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E. Nieboer 

In t roduc t ion  

The substitution of metal ions in biochemical macromolecules by others of similar 
chemical reactivity but possessing improved physical properties has proven to be 
a versatile research tool. Considerable structural information has been obtained by 
exchanging manganese(II) for magnesium [e.g. (1)], cobalt(II) for zinc [e.g. (2)] 
and thallium(I) for potassium (3). Vallee and Williams (4) in 1968 suggested the 
potential of rare earth cations as reporter sites in biological systems requiring 
calcium. Shortly afterwards, Birnbaum et al. (5) reported that binding of Nd(III) 
to bovine serum albumin could be detected by difference spectrophotometry, 
and Williams and co-workers (6, 7) demonstrated that lanthanide cations were 
excellent NMR probes of their immediate environment in enzymes. The latter 
group were able to estimate absolute distances from the Gd(III) reporter site in 
lysozyme to protons on the bound substrate, fl-methyt-N-acetylglucosamine, from 
isotropic broadening of the corresponding substrate proton signals. Somewhat 
earlier, Hinckley (8) had reported the influence of the dipyridine adduct of 
Eu(thd)a 1) on the PMR spectrum of cholesterol in carbon tetrachloride. The sub- 
sequent exponential development of the principles, methodology and application 
of lanthanide fl-diketonates as NMR shift reagents in Organic Chemistry has been 
extensively documented in recent reviews (9--13), and this topic will not be ex- 
amined in this context in the present article. This review will be addressed to an 
assessment of the methods employed and their success in providing information 
about the immediate and distant environment of the trivalent lanthanide ions 
when incorporated in model systems, or when complexed with low-molecular weight 
molecules and macromolecules of biological interest. This application of lanthanide 
ions as structural probes is possible because of favourable physicochemical prop- 
erties. Consequently, a brief survey of relevant lanthanide coordination chemistry 
is also provided. 

I. Coordina t ion  Chemistry of the Tr ipos i t ive  Lanthanide  Ions  

i) Nature of Complexes 

A compilation of typical co-ordination polyhedra known for the tripositive rare 
earths (RE) is given in Table 1. For comparison, crystallographic data for calcium 
is also included. The lanthanide(III) ions, like the alkaline earth ions, have been 
classified as class a (57, 58) or "hard" (59, 60) acceptors. Consequently, their 
interactions may be considered as largely ionic, since the consensus is that the gross 
features of class a and b behaviour are satisfactorily explained by the relative 
importance of ionic and covalent bonding (57--62a). It is expected, and observed, 
that the RE ions prefer donor atoms with the preference O > N > S and F > Ct. 
In fact, the lanthanide-halogen stretching force constant decreases from fluorine 
to iodine (62b). Complexes with pure nitrogen or sulfur donors are readily hydro- 
lyzed (56, 63) and are not stable in aqueous solutions. It is not surprising therefore 
that oxygen is the predominant donor atom in the structures described in Table 1. 

1) Tris-(2,2,6,6-tetramethylheptane-3,S-dionato) europium(III). 
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The high degree of ionicity in these complexes is further confirmed by the ob- 
served patterns of bond distances. Especially noteworthy is that  Ln--N bonds are 
generally longer than Ln O bonds, and in some cases, by as much as 0.30 A. 

The co-ordination numbers reported for the RE ions range from six to ten, 
although a maximum value of twelve is known (56). Co-ordination numbers of 
eight and nine would appear to be most common, while Ca +2 exhibits numbers of 
six, seven and eight. This tendency of the RE ions to have larger numbers of donor 
atoms in their primary co-ordination sphere could be crucial in isomorphous 
substitution experiments, especially in calcium dependent systems. We will 
return to this comment in a later section. Preference for a specific geometry may 
also be significant in this regard. For example, the most common seven co-ordinate 
structure observed for Ca +2 is the pentagonal bipyramid, while that  for the 
lanthanide ions would appear to be the monocapped trigonal prism (dl, 47). 

One additional observation worthy of comment may be derived from the 
structural data in Table 1. In tricapped trigonal prismatic structures of complexes 
with ligands composed of both charged and neutral donor groups, the latter occupy 
the equatorial or cap positions. The bonds to these donor atoms tend to be mar- 
ginally longer. Thus the alcohol oxygen of glycolate, the ether oxygen of diglyco- 
late and the nitrogen atom of dipicolinate cap the trigonal prism. It  must be con- 
cluded that all nine sites of this structure are not equivalent in these complexes. 
Neither are Ln--O separations in other structures necessarily equivalent [e.g. 
(40)]. 

ii) Complex Formation in Solution 

The shapes of curves in plots of complex stability versus atomic number (Fig. 1) 
are varied, and would appear to possess some diagnostic potential. One of the most 
spectacular dependencies on position in the RE series is exhibited by K1 values 2) 
for acetate and diglycolate. A reduction in complex stability occurs around the 
middle of the series in both cases. In contrast, the curves for log K1 of EDTA 
and acetylacetonate reveal a systematic increase in negative free energy across the 
series, although the rate of increase in both halves of the series is considerably 
different. All the plots in Fig. 1 show a rather drastic change in slope or contour 
around the middle of the series. 

This feature has been designated as the "gadolinium break", or when ex- 
amined in greater detail, the " tetrad" effect (68). Much has been said in expla- 
nation of these trends. Of these, the suggestion of a change in the primary hy- 
dration number of the aquo ions between neodymium and terbium is the most 
popular interpretation (69). Others such as ligand-field effects and steric factors 
have also been postulated (56, 70). Ligand-field stabilization was shown to be at 
least one order of magnitude too weak to be consistent with the experimental 
data, although the possibility of ligand-field stabilization involving the 5d shell or 
other empty orbitals of the central cation should not be completely excluded 
(68). Small decreases in the interelectronic repulsion parameters (nephelauxetic 

~) M + C = ML n ~  = [ML]/[M] [C]. 
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effect) on complex formation could, in principle, be responsible for the gadolinium 
break and other smaller irregularities of the "tetrad" effect (68). A change in the 
degree of covalency relative to the aquo complex is intrinsic in this explanation, 
and this is difficult to verify. The sudden drop in the third ionization potential 
(Fig. 2) between europium and gadolinium and in other electronic properties (68) 
should reflect the relative tendencies of the RE ions to form covalent bonds. A 

