 
PrCo 5 485 
PrCu 2 595-599 
PrCu2Si 2 588 
PrCu 5 563, 564 
PrCu 6 595,599, 600 
PrD1.95 601 
PrD2. 5 601 
PrD 2 601 
PrFe2Ge2 587, 588 
PrFe2Si 2 587, 588 
PrGa 2 571,572, 574 
PrH2+ x 601 
Pr(In0.5T10.5) 3 541 
Prln 3 537, 540, 541 
PrIr 2 554 
PrMg 2 551, 554 
PrMg 3 538, 542 
PrN 526 
PrNi2 551,554 
PrNi2Si2 588, 589,591 
PrNi 5 518, 519, 560, 561,564, 604, 605 
PrP0. 9 527 
PrP 526, 527 
PrPb 3 536, 537 
PrPd2AI3 564, 566 
PrPd2Ga 3 566 
PrPd 3 537-539 
Pr(PbcTli_c) 3 538 
PrPt 2 554 
PrRh 2 554 
PrRu 2 554 
PrS 526 
PrSb 524, 526, 527 
PrSe 526 
PrSn 3 535,537 

PrTe 526 
PrT13 537, 541 
PrX 2 551 
Prl.8Lu0.2Fel4B 456 
Pr2FeI4B 456, 475 
Pr2Znl7 569, 575 
PrcXl_cA12 546 
PrxREl_xCo 5 487 
Pt 336, 344, 354, 372, 393 
PuAu2Si 2 178 
PuCoA1 35 
PuCoGa 36 
PuCo2Si 2 178, 181 
PuCr2Si 2 178, 180 
PuCu2Si 2 178 
PuFe 2 10 
PuFe2Si 2 178, 181 
PulrA1 84 
Pulr2Si 2 178 
PuMn2Si 2 178, 180 
PuNiA1 35 
PuNiGa 36 
PuNi2Si 2 178, 181 
PuOs2Si 2 178, 181 
PuPd2A13 216, 221 
PuPd2Si2 178 
PuPtA1 84 
PuPtGe 84 
PuPt2Si2 178, 181 
PuRhA1 84 
PttRhGa 36 
PuRh2Si 2 178, 181 
PuRu2Si 2 178 
PuSb 10 
PuTX 34-36, 74 
PuT2Si2 178 
PuT2X 2 128 
Pu2Mo 3 Si 4 245 
Pu2Ni2In 184, 188, 189 
Pu2Ni2Sn 184, 188, 189 
Pu203 10 
Pu2Pd2In 184, 189 
Pu2Pd2Sn 184, 189 
Pu2Pt2In 184, 189 
Pu2Pt2Sn 184, 188, 189 
Pu2Re3 Si 5 246 
Pu2Rh2In 184 
Pu2T2X 189 
Pu2Tc3 Si 4 245 
Pu2Tc3 Si 5 246 
Pu4RuTGe 6 245 

RAg 2 590 
RAg2In 544 
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RA12 552, 606 
RA13 559, 569,571 
RB 6 606 
RBel3 523, 529,590 
RCo 2 556, 557 
RCo 5 606 
RCol0MO 2 583 
RCu 2 595, 606 
RCu2Si 2 588, 606 
RCu4A18 579 
RCu 5 559, 564 
RCu 6 599 
R2Co17 516, 559, 568, 574 
R2Fel4 B 592 
R2Fe17 516, 559, 566, 569, 577 
R2Fel7N 3 606 
R2X17 566 
R2Znl7 575, 603 
R8Mg42Zn50 602, 603 
RxYl_xPd3 539 
RE Ag 2 592 
REB 6 528 
RE CuA1 17 
RE Cu 2 598 
RE Fe4A18 208 
REFel2_yMyNx 480 
RE FexAll2_ x 205 
RE Ga2 17 
RE Mn 2 76 
RE NiA1 17 
RET0. 5 0.7Sil.7_1.5 257 
RET 2Ge2 127 
REX 534 
RE2COl4 B 465 
RE2Fel7 251 
RE2Mo3 Ge4 253 
RFe 2 516, 555-557 
RFe2X 2 (X = Si, Ge) 587 
RFel 1N 606 
RFel 1Ti 581 
RGa2 559, 571,574 
Rh 344 
RH 2 601 
RH 3 601 
RMo6Se 8 545 
RM4A18 579 
RMn4A18 580, 583 
RNi 2 606 
RNi2B2C 583, 585,586 
RNi2Si 2 589 
RNil0Si 2 579, 582 
RNi 5 559, 564, 605, 606 
RPd2X 544 