3 
plot of the class b index (~ In)rear versus the cationic radius rear (58) divides the 

n = l  
trivalent ions into two groups. Ions in the series La--Eu show distinct enhanced 

3 
class b character [i.e., relative magnitudes of (~. In)rear and rear are both large] 

n = l  
compared to the ions in the series Gd--Lu. On this basis, covalency is expected to 
be most important in the first half of the series; but of course, nevertheless of 
secondary importance for reactions in aqueous media. 
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Fig. 2. Reciprocal cationic radii (63), partial molal volumes (72), and the third ionization 
potential (73) as a function of atomic number 

It will be shown in a subsequent section that the variation of complex stability 
across the RE series may assist in determining the nature of a metal binding site. 
A closer examination of this phenomenon is thus warranted. Phillips and Williams 
(71) some time ago postulated that in the absence of covalency, energy changes 
across the RE series should resemble the plot of reciprocal cationic radius depicted 
in Fig. 2. The degree of curvature and the gradient in each half of the series was 
predicted to vary with the nature of the chemical partner of the lanthanides [e.g. 
free energies of formation of Ln +3(aq) and Ln(OH)3]. Energy changes accompany- 
ing chemical reactions would then be determined by differences between such plots, 
which conceivably could resemble any of the observed relationships in Fig. 1. It 
is not surprising therefore that the partial molar volume plot of the tripositive 
lanthanoids resembles the reciprocal radius plot in Fig. 2. Consequently, electro- 
striction goes through a minimum in the middle of the series. This was accepted 
as evidence for a change in the primary hydration number between Nd and Tb, 
presumably from 9 to 8 (74). Recently, Grenthe et al. (75) have objected to this 
interpretation on the basis of evidence from partial molar heat capacity measure- 
ments of rare earth perchlorates. They conclude, in accordwith earlier 170 chemical 
shift data (76), that equilibrium (1) is not present for the hydrated RE ions in a 
perchlorate medium. 

~(H~O)~ +3 , ' M(H20)~+~ 1 + H20 (1) 
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However, Spedding and co-workers (74) have just reported the results of X-ray 
diffraction studies of concentrated rare earth chloride and perchlorate solutions 
that demonstrate a nine coordinate primary hydration sphere for Pr +3, while 
Tb +3, Dy +3 and Er +3 are eight coordinate. The different ranges of concentrations 
examined in the various studies might explain these conflicting results. 

According to the model of ionic hydration proposed by Bockris and Saluia 
(77), increased electrostriction implies larger numbers of waters of hydration in 
the hydration spheres of an ion. Hepler (78) has demonstrated that a linear re- 
lationship exists between AS0 and z] ~0 for ion association in aqueous solutions. 
Since most of the lanthanoid reactions in water are largely entropy stabilized 
(70, 79) -- e.g., EDTA (66), carboxylic acids (80), acetylacetone (67) and digiyco- 
lates (81) -- changes in electrostriction of water on complex formation are expected 
to be reflected in the free energies. This occurs in spite of a considerable compen- 
sation effect (82) due to contributions to dH 0 and zlS 0 of the same sign (79). As 
explained in the next few paragraphs, the nature of this residual contribution of 
solvent effects to the equilibrium quotient may be understood more clearly if com- 
plex formation kinetics are examined. 

A number of separate steps have been delineated in lanthanoid complex 
formation (69, 83). 

k12 
Ln (aq) + A(aq) ( ' LnWMWAA (2) 

k21 

k23 
LnWMWAA ( ~ LnWMA + WA (3) 

k32 

k34 
LnWMA ~ ~ LnA + WM (4) 

k43 

WM and WA denote the water molecules lost from the primary coordination 
sphere of the RE ion, Ln, and the ligand A, respectively. Reaction (2) involves a 
diffusion-controlled encounter, (3) desolvation of the anion and outer ion-pair 
formation, and (4) cation desolvation followed by entry of the ligand into the 
primary coordination sphere. The cation desolvation step is usually considered 
rate determining, although the opinion has recently been expressed (83) that a 
fourth step involving ring closure by a chelating ligand accompanied by further 
cation desolvation may well be the slowest. 

Ultrasonic absorption techniques allow measurements of stepwise rate con- 
stants while most other methods yield only overall forward (kf) or  backward 
(kb) rate constants. 

kf [LnA] kt 
Ln(aq) + A(aq) ( ' LnA(aq) K1 (5) 

k b [Ln] [A] kb 

Normally, kb is roughly constant for all RE ions with the same ligand. When 
reaction (4) is rate limiting it may be shown that K1 = c  k34, with the constant 
c =K12K23/k43, and K12 and K23 the equilibrium constants for steps (2) and (3). 
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I t  is expected that k34 should approximate the value of kex, the rate constant for 
water exchange. Consequently, the most stable complex in the RE series should 
also exhibit the most rapid solvent-bond rupture in reaction (4). The available 
water exchange rates (76, 83) also seem to exhibit an abrupt drop in magnitude 
between Gd +3 and Tb +3. It  is interesting that  NMR shift studies of the state of 
hydration of Eu +3 in water-acetonitrile mixtures (84a) could only be analyzed 
successfully if two types of affinities were assigned to bound water molecules. 
Although the overall analysis was not critically dependent on the primary hydra- 
tion number (8 or 9), the choice of binding constants was critical. Assuming the 
tricapped trigonal geometry for the fully hydrated species, the three equatorial 
sites had a much higher affinity for water (Ke = 720) than the six axial positions 
(Ka = 120). This result is somewhat surprising, as crystallographic data for tile 
nonahydrates (Table 1) indicate that the equatorial bond-lengths are about 0.15 A 
longer. Of course, free energy or equilibrium quotients need not reflect bond ener- 
gies directly. Additional contributions from the entropy and enthalpy of lateral 
interactions in the primary coordination shell and of interaction with the second- 
ary hydration sphere, as well as translational and vibrational entropy are also 
expected to determine the free energy of metal-ligand interactions (77). From a 
free energy point of view, the equatorial positions could be preferred in spite of 
somewhat longer bond-lengths, and at the same time be the most labile kinetically. 
In any case, the important conclusion is that  all positions on the coordination 
polyhedron are not necessarily equivalent, and the structural data in Table 1 
support this notion. This phenomenon provides a plausible interpretation for the 
characteristic and similar dependence on atomic number of k84 (83) and K1 
(Fig. 1) for the RE-acetate complexes. Shrinkage of a coordination polyhedron in 
a series of isomorphous compounds is known to accompany the reduction in the 
radius of the central ion, and may indeed be abrupt around the middle of the RE 
series (24). Perhaps this is what occurs for the water coordination polyhedron, 
and that in this process the positions of preferred binding and enhanced lability 
disappear (i. e., a reduction in kex and consequently in k34 and K1). Such a process 
might involve a change in geometry or coordination number if the steric strain 
were severe enough. 