RPd 3 606 
RT2X 2 (T = Fe, Cu, Ni) 587 
RT2X 2 588 
RT4A18 579 
RX 523, 526, 605 
RX 2 523, 554 
RX 3 523, 537 
RZn12 603 

ScA13C 3 263 
S_.gcDy 560 
ScEr 560 
S__qTb 560 
Si 372 
SiC 363, 383 
SiO2 379-381 
Sm 503,504, 509, 546 
Sm 3+ 496,497, 509, 577 
SmA12 546, 552 
StuB 6 527 
Sm(Co0.65 Cu0.5 Fe0.28Zr0.02 )7.67 411 
SmCo 314 
SmCo 5 483 
SmCol 1Ti 481 
SmFel0.5Mol. 5 481 
SmFellTi 482, 579, 582 
SmFel2_xM x 481 
SmMn4A18 579, 582 
Sm2(COl_xTx)14B 459 
Sm2(COl_xTMx)14B 468 
Sm2Col4B 459 
Sm2Co17 424 
Sm2Fel4B 456 
Sm2Fel7 410, 421,450, 451,569, 574, 577 
Sm2Fel7C x 439 
Sm2Fel7H2. 9 445 
Sm2Fe17H x 422, 440 
Sm2Fel7 N 569 
Sm2Fel7Nx 447 
Sm2Fel7N2. 7 577, 578 
Sm2Fel7Nx 412,421,437 
Sm9.5Fe80.5Nbl0 421 
Sm10.2Fe85.8Nb4 421 
SmcYl_cA12 547 
SmxY2_xCOl7 425, 442 
Soda time glass 363 

Ta 336, 354, 372 
Tb0.003Y0.997La 2 552 
Tb0.01Sc0.99La 2 552 
Tb0.02Lao.98 A12 552 
Tb0.03Y0.97La2 552 
Tb0.04Y0.96A12 552 
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Tb0.05Y0.95Pd 3 537, 539 
Tb0.10Y0.90La 2 552 
Tb0.6Y0.4Rh 534 
Tb 503,509 
Tb 3+ 497, 509 
TbA12 547, 548, 552 
TbBel3 529 
TbCo5.1 485 
TbCol0MO 2 583 
TbMn4A18 579, 580 
TbMo6Se 8 545 
TbNi 2 553, 554 
TbNi2Si 2 588, 589 
TbNi 5 562-564 
TbNil0Si 2 579, 583 
TbP 524-526 
TbPd 3 537, 540 
TbPd 3, 537 
TbSb 524, 526 
TbZn 531,534 
Tbl.2Mo6Se 8 545 
Tb2Fe14B 459, 474 
Tb2Fel7 445 
Tb2Znl7 569, 575, 577 
TbsMg42Zn50 603 
TbxLat_xAg 534 
TbxLal_xSn3, x = 0.02 0.08, 0.15, 537 
Thl_xUxCu2Si 2 135 
ThAu2In 234 
ThAu2Sn 239 
ThCoA1 35 
ThCoGa 35 
ThCoSn 35, 36 
ThCol.50Snl.96 171, 172 
ThCo2P 2 174 
ThCo2Sn 2 171,172 
ThCr2Si 2 127, 159, 579, 583,587 
ThCr4A18 205, 206 
ThCui.50Snl.77 171,172 
ThCu2P 2 174 
ThCu2Sn 2 172 
ThFe4A18 206-208, 210 
ThlrA1 35 
ThIrGa 35 
ThlrSi 80, 93 
ThMn3A19 206, 207 
ThMn4A18 205, 206 
ThMnl2 205, 579 
ThNiA1 35 
ThNiGa 35 
ThNiGe 84 
ThNiIn 35 
ThNiSn 126 

ThNil.50Sn1.91 171 
ThNil.80Snl.91 172 
ThNi2B2C 247, 260 
ThNi2Sn 2 172 
ThPdA1 35 
ThPdGe 84 
ThPdln 35 
ThPd2Pb 234 
ThPtA1 35 
ThPtGa 35 
ThPtGe 84 
Tb.Ptln 35 
ThPtSn 126 
ThPt2B2C 247, 260 
ThRhA1 35 
ThRhGa 35 
ThRhSb 126 
ThRhSn 35 
ThRh2B2C 247 
ThRu2P 2 172, 174 
ThRu2Si 2 137, 147 
ThTX 34-36, 74, 121,126 
ThT2B2C 260 
ThT2Si 2 178 
ThT2X 2 174, 175 
ThTc2Si 2 178 
Th2Fe14B 461 
Th2Re3Si 5 246 
Th2Rh3Si 5 246, 256 
Th3Ni3Sb 4 197, 199, 201 
Th3Ni3Sn 4 198, 200 
Ti 336, 340, 344, 365 
Ti90Crl0 368 
Tm0.003Sc0.997La 2 553 
Tm0.02Y0.98La 2 553 
Tm0.25 Y0.75La 2 553 
Tm0.05Y0.95Pd 3 537 
Tm0.87Se 526 
Tm0.9Lu0.1Zn 532, 534 
Tm 503, 509 
Tm 3+ 497, 509 
TmAg 2 590, 592 
TmA12 550, 553 
TmA13 538, 541 
TmAs 526 
TmBi 526 
TmCu 533, 534 
TmCu 2 598,599 
TmGa 3 538, 541 
TmN 526 
TmNi 2 554, 555 
TmNi2B2C 583, 586 
TmNi 5 563,564 
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TmNil0Si 2 579, 582 
TmP 526 
TmPd 3 537, 540 
TmRh 534 
TrnSb 524, 526 
TmZn 532, 534 
TmcLa 1_cAl2 550 
(Tin, X)A12 549 
TmxYl_xA12 553 

U0.5Ce0.5 Cu2Ge 2 163 
U0.5La0.5 Pd2A13 220 
U0.sY0.sCu2Si2 135 
U0.7La0.3Ru2Si2 147 
U0.TNp0.3 Pd2A13 221 
U0.82Mo6Se 8 265 
U0.85Lu0.15PdSn 114 
U0.9Col.05A11.05 39, 40 .~ 
Ul_xLnxCo2Ge2 161 
U 1-x Ndx Co 2 Ge2 161 
Ul_xTbxCo2Ge2 161 
Ul_xYxCr2Si 2 129 
Ul_xYxRu2Si 2 147 
U 3+ 5, 176, 226, 227 
U 4+ 5, 123, 176, 226, 227 
UAgA1 127 
UAgGa 127 
UA12 19, 30, 220 
UA13C 3 247, 263 
UAuA1 83, 108 
UAuGa 83, 108 
UAuGe 83, 108 
UAuSi 83, 107 
UAuSn 109, 110, 115, 116, 118, 120 
UAul.3Ga2. 5 170, 171 
UAu2A1 234, 240-242 
UAu2In 234, 236 
UAu2Si 2 129, 157, 158 
UAu2Sn 234, 237-239 
UBel3 3, 30, 31 
UCdll 3, 125 
UCo0.8Pt0.2A1 72 
UCo0.9All.1 38 
UCo0.9T0.1Sn 44 
UCo0.95All.05 38 
UCo0.98Fe0.02 42 
UCo0.99T0.01 A1 41 
UCOl_x Fex Sn 45 
UCOl_x Fex A1 42 
UCOl_x IrxAl 72 
UCOl_xRhxA1 66 
UCol_xRuxA1 63, 64,74, 75 
UCOl_x Rux Sn 65 