A recent conformational study (see Section III,  vi) of lanthanide complexes 
of indol-3-ylacetate in aqueous solution has shown that  the carboxylate donor 
group acted as a bidentate ligand in the first half of the RE-series, and that  the 
conformation of the complexes changed systematically along the members in the 
second half giving predominantly monodentate binding at Er+a and Tm +3 (84b). 
For this ligand system, a change in reaction mechanism would therefore be ex- 
pected around the middle of the lanthanide series. Bidentate binding has been 
rejected for RE-acetates (83) because of the goodness of fit of the kinetic data to 
the three-step model. Nevertheless, oxygen-I7 shift data (76) provide some support 
that  chelation may indeed be important. A change in the mode of binding need 
not necessarily affect the relationship between K1 and k34. If desolvation domi- 
nates the ring closure step, and if the second water molecule is more readily removed 
from the cation than the one in reaction (4), then the relationship K1 = ck34 still 
applies. For a simple planar charged donor group like the carboxylate function 
this is not an unreasonable expectation. 
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Ligand dependent chelate ring closure is believed to be rate determining for 
ligands such as oxalate, murexide and anthranilate (83). Equilibrium and kinetic 
data are plotted in Fig. 3 for oxalate and anthranilate. The behaviour of the 
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Fig. 3. KI  and kf values as a function of atomic number  for oxalate (85) and anthrani la te  (86) 
complexes 

murexide system parallels that of oxalate. In the case of anthranilate, the response 
of kf and K1 values across the series are similar, and kb is approximately constant. 
As indicated above, invariance of kb in a ligand system is a common observation 
in RE chemistry. Consequently, the factors that govern the magnitude of kf 

(ion-pair formation and desolvation of anion, desolvation of cation, and ligand- 
dependent ring closure) are reflected in the magnitude of K1. The equilibrium 
quotient behaviour pattern for oxalate and murexide resembles that depicted in 
Fig. 1 for acetate, although the sigmoidal relationship of kf to atomic number does 
not resemble the k34 response observed for acetate. It appears that Kz is still 

10 
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proportional to k34 or kex and that the chelation step dependence of kf cancels out 
in the ration kf/kb. 

One other phenomenon is know to influence lanthanide equilibria, and is 
summarized in Eq. (6). 

LnAj (H20)x ( ~ LnA 1 (H20)y + (x--y)H20 

Spectrophotometric (66, 87--90), heat capacity (91, 92), polarographic (93), 
lsO exchange (9~), and NMR (95, 96) data provide convincing evidence that  early 
in the RE series the EDTA complex exists predominantly as Ln(EDTA) (H20)x 
and as Ln(EDTA) (H20)v toward the end with x--y = 1 ; for ions in the middle of 
the series, e.g., Eu +a, both are present simultaneously. Equilibrium (6) is also 
believed to be important for the Ln (diglycolate)~ species (81, 97). We will briefly 
return to the EDTA system in a later section. 

In conclusion, equilibria and kinetic studies of complex formation in ligand 
systems for which the binding site is not known may help in the elucidation of the 
nature of the binding groups. A detailed examination of available information for 
model systems, seems in order to establish the validity of this proposed diagnostic 
probe. Data for one enzyme system, staphylococcal nuclease (98), are encour- 
aging. 3) The inhibition constants determined for the trivalent tanthanide ions in 
the calcium dependent DNA assay at pH 7 may be considered to reflect the recip- 
rocal of the formation constant with nuclease in the presence of the substrate DNA. 
This value of K (complex formation) goes through a maximum in the middle of 
the series 4) and this suggests, in analogy with the acetate data in Fig. 1, that  
carboxylate donor groups play a dominant role in the complex formation. Crystal- 
lographic data of a nuclease-calcium-inhibitor complex (51, 52), confirm that  
there are three carboxylate groups in the primary coordination sphere of calcium, 
a peptide carbonyl, as well as a fourth carboxylate function at somewhat greater 
distance. The competive inhibition observed in this system implies that the tripos- 
itive lanthanides and calcium do occupy the same binding site. 

iii) Electronic and Magnetic Properties 

With few exceptions the trivalent "lanthanide ions have ground states with a 
single well-defined value of the total angular momentum, J, with the next lowest 
J state at energies many times hT (at ordinary temperatures equal to ,--200 cm -1) 
above and hence virtually unpopulated" (63). In the case of Sm +a and Eu +a the 
excited J states are appreciably populated at ordinary temperatures. For these 
ions the magnetic moments are not given by the well-known ground-state-only 
formula (7), (63, 99--102), but thermal population of the excited states as well as 
the second-order Zeeman effect must be considered in the calculation of the ex- 
pected magnetic susceptibilities or moments. 

/~eff = g[J(J + 1)] 1/2 (7) 

a) Equil ibrium and enzyme activi ty data  are compared in Section II  for several other systems. 
4) The reciprocals of the inhibit ion constants determined were, 0.42 (/~M) -1 for La, 1.4(Pr), 

1.7(Nd); 2.0(Gd); 1.7(Dy) and 0.46(Yb). 

11 
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The observed effective magnetic moments when plotted as a function of atomic 
number resemble the curve obtained for the reciprocal ionic radius in Fig. 2. Values 
increase from zero at La +a to ,-~3.3 BM at Nd +a and then fall to -~1.5 BM at 
Sm +3. Past Eu +3 (3.4 BM) the magnetic moment increases and reaches a maximum 
value at Dy +3 and Ho +3 ( ~  10.5 BM), and then decreases again to zero at Lu +a 
(63, 102). 

Virtually all the absorption bands observed in the visible and near-ultraviolet 
spectra of trivalent lanthanoids exhibit a line-like character and are of low intensity 
(63, 703, 704, ]05). Typically, molar absorptivities have values e ~ 6  litres/mole- 
cm in aqueous solutions. The sharpness of the peaks indicate that  the/-orbitals 
are well shielded from the surroundings and that the various states arising from 
the / iv  configurations are split by external fields only to the extent of several 
hundred reciprocal centimeters. In addition, the intra-/2v transitions are formally 
parity forbidden by the rules of quantum mechanics. Various mechanisms have 
been proposed that  could cause the breakdown of the selection rules, and these 
lead to electric-dipole (involving coupling with states of opposite parity), magnetic- 
dipole and electric-quadrupole transitions. Of special significance are the "hyper- 
sensitive" transitions which are believed to be pseudoelectric quadrupole in origin 
(105--707) and usually obey the selection rule I A][ = 2 .  These are more sensitive 
to their environment than the normal/-- / t ransi t ions,  and should thus be useful 
in probing the immediate environment of the lanthanide ions such as in complexes. 
Another spectral feature of interest that  has been observed and could be exploited 
in structural probe studies is ligand-to-metal charge transfer transitions (86, 
108--710). These are important for those lanthanoids with the most stable divalent 
states (Eu, Sm, Yb, Tm) and tetravalent state (Ce). Studies with halides (LnX8 
and LnX~ 3) also provide evidence for 4/-,-5d transitions (68, 110--172). 

The fluorescence of rare-earth chelates has been the subject for extensive in- 
vestigations in connection with its use in liquid lasers [e.g. (113--]15)]. Almost all 
solution work has been done in organic solvents with chelates of the fl-diketonate 
type. Complexes of Eu, Tb, Dy and Sm would appear to possess the most favour- 
able fluorescence properties (56, 7J5). Emission line intensities are low unless 
energy transfer from a triplet level on the ligand to the /N manifold of the rare- 
earth ion is possible. However, in the absence of such intersystem crossing from 
the ligand, chelation may still enhance some emission lines. For example, on 
complex formation with EDTA in an aqueous medium, the fluorescence of the 
5Do- 7F 2 transition of Eu +3 increases approximately 100-fold (776). Improved 
intensities are possible for Tb +8 and Eu +3, roughly seven- and twenty-fold respec- 
tively, by working in D20 rather than H20 (177). Hypersensitivity may again be 
employed to probe changes in the intermediate environment of the metal ion. I t  is 
noteworthy that the splitting observed in the 5D0 - 7F0 region in the absorption 
spectrum of EuEDTA (88, 89), also shows up clearly in the high-resolution fluores- 
cence spectrum; and indeed was interpreted by Charles et al. (178) as signifying 
the presence of two isomeric forms (vide supra). 

Perhaps the principle of the most versatile application of the rare-earth ions as 
fluorescent probes is demonstrated best by summarizing the work of Charles et al. 
(178, 179). At concentrations where the Tb +3 and the Tb(EDTA)- fluorescences 
were negligible, the mixed complex with EDTA and 5-sulphosalicylate (I), 

12 
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Tb(EDTA)(SSA) -4, showed intense fluorescence of high quantum efficiency 
when excited with near UV radiation. (The formation of the mixed species from 
the EDTA complex was measured to have a formation constant of 4.1 log units.) 
No such enhancement was observed for the corresponding Eu +a system. However, 
in the mixed europium complex with EDTA and p-benzoyl-benzoate (II) near- 
ultraviolet radiation (360-400 nm) was absorbed by the secondary ligand and 
transferred to the Eu +a for re-emission as the visible red fluorescence characteristic 
of this ion. In the SSA adduct of Eu(EDTA)-, the very low fluorescence properties 
were attributed to a mismatch in the energy of the ligand triplet level and the 
europium resonance level. This strict energy compatibility limits the number of 
ligands that are able to transfer absorbed radiation to the central lanthanide (III) 
ion for fluorescence emission. This specificity may well be a blessing in disguise 
(vide infra). 

O 

I II 

iv) Dipolar and Contact Shift Properties 

The most firmly established application of RE ions as structural probes is in 
NMR spectroscopy. Induced chemical shift perturbations usually depend on the 
type of nucleus examined and on the specific central ion in a paramaguetic com- 
plex. A distinction must be made between contact and pseudocontact shifts. The 
former may be viewed as a through-bond effect, while the latter arises because of 
a through-space interaction. The hyperfine contact intereaction between a nucleus 
in a ligand and the unpaired electron spin density on the central lanthanide is 
believed to occur because of spin polarization, rather than direct delocalization of 
the unpaired electrons (10). This conclusion is consistent with the accepted notion 
that 8/orbitals are too well shielded to participate in direct orbital overlap with 
ligand molecular orbitals. For the lanthanides, the fundamental relationship 
describing the contact shift (10, 120, 121) is given in Eq. (8). 

Avc°nvo (-7~--) gJfl(gJ -1)  J(J + kTTi (8) 

The symbols in this expression are defined as follows: Av con, the induced shift 
in Hz; v0, the nuclear Larmor frequency in Hz; g j, the Land6 g-factor; A/h, the 
scalar electron-nuclear hyperfine interaction constant in Hz; J,  the total angular 
momentum quantum number; r, the Bohr Magneton; 71, the nuclear magneto- 
gyric radio; and k and T have their usual significance. Relative contact shifts for 
nuclei in the same molecule and of the same fractional spin occupancy are estimated 
to be (/0): 1.0 (1H), 9(laC), 15(14N), 18(alP), 24(170), 36(19F). The contact 
mechanism is thus of least importance for protons. Reuben and Fiat (10, 76, 122) 
have confirmed, albeit tentatively, that for the protons of RE bound water mo- 
cules the contact interaction was secondary importance. On the basis of this work 
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and other "oversimplified" calculations (JO), the greatest interaction is predicted 
for Eu+~. This view is in direct opposition to the work of Haas and Navon (84a) 
which indicated that  the pseudocontact model could adequately account for the 
observed water-proton shift patterns in water-acetonitrile mixtures. In most 
ligand systems the protons examined are not directly attached to the donor atom 
as in water. If a ligand is further specified to be saturated or unconjugated, we 
would expect the proton hyperfine coupling constant to be small. Indeed, this is 
the conclusion reached for substrate 1H shift studies with the RE fl-diketonates 
(9--13, 120), although significant contact interaction appears to occur for hydro- 
gen nuclei ortho to the N-donor atom in pyridine related substrate systems. 
Large contact shifts have been assigned to all proton shifts of substituted pyri- 
dines induced by interaction with Pr +a and Nd +3 salts in acetonitrile (18, 123). 
However, the data analysis for this system has recently been criticized (10). 