U(COl_x Cux)2Ge2 164 
U(COl_xCux)2Si 2 137 
U(Cot_yNiy)2Ge 2 164 
U(COl_yNiy)2Si 2 137 
UCoA1 11, 16, 32, 34, 38-44, 63, 71, 72, 75, 76 
UCoAll_xGa x 44 
UCoAll_x Snx 45 
UCoAs 2 223, 226 
UCoGa 34, 43, 44, 196 
UCoGa 5 231 
UCoGe 7, 82, 86, 93 
UCoNiGe 2 165 
UCoP 2 223, 224 
UCoSi 78, 79, 86 
UCoSi2 223, 229 
UCoSn 35, 44 
U(Co,Cu)2Ge2 164 
U(Co, Cu)2Si2 136 
U(Co,Ni)2Ge 2 164, 165 
U(Co,Ni)2Si2 136 
UCOl.41Snl.85 171, 172 
UCOl.45Sn2 171, 172 
UCol.5Ge2. 5 161 
UCOl.5Sn 2 171,172 
UCo2_xGe2+ x 161 
UCo2As 2 174 
UCo2Ge 2 158-161,165 
UCo2P 2 172-174, 176 
UCo2Si 2 129, 130, 136, 148, 182 
UCo2Sn 234, 237 
UCo2Sn 2 171 
UCo4B 247, 262 
UCo 5Fe 5Si 2 207 
UCol0Si2 207, 213,214 
U-Co~Sn 172 
UCr2A120 248 
UCrC 2 223,263 
UCr2Si 2 129 
UCr4A18 205, 206 
UCr4C 4 263 
U(CUl_xAlx)5 222 
U(CUl_xMnx)2Si2 136 
UCuAs2 223,225-227, 264 
UCuBi2 223, 227 
UCuGa 109, 110, 115, 120 
UCuGe 84, 127 
UCuP1.75 224 
UCuP 2 222-227 
UCuPO 248, 264 
UCuSb2 223,227 
UCuSi 84, 127 
UCu(Si, Ge) 242 
UCuSn 109, 110, 119, 120 
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U(Cu,T) 5 4 
UCUl.16Ga2.66 171 
UCUl.25Ga2. 5 171,172 
UCUl.30Snl.91 171,172 
UCUl.3Sn2 171,172 
UCul.33Ga2. 5 171, 172 
UCul.33Ga2.66 171 
UCul.40Ga2.60 171, 172 
UCUl.45Ga2.55 171,172 
UCul.5Ga2. 5 171, 172 
UCUl.5Sn 2 171 
UCu2(Si,Ge)2 242 
UCu2As2 174, 177 
UCu2Ge 2 159, 163, 164 
UCu2Ni2A18 206 
UCu2P2 174, 176 
UCu2Si 2 129, 135, 136, 182 
UCu2Sn 234, 240-242 
UCu2Sn 2 171,172 
UCu2X 2 172 
UCu3A12 216, 222 
UCu3.5All. 5 216, 222 
UCu3NiA18 206 
UCu4.25A17.75 206 
UCu4.5A17. 5 206 
UCu4.75A17.25 206 
UCu4+x A18_ x 210 
UCu4AI 8 206, 210 
UCu5A17 206 
UCus.25A16.75 206 
UCu5.5A16. 5 206 
UCu5.9AI6.1 206 
U~Zu-Ga 170, 172 
U~Zu~Sn 172 
UFe0.sSi 2 229 
UFeA1 33, 34, 37 
UFeAs2 223, 226 
UFeGa 33, 34, 37, 38 
UFeGa 5 231 
UFeGe 7, 8, 77, 78, 82, 93 
UFeSi 77-79 
UFeSi 2 223 
UFe2 9, 10, 12 
UFe2Ge2 158, 166 
UFe2P2 174 
UFe2Si 2 129, 130, 158, 182 
UFe2Zn20 248 
UFe4A18 205, 206, 208-211 
UFe4P12 248, 264, 265 
UFe5A17 205, 206 
UFe6A16 205, 206, 210, 214 
UFe6Ga 6 206, 212 
UFe9A1Si 2 214 