Pseudo-contact interactions are the result of electron dipole-nuclear dipole 
interactions which are not averaged to zero by the rapid tumbling of a paramag- 
netic complex in solution if its magnetic susceptibilities are anisotropic. A generally 
valid expression for the fractional shift in a nuclear resonance frequency is given 
in Eq. (9), (120). 

A,,oip,,o ,,[3cos om]r3 D'[sin ' c°s2°lr  
,[ 1 ],D' 

D =  ~ Zz - ~ (Zz + ;~v) " = 
1 

2 N [Z~ - -  Zv] 

Under conditions of axial symmetry, Zz = Zv = Z± and Z~ = Ztt. Consequently, 
Dax = Ztl - X, and D'ax ----0. The symbols r, (9 and $2 are the spherical polar coor- 
dinates of the resonating nucleus in the coordinate system of the principal magnetic 
axes, the Z's are the principal molecular susceptibilities, and N is Avogadro's 
number. Horrocks et al. (120) have shown that  RE magnetic anisotropies have 
both first order Zeeman (FOS) and second order Zeeman (SOZ) contributions. 
Theoretical calculations using values of phenomenological crystal field para- 
meters for the axially symmetric compound Yb(OHs) 9(C ~H 5SO4) 3 indicate that  
the SOZ contribution to zl;~ = Xtl - Z± dominates, although a non-negligible FOZ 
term was important for all three ions examined (Yb +3, Pr +a, Eu+3). These findings 
do not agree with Bleaney's treatment (124) of the variation of magnetic ani- 
sotropies across the series. Horrocks et al. also compared the temperature depend- 
encies of the calculated A Z values with those of experimentally determined prin- 
cipal crystal susceptibilities for the corresponding Ln(thd)a(4-picoline)~. com- 
plexes. These reciprocal temperature relationships were complex. However, the 
conclusion was reached that  reasonable good T -1 plots may be expected for A x 
(and thus AvoiP/vo) "over the limited temperature range available to dipolar shift 
experiments, but that  such plots will not in general pass through the origin". 
This conclusion is consistent with the bulk of the empirical data, and is in contrast 
to the T -z dependence predicted by Bleaney (124, 125). The predominantly dipolar 
nature of proton resonance shifts in the fl-diketonate systems has been convinc- 
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ingly established by comparing the signs and magnitudes of shifts with those 
expected from single crystal magnetic anisotropy measurements made on Ln(thd) 3. 
(4-picoline)2 for ten RE ions (120, 126). 

Solid state data [e.g. (29, 30, 40---42, 120)], as well as the single crystal suscept- 
ibility measurements alluded to above, suggest that the usual assumption of 
structural and/or magnetic axiality in solution is not a good one. However, the 
observed metal-ion independence in both aqueous (127--129) and organic solvents 
(9--13) of shift ratios for protons of the same substrate molecule and their agree- 
ment with values calculated from geometric parameters obtained from molecular 
models (9, 84 a, 130) both overwhelmingly support the axial-symmetry assumption. 
Horrocks (131) has recently proposed a model which seems to account for this 
apparent or effective axiality. It is based on the assumption that 30 or more 
fluxional isomers interconvert rapidly on the NMR time scale. The stereochemical 
lability and abundance of geometric isomers for polyhedra of high co-ordination 
number (> 7) is well established (75, 720). Even though the full form of Eq. (9) 
may apply for each individual isomer, calculations simulating isomeric intercon- 
versions indicate that Eq. (9) reduces the the simpler axial form (D'-=0, 
D = Z, - ;¢~) when averaged for a large number of species (> 30). Recently, Flora 
and Nieboer (132) have suggested that rapid intermolecular collisions or ligand 
exchange compete with such internal isomerization processes in reducing the 
effective anisotropy. This was necessary to explain the upfield shift away from the 
diamagnetic position with increasing temperature of the t-butyl methyl resonance 
of Eu(thd) 3 proper, and the dramatic shift to the diamagnetic position on dilution 
in a concentration range (0.005- 0.04 M) where osmometric measurements in- 
dicated no decomposition of the shift reagent. Spectrophotometric measurements 
showed that in the same concentration range Beer's law was non-linear. 

Under conditions of rapid exchange (vide infra) between uncomplexed ligand 
and metal-bound ligand, the observed shift (dr) is related to the induced shift 
corresponding to the fully formed complex (A'v) through the fraction of complexed 
ligand PL. 

Av = pL A*v (10) 

d*v values are usually obtained from plots of/iv versus CM/CL, where CM and 
CL are the total metal and ligand concentrations, or from related functions. Elab- 
orate methods of analyzing organic shift reagent data have been summarized by 
Reuben (10), and should be applicable to studies in aqueous media. A novel and 
versatile approach to such equilibrium studies will be mentioned in a subsequent 
section. 

v) Relaxation Enhancement Properties 

This property is limited to Gd +a and Eu +2 which have ss7/2 electronic ground 
states (J = S as L = 0). For the other RE ions the process is complicated by con- 
tributions due to anisotropic g-tensors (10, 133, 134). The relaxation rates for 
protons of a metal-bound ligand molecule are summarized in Eq. (11) and (12) 
(734-730). 
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l 2 y~S(S+l)  g2fl~ [ 3re 7~e  ) 
TIM 15 r 6 ~ 1 + c o ,  re  2 + 1 +COs 2~e 2 

2 S(S + 1)(A/h) 2 ( re ) 
+ -~ 1 + ~ r~ 

(11) 

1 1 ~2S(S+l) g2fl2 ( 3re 13re ) 
T21vi 15 r 6 4re + 1 + ~ 2 + 2 ~- oJ I r e 1 + m s r e 

1 S(S -]- 1) (A/h) 2 "~e + I + o~s r2e +3 
(12) 

The quantities 7I, r, r, S, g, A, h were defined previously, cos and COl are the 
electronic and nuclear Larmor precession frequencies, and re and re the correlation 
time for dipolar interaction and isotropie spin exchange respectively. TI~ and 
T~ t denote the longitudinal and transverse nuclear relaxation rates in a complex 
containing bound paramagnetic ions. The first term on the right-hand side of 
both Eq. (11) and (12) represents the proton-electron spin dipole-dipole inter- 
action, while the second term (that including A) the isotropic proton-electron 
spin exchange. The constants re and re characterize the rate at which the two 
forms of magnetic interactions between the ion and the proton are interrupted; 
the fastest mechanism is always the dominant one for isotropic motion. Thus, 

l/zc = 1/zs + 1]rM + I[zR (13) 

l/re = 1[rs + 1/r~t (14) 

where, rM is the lifetime of a nucleus in the bound site which is determined by the 
rate of chemical exchange, rR is the rotational correlation time of the solvated 
paramagnetic complex, and rs is the electron spin relaxation time)) Temperature 
variation studies of observed T~ 1 and T~ I values [see Eq. (t5)] in simple ligand 
systems of Gd +a (135, 738, 141), and perhaps of Eu +2 (135), reveal that  the scalar 
terms of Eq. (11) and (12) are insignificant. There is also general agreement that  
rl~ is the dominant correlation time in these systems (134, 735, 138, 742). Con- 
ditions of rapid exchange (rM < < TIM, T2~I) would appear to prevail even when 
the ligand is macromolecular (7, 128, 129, 134, 135, 138). For a system in which 
rapid exchange between bound and unbound ligand has been established, the 
observed relaxation rates in the presence of the paramagnetic ion, 1/TI and lIT2, 
are related to the fraction of bound ligand PL in the manner of Eq. (15). 

= T - I  _ T -I T~ I PL(xM) + (I PL)(x,o) (15) 

Tx, 0 is the relaxation rate in the absence of the paramagnetic ion; x = 1 or 2. 
When a paramagnetic ion binds to a macromolecule rR will increase and, if 

Zl~ makes a contribution to re initially, the value of re (and thus 1/TxM) will also 

5) A d i s t inc t ion  ha s  been  m a d e  be tween  t h e  long i tud ina l  and  t he  t r ansve r se  e lec t ron r e l axa t ion  
t i m e s  (137--139). Koenig (140) a n d  Dwek (134) h a v e  po in t ed  o u t  t h a t  in  genera l  t h i s  d is t inc-  
t i on  need  n o t  be  made .  
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increase on binding. The relaxation enhancement factor ~* is the normal empirical 
quantity that is used to measure this effect for protons of water. 

t *  - -  1 / T z  - -  1]Tx'0 
1/Tx -- 1/T~,o (16) 

The asterisk denotes the presence of a macromolecule. Eq. (17) defines the en- 
hancement factor ~ for the hydrated metal-macromolecular complex. It may be 
calculated (18), from ~* and X~t, the fraction of metal ion bound to the macro- 
molecule which is readily obtained if CI~, CM and the binding constant for the 
complex formation reaction are known. 

(q* /Tx~i) = eb (q/TxI~) (17) 

(18) 

Here, q represents the primary hydration number of the aquo-ion, and q* that of 
the macromolecule-bound metal ion. Conversely, the binding constant and ~ 
may be evaluated by curve-fitting procedures from plots of l/e* versus C~ 1 (135). 

In conclusion, the lanthanide ions are conveniently classified according to 
their intrinsic dipolar relaxation enhancement and dipolar chemical shifts prop- 
erties (9, 10, 120, 726, 127): 

a) The diamagnetic cations La +3 and Lu +3, which are useful in evaluating non- 
paramagnetic contributions to the parameters observed. 

b) Cations from the first half of the RE series, Pr +3, Nd+3 and Eu +3, which induce 
little line broadening because of a combination of short electron-spin relaxation 
times and moderate magnetic anisotropies. These anisotropies are large enough 
so that chemical shift perturbations are readily observed. 

c) Cations from the second half of the series, Tb+3, Dy+3, Ho+3 and to a lesser 
extent Er +3, Tm +3, and perhaps Yb +~, have somewhat longer electron-spin re- 
laxation times and relatively large magnetic anisotropies. Although these ions 
cause appreciable line broadening, they do provide considerably larger chemical 
shift perturbations. 
d) The S electron ground state ions Gd +3 and Eu +2 that possess long electron spin 
relaxation times; long compared to those of the other RE ions and to their own 
rotational correlation time, vR. They are responsible for pronounced isotropic 
line broadening. 
e) Pr +3, Nd +3, Tb +3, Dy +3 and Ho +3 cause shifts in the opposite direction from 
those induced by Eu +3, Er +3, Tm +3 and Yb +3. 

vi) Miscellaneous Physicochemical Properties 

There are known properties of specific RE ions that have not been extensively 
employed in probe studies. These are now summarized. 

EPR. The long electron relaxation times of Gd +3 and Eu+2 allow the obser- 
vation of their electron paramagnetic resonance (EPR) spectra in solution (135, 
139). Reuben (139) found that line-widths and the characteristic correlation times 
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were sensitive to complex formation with dimethylarsinate (cacodylate) and the 
protein bovine serum albumin. The similarity of the results obtained to those of 
Mn(II) suggests that EPR may be used in the manner documented for this ion 
(ld3--145a). An innovative approach to determine the relative positions of 
photosynthetic election carriers in the chromatophore membrane in Chromatium 
involved the dipolar perturbation by externally bound Gd +3 of the EPR spectra 
of the electron carriers (ldSb). 

MSssbauer. Europium-151 (47.8% natural abundance) is amenable to M6ss- 
bauer spectroscopy. Isomer shifts for Eu(II) are considerably larger and more 
sensitive to the ion's environment than those for Eu(III), which are small and 
insensitive (6, 146, 147a, b). The author's extensive experience in handling Eu+2 
solutions [cf. (6, 135)] confirms that extremely anaerobic experimental conditions 
are imperative if the divalent state is to be retained. However, many solid Eu(II) 
compounds are stable if kept dry [e.g., EuS04, EuC03, Eu(HC02)2], and thus 
solid derivatives of such compounds as calcium proteins should be feasible for 
MSssbauer measurements. MSssbauer studies at 4.2 °K of Eu+3-transferrin (147c) 
revealed a singlet without any fine structure. This manifestation of a total lack 
of sensitivity to environmental parameters was related to the singular population 
of the diamagnetic electric ground state 7F 0 at low temperatures. 