UFel0_xAlxSi 2 214 
UFel0_x Cox Si 2 214 
UFel0_xNix Si 2 214 
UFel0Mo 2 207, 214 
UFel0Re 2 207, 215 
UFel0Si 2 207, 212-214, 250 
UFel0X 2 8 
UFexAll2_ x 205, 210 
UFexCu4_x A18 212 
U(FexMnl_x)2Si 2 130 
UGa2 12, 14, 17, 258 
UGa 3 230 
UGe 3 6 
UH 3 3 
UIn 3 6 
Ulr2Ge 2 159, 169 
UIr2Si 2 129, 153-155 
UIr 3 31 
UIrA1 34, 71 
UIrGa 34, 72 
UIrGa 5 231 
UIrGe 7, 83, 87, 105 
UIrSi 80, 87, 91 
UIrSi 3 244, 250 
UIrSn 35, 72 
UMnA1 33, 37 
UMn2Ge 2 127, 158, 159 
UMn2Si 2 129, 130, 158, 182 
UMn2T 2 130 
UMn3 A19 205-207 
UMn4A18 205,206 
UMn4P 2 248, 264 
UMn6A16 206 
UMnxAll2_ x 205 
U(Ni0.05Cu0.95)2Ge 2 164 
UNi0.5Fe0.5 A1 51 
UNi0.85Ru0.15A1 75 
UNil_x Cox Ga 5 231 
U(Nil_xCux)2Ge2 163 
U(Nil_zCuz)2Ge 2 164 
U(Nil_zCuz)2Si 2 137 
UNil_xFexA1 51 
UNil_xPdxGe 105, t07 
UNil_xRuxA1 64, 74, 75 
UNiA10.6Ga0. 4 60 
UNiA1 11, 15, 17, 18, 24, 31, 34, 39, 45-50, 60, 64, 

73-75 
UNiAs 2 223, 226 
UNi 10 
UNiBi 2 223,227 
U(Ni,Cu)2Ge2 164 
U(Ni,Cu)2Si2 136 
UNiGa 11, 17, 24-28, 34, 51-60, 73, 169, 232 
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UNiGa 3 232 
UNiGa4 232 
UNiGa 5 229-231 
UNiGe 7, 22, 24, 26, 77, 82, 86, 93-101,103, 105 
UNiSb 2 223, 227 
UNiSi 78, 79, 86, 88 
UNiSi 2 223, 229 
UNiSn 121-126, 234 
UNil.4Sn 2 171,172 
UNil.42Snl.88 171,172 
UNil.6As 2 174, 177 
UNil.87Sn 235 
UNi 2 6, 10, 12, 15, 17 
UNi2A13 215-217, 220 
UNi2As 2 174, 177 
UNi2B2C 247, 259, 260 
UNi2Ga 234, 242 
UNi2Ga 3 216, 221 
UNi2Ge 2 159, 161,162, 165 
UNi2In 234, 236 
UNi2P 2 174, 176 
UNi2Si 2 129-136, 152 
UNi2Sn 234-237 
UNi2Sn 2 171 
UNi3Ga 2 216, 221 
UNi4 B 247, 260-262 
UNi4Ga 221 
UNi4Sn 235 
UNil0Si 2 207, 214 
UNix Cu4_x A18 212 
U-Ni-Sn 172 
UO2 10 
UOsGa 5 231 
UOs2Si 2 129, 154 
UPb 2 227 
UPb 3 6 
U(Pdl_xFex)2Ge 2 169 
U(Pdl_xNix)2A13 220 
UPdl_xPtxGe 107 
UPdAI 83, 107 
UPdAs 2 223, 227 
UPdGa 34,68, 83, 107 
UPdGa 5 229-231 
UPdGe 7, 77, 82, 86, 102-104, 107 
UPdIn 15, 16, 35, 68-73, 125 
UPdSb 109-111,121 
UPdSi 80, 86, 90-92, 107 
UPdSn 15, 18, 31,45, 109-120 
UPdl.85Sn 234, 237 
UPd2A12.97 216 
UPd2A13 15, 17, 22, 30, 31,157, 215-221 
UPd2Ga 234, 242 
UPd2Ga 3 215,216, 220, 221 