Polarography. The stable, but strongly oxidizing, tetravalent state of cerium 
and the relatively stable divalent state of europium may be studied by electro- 
chemical methods (748--150). For example, polarographic studies of the 
Eu(EDTA) system not only indicated the presence of two different isomeric forms 
[cf. (6)], but also allowed the evaluation of the various equilibrium constants (93). 
The different half-wave potentials observed for the two isomers showed that this 
parameter is sensitive to the immediate environment of the metal. It may be 
significant that the standard potential of the couple Eu+a/Eu +2, E ° : - - 0 . 4 3  V, 
becomes positive as the water content is lowered in water-acetonitrile mixtures 
(151). 

vii) Analytical Chemistry 

Many instrumental methods are available for the quantitative analysis of the rare 
earth elements. These range from spectrophotometric analysis (103, 149), to atomic 
absorption and emission (instrument manufacturer's manual gives detail), X-ray 
fluorescence (149, 152) and photoluminescence (1t5) techniques. In passing, it is 
of interest to note that the SSA-sensitised Tb(EDTA) fluorescence (vide supra) 
allows the determination of micro-quantities of Tb +3. A sensitivity down to 
2 X 10-SM is claimed (153). Less general instrumental methods are available for 
individual lanthanides. Thus europium is readily determined by polarography (ldS, 
189), or coulometric oxidation of Eu+2 preceded by reduction of Eu+a at a mer- 
cury cathode of controlled potential (154, 155). Since most tripositive lanthanides 
are purchased at a purity of 99.9% as chlorides, nitrates or oxides, less elaborate 
methods of analysis than those mentioned are normally needed. Those commonly 
employed are described below. 

Lanthanide solutions must be kept slightly acidic to prevent hydrolysis, since 
the RE hydroxides are only very slightly soluble (,~ 1/,M), (1d9). This problem is 
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especially acute in concentrated solutions (e.g., 10 -1M). Complexiometric titration 
with EDTA is by far the most convenient standardization procedure. Xylenol 
orange is a suitable indicator (749). In the authors' laboratory, a back-titration 
technique with a standard copper solution and PAN as indicator is frequently 
employed (756). Eu203 (99.9% pure) has been shown to be a good primary stand- 
ard after firing at 900 °C for 1--2 hours (96). Presumably this procedure applies 
for the other oxides as well. A gravimetric method with some advantages is the 
oxalate precipitation. Since traces of transition paramagnetic ions are removed in 
this process, it may also be used preparatively. The oxalate salt is readily con- 
verted to the oxide (149, 757), or may be titrated with potassium permanganate 
after dissolution in dilute sulphuric acid. Removal of traces of calcium from lan- 
thanide samples may be affected by preferential precipitation of the RE ions as 
hydroxides (149). Residual calcium could be a source of error in assays of calcium 
enzymes (158). Finally, there is some merit in working with the perchlorate salts 
of the lanthanides, as there is evidence that chloride, nitrate and sulphate (has 
relatively low solubility) do interact with the ions in solution, likely by an outer- 
sphere mechanism (76, 83, 759). This interaction with the anion will be most 
significant when working in rather concentrated solutions. The perchlorates are 
readily prepared from the respective oxides by dissolving them in perchloric 
acid (e.g. 2M), followed by repeated evaporation to dryness under an IR lamp to 
remove the last traces of acid (160, 161). Stock solutions thus prepared, and 
adjusted to a suitable pH (e.g., pH 3), are readily standardized by passing allquots 
through a strong acid cation exchange resin (Dowex-50, or Amberlite IR-120H) 
and titrating the eluant with standard base. 

II. Biological Act ivi ty  

The lanthanide ions have no known inherent biological function, and only trace 
amounts are found in whole body analyses (162). Since the RE ions are classified as 
class "a" acids, and have sizes (0.85- 1.06 A) comparable to Ca +z (1.06 A)~), 
it is not surprising that biological activity is observed in a number of calcium en- 
zymes. They have been demonstrated to be good substitutes for calcium in assays 
of Bacillus subtilis s-amylase (758, 163, 164), of trypsinogen to trypsin conversion 
(165, 166a) and of the aequorin luminescent reaction (166b) ; and for Mg +~ in iso- 
leucyl-tRNA synthetase (167) and adenylylated giutamine synthetase (168). The 
enzyme activities of the x-amylase (relative to Ca +2 as 100%) and the tRNA syn- 
thetase are shown in Fig. 4 for most of the RE ions. Kayne and Cohn (167) have 
demonstrated that the role of the lanthanides, and presumably divalent ions 
other than Mg+2, was to stabilize the substrate tRNA in the overall reaction. 
Mg +2 catalyzes the formation of the lieu-AMP-enzyme complex as well, in con- 
trast to the lanthanide ions. Since it is expected that Mg +2 retains its waters of 
hydration when bound to RNA or DNA (6), some correlation of enzyme activity 
and "outer"-complex binding might be expected. It is indeed encouraging that 

G) This is the value of Goldschmidt; Pauling's value is 0.99 A [Ref. (63), p. 52]. 
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the enzyme activity pattern across the series correlates wellwith that of lanthanide- 
nitrate interaction (83, 159), which is known to be of both the "inner" and "outer" 
type (83, 159, 170). Thus, interaction with partial loss of waters of hydration would 
appear to be a good model for the cation stabilization of polynucleotides, at least 
under the experimental conditions of the isoleucyl-tRNA synthetase assay. 