UPd2Ge 2 159, 168, 169 
UPd2In 234, 236 
UPd2Pb 234, 236 
UPd2Si2 129, 150-153 
UPd2Sn 234, 237, 242 
UPd 3 30, 31,113 
UPtA1 34, 71 
UPtGa 35, 72, 259 
UPtGa 5 229, 231 
UPtGe 7, 18, 77, 83, 87, 105-107 
UPtIn 35, 67, 72, 73 
UPtSi 76, 80, 87, 92 
UPtSi 2 223,229 
UPtSn 35, 121,126 
UPt2Ge 2 159, 170 
UPt2Si 2 30, 129, 154-157, 181 
UPt2Sn 234, 240-242 
UPt 3 3, 14, 17, 20, 21, 23, 30, 31, 50, 62, 146 
URe2Si 2 129, 154 
U(Rh0.06Ru0.94)2Si 2 149 
U(Rh0.35 Ru0.65)2Si 2 150 
URh0.5Ir0.sGe 105 
URhl_x IrxGe 105 
URh 1 xRuxA1 75 
URhA1 8, 11, 15, 16, 30, 34, 61, 63, 65-67, 75 
URhGa 34, 66 
URhGa 5 231 
URhGe 7, 82, 90, 101,102, 105 
URh/n 35, 67, 68 
URhSb 121,126, 200 
URhSi 76, 79, 86, 88-90, 101,102 
URhSn 35, 68 
URhl.6Asl. 9 173 
URh2As 2 174 
URh2B2C 247,259, 260 
URh2Ge 2 159, 165-169 
URh2Si 2 129, 148, 150 
URh2Sn 234, 237 
URh 3 250 
U-Rh-As 173 
URu0.4Rh0.6A1 67 
URu0.7Rh0.3A1 67 
URul_xPdxGa 68, 69,74 
URUl_xRhxA1 66, 68 
URUl_xRhxGa 66 
URuA1 15, 16, 19, 20, 34, 61, 63, 65, 66, 74, 75, 126 
URuAll_x Snx 65 
URuGa 19, 20, 34, 61, 62, 66, 101 
URuGa 5 231,232 
URuGe 82, 86, 101 
URuSb 35, 65 
URuSi 76, 79, 86, 88 
URuSn 35, 64 
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URu 2Ge 2 251 
URu2P 2 172, 174 
URu2Si2_xGe x 151 
URu2Si 2 20, 31, 49, 128, 129, 136, 138-148, 150, 

155, 180, 182, 216 
URu4B 4 263 
US 6, 10, 13, 17 
USb 10 
USb 2 31 
USil.67 257, 258 
USi 3 6 
USn 3 250 
UTA1 73, 82-85 
UTGa 5 229-232 
UTGe 7, 76, 82-85, 87, 107, 108, 259 
UTSi 76, 79-81, 87, 107, 108, 259 
UTSi 2 229 
UTSi 3 250 
UTSn 115 
U(T~,T')2Si2 164 
UT2Ge 2 127, 158, 159, 168 
UT2Si 2 31,127-129, 136, 152, 181,182 
UT3Bx 263 
UT10Si 2 212 
UW4C 4 263 
Ul_xAxRu2Si 2 147 
Ul_xCex Cu2Ge 2 163 
Ul_xCexRu2Si 2 147, 148 
Ul_xLaxRu2Si2 147 
Ul_xNpxRu2Si2 180 
Ul_xThxCoSn 44 
Ul_xThxMn2Si 2 130 
Ul_xThxNiSn 126 
Ul_xThxRu2Si 2 147 
UI_xYxNiA1 51 
Ul.lCo0.95A10.95 39, 40 
U2AuSi 3 247 
U2CoSi 3 246, 258 
U2Co2A1 184 
U2Co2Ga 184, 196 
U2Co2In 183-185 
U2Co2Sn 183-185 
U2Co3Ge 5 161,255 
U2Co3Si 5 246, 253 
U2COl4.0Ge3.0 251 
U2Col4Ge 3 244 
U2Col5_xFexGe 2 251 
U2Col5Ge2 244, 251 
U2COls.7Gel. 3 244, 251 
U2Co15Si2 244, 251 
U2CuGa 3 247, 259 
U2CuSi 3 246, 257, 258 
U2Cu4As 5 248, 264 

U2Cul7_xAlx 251 
U2FeSi 3 246, 258 
U2Fe2Sn 185 
U2Fe3Si 5 246, 253 
U2Fel2.5Si4. 5 244, 250 
U2Fe13Si 4 250 
U2Fe13.7Si3.3 244, 250 
U2Fel5Ge 2 244,250,251 
U2FelT_xGex 251 
U2IrC 2 248, 264 
U2IrGa 3 247 
U2IrSi3 247, 258 
U2Ir2In 184, 195 
U2Ir2Sn 183, 184, 195 
U2Ir3 A19 247 
U2Ir3Ga 9 247, 259 
U2MnSi 3 246, 257 
U2Mo3Ge 4 245, 253 
U2Mo3Si 4 245, 253 
U2Nb3Ge 4 245, 253 
U2NiC 3 263 
U2NiSi 3 246, 258 

.U2Ni2In 183, 184, 186 
U2Ni2Sn 183, 184, 186-188, 234 
U2Ni2Zn 184 
U2Nil5Ge 2 244, 251 
U2OsC 2 248, 264 
U2OsSi 3 247, 257, 258 
U2Os3Si 5 246, 253 
U2PdGa 3 247, 259 
U2PdSi 3 247, 257, 258 
U2Pd2In 28, 183, 184, 191-194 
U2Pd2Sn 11, 13, 18, 28, 183, 184, 192-194 
U2Pd2.25 Sn0.75 194 
U2Pd2.35 Sn0.65 194 
U2Pd2.44Sn0.56 184, 194 
U2PtC 2 248, 263 
U2PtGa 3 247, 259 
U2PtSi 3 30, 157, 247, 258 
U2Pt2In 183, 184, 195, 196 
U2Pt2Sn 183, 184, 195, 196 
U2Ph 1Ni4Si7 252 
U2Ptl3Co2Si 7 252 
U2Ptl5Si 7 245, 252 
U2Re3Si 5 246 
U2RhGa 3 247 
U2RhSi 3 247, 257, 258 
U2Rh2In 184, 189 
U2Rh2Sn 183, 184, 187, 189-191 
U2Rh3AI 9 247, 259 
U 2Rh 3 Ga 9 247 
lJ2Rh 3Si 5 246, 254-257 
U2(Ru0.65Rh0.35)3 Si5 255 
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U2RuGa 3 247, 259 
U2RuGa 8 231,232 
U2RuSi 3 247, 257, 258 
U2Ru2In 184 
U2Ru2Sn 184, 188, 189 
U2Ru3Si 5 246, 254, 255 
U2TGa3 257, 259 
U2TGa8 232 
U2TSi 3 257, 258 
U2T2In 183, 185 
U2T2Sn 183, 185 
U2T3A19 259 
U2T3Ga 9 259 
U2T3Ge4 253 
U2T3Ge 5 253 
U2T3 Si 5 253 
U2T15Ge 2 250 
U2T15Si 2 250 
U2Ta3Ge 4 245,253 
U2Tc3Si 5 246, 255 
U2V3Ge4 246, 253 
U2W3 Si 4 253 
U2Znl7 3 
U3Au3Sn 4 198,200, 201 
U3Co3Sb 4 197, 198 
U3Co4Ge 7 246, 256, 257 
U3Cu2S 7 248, 265 
U3Cu2Se 7 248, 265 
U3Cu3 Ge 4 163 
U3Cu3Sb 4 197, 198, 200, 202, 203 
U3Cu3Sn 4 198, 200, 202, 203 
U3Cu4Ge 4 242-244 
U3Cu4Si 4 242-244 
U3(CuxAUl_x)3Sn 4 201 
U3Fe I Sb 4 198 
U3Ir3Sb 4 198 
U3Ir4Gel3 243, 244 
U 3 (Nil_x Cux)3 Sb4 203 
U3Ni3 (Sb0.5 Sn0.5) 4 204 
U3Ni3Sb 4 30, 197-199, 202-204 
U3Ni3Sn 4 198-200, 202 
U3Ni3.34P 6 248, 264 
U3Os4Gel3 243, 244 
U3Pd3Sb4 198, 201 
U3Pt3Sb 4 197, 198, 201,202 
U3Pt3Sn 4 198, 202 
U3Rh3Sb 4 198, 200 
U3Rh4Gel3 243, 244 
U3Rh4Snl3 243, 244, 250 
U3Ru4Gel3 243, 244 
U3Sb 4 197, 198, 203 
U 3Si 2 182 
U3Sn 4 197 

U3T3Sb4 197 
U3T3Sn 4 197 
U3T4Ge 4 242 
U3T4Ge13 243 
U3T4Si 4 242 
U4Cr6Si 2 265 
U4Cu2P 7 224 
U4Cu4P 7 223, 227, 228 
U4Irl3Ge 9 245,251 
U4Irl3Si 9 245, 251 
U4Mo5 Si3 265 
U4OsTGe 6 245, 252 
U4Re7 Ge6 245 
U4Re7Si 6 251 
U4RuTGe6 245, 251,252 
U4T13Ge9 251 
U4T13Si 9 251 
U4TcTGe 6 245 
U4TcTSi 6 245, 252 
U-T--Ga 127, 170, 171 
U-T-Sn 127, 170, 171 
U5Re3C 8 263 
U16.sNi40Ga43.5 222 
UxLal_xRu2Si2 147 
UxThl_xPd2Si 2 152, 153 
UxThl_xPt2Si 2 157 

V 344 
VAu 4 307 

W 344, 371 

Xe 335,336 

Y 559 
YA12 30 
YCo 2 19, 39--41,78 
YCo 5 484 
YCr2Si 2 130 
YDy 560 
YEr 560 
YFel0MO 2 213, 215 
YFel0V 2 481 
YIr2Si 2 169 
YRh 533 

560 
YZn 533 
Y2(COl_xMx)17 425 
Y2Co14 B 455, 463, 467, 469 
Y2Co17 431,446 
Y2COlTAx 447 
Y2Co17C0. 8 431 
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Y2CoI7Cx 423 
Y2COlTHx 423,434 
Y2COlTNx 423,434 
Y--Cu 604 
Y2Fel4 B 455,469, 592, 593 
Y2Fel7_yCoyCx 431 
Y2Fet7 420,450,451 
Y2FelTAx 435 
Y2Fel7Cx 418,419, 450 
Y2FelTCNx 419,429, 450 
Y2FelTH2.7 437 
Y2FelTHx 420, 429, 450 
Y2Fe17N2.8 435 
Y2Fel7Nx 419,420, 427,450 
Y2Fe3CoI4Cx 434 
Y2Fe6 Col 1Cx 434 
Yb 503,509, 544 
Yb 3+ 497, 509 

YbAgCu 4 544 
YbA13 23 
YbAs 526, 527 
YbAuCu 4 544 
YbCu2Si 2 23 
YbN 526, 527 
YbP0.84 526 
YbP 527 
YbPdCu 4 544 
YbPd2In 544 
YbPd 2Sn 542, 544 
YbPd3 537, 539, 540 
YbSb 526, 527 
YbXCu 4 544 

Zr 371 
ZrZn 2 32 