Similarly, the agreement between B subtilis a-amylase activity and porcine 
trypsin lanthanide complex formation is striking. Assuming that a-amylase acti- 
vation is proportional to the fraction of bound metal (i. e., the binding constant), 
one is tempted to conclude that the binding in these two enzyme systems is very 
similar. Speculations based on the three dimensional structure of bovine trypsin 
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Fig. 4. Reactivat ion of Bacillus subtilis apo-~-amylase (158), isoleucyl-tRNA synthetase activ- 
i ty (167), and log K1 values for ni t ra te  (83, 159) and porcine t rypsin (lg4a) as a function of 
atomic number.  Values of log K1 (MNO +2) in the  case of Nd, Gd, and Dy were corrected to 
correspond to an ionic s t rength of 1.0 M; the Dy value is an  upper l imit (83) 

at 2.7 A resolution suggests that Ca +2 binds at a site where several carboxylate 
side chains come together (171)~). Ca +2 is also known to compete effectively for one 
of the two Gd +3 binding sites of B subtilis a-amylase (763), presumably the one es- 
sential for the functional integrity of the enzyme. The trypsin and a-amylase curves 
in Fig. 4 reflect the reciprocal radius and - ~ ~0 plots in Fig. 2. The good agree- 

7) The pr imary  sequence of porcine t rypsin suggests t ha t  this part icular  chelate s t ructure  of 
bovine t rypsin  is absent.  A strict  comparison of the  two enzymes may therefore be illusory. 
Hermodson, M. A., Ericsson, L. H., Neurath, H., Walsh, K. A. : Biochemistry 12, 3146 
(1973). 
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ment (vide supra) of the staphylococcal data with that  of carboxylic acid lantha- 
nide complexes [c.f., log K1 and log r2 (f12 =K1Kg.) data for acetate (64), pro- 
pionate (80) and isobutyrates (80)] suggests that the metal in these two enzyme 
systems is not at a simple carboxylate site, but perhaps at one modified by the 
presence of a metal alcohol linkage [cf., stability data for glycolate and lactate 
(172)]. 

Another significant correlation can be established between enzyme activity 
and kinetic and equilibrium data from model systems. A plot for trypsinogen of 
"half time" of convelsion (time taken to reach one half of the maximum conversion 
rate at lantbanide ion concentrations for maximal zymogen conversion), or that  
of % activity (765, 766a, J73), versus atomic number almost reproduces the kt 
(oxalate) curve in Fig. 3 and of the free energy of formation of [Ln(hist H)] +3, 
(160). Darnall et al. (173) indeed postulate that  the Ca +2 chelates with two carboxyl 
groups and reduces the negative charge in the area of the positively charged lysine 
of trypsinogen so as to maximize its interaction with trypsin. 

The now resolved controversy about RE activation of B. subtilis a-amylase 
(158, 163, 164) emphasizes the need in assay studies to be prudent in the selection 
of buffers and RE ion concentration ranges. The biological activity of the lan- 
thanide ions is critically dependent on the "free" available metal ion concentration 
in the assay mixture. Too high levels of metal are known to be inhibiting. 

Competitive inhibition has been established for several calcium enzymes: 
staphylococcal nuclease (98) and concanavahn A (174, 175). Because of their extra 
charge and affinity for higher co-ordination numbers, the RE ions could distort 
the metal ion co-cordination polyhedron enough to destroy the catalytic ability 
of an enzyme. This could explain why Ca +2 enhances the binding of the transition 
metal in an adjacent site of concanavalin A, while the lanthanides do not (•75) ; 
and, why one RE ion occupies two adjacent Ca+2 sites in thermolysin (53, 54). 
Similarly, the different spatial requirements of Mg+2 and its much slower (>  2 log 
units) rate of inner sphere substitution, compared to the lanthanoid ions [Ref. 
(63), p. 657], adequately account for the loss of biological activity when Mg +2 
is replaced in such proteins as pyruvate kinase (176) and yeast inorganic pyro- 
phosphatase (•77). The lack of activity when the lanthanides are substituted for 
first row transition divalent metal ions, as in concanavalin A (175) and alkaline phos- 
phatase (194e), is not surprising as the ligand type and geometric requirements of 
"borderline" (more class b character) binding sites normally do not match the 
coordination requirements of the class a lanthanide ions. 

A number of functions and applications of the RE ions in physiological pro- 
cesses are summarized in Table 2. The list is not exhaustive, but is intended to 
indicate the manner and scope of tanthanide substitution for calcium in some very 
fundamental processes of life. The most obvious deduction from the data in Table 
2 is that the differences between the responses to Ln+~ ions and Ca +2 are as im- 
portant as the similarities. In most situations, the Ln +3 ions do not penetrate cell 
membranes but do inhibit Ca +2 influx and efflux. This difference in response has 
been employed in the study of various activators of molluscan catch muscle (182). 
It  was possible to delineate that  in activation by high concentrations of K +, the 
major source of activating Ca +2 originated from outside the cell. In contrast, in 
activation by acetylcholine and neural excitation a significant portion of the Ca +2 
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Table 2. Trivalent lanthanide ions in biological systems 

System Action or application Ref. 

Lobster axon La +3 binds to the Ca +2 binding sites on the axon (178) 
membrane  and simulates membrane  conductance 
and other calcium-like actions 

Squid axon La +3 reduces both the influx and efflux of Ca +2 (179) 

Mammalian smooth muscle La +3 reduces both the  influx and efflux of Ca +2 (180) 

Smooth muscle (guinea-pig Replacement of Ca +~ with La +3 a t  sites accessable (181) 
ileum, ra t  uterus, to the extracellular ba thing solution provided 
rabbit  aorta), information about  Ca +2 movement  and the mech- 
striated muscle (frog anisms by which pharmacological agents act to 
sartorius and rectus initiate contractile responses in these systems. 
abdominis muscles), and 
molluscan catch muscle (182) 

Frog twitch skeletal muscle In hypertonic solutions La +3 enters cell. Such 
iutracellular La +8 blocks movement  of Ca +2 across 
membrane  of terminal cisternae and is responsible 
for electromechanieal uncoupling of tension and 
action potential. 

(183) 

Mammal ian  cardiac muscle La +8 inhibited slow inward Ca +2 current  with a (184) 
concomitant  decrease in contraction. 

Sarcoplasmic ret iculum of La +3 (Gd +3, Yb +8) were weakly competitive with (185) 
rabbit  skeletal muscle Ca +2 for specific, high affinity, binding sites be- 

lieved to be impor tant  in Ca +~ translocation. 

Tumors  La  +3 increased the mitochondrial uptake of cal- (186) 
cium, in contrast  to nonmal ignant  cells. 

Ra t  liver mitochondria La +3 binds to and inhibits the  specific carrier (787) 
system transporting Ca +2 inward, and is not trans- 
ported itself. 

Dog cardiac microsomes La +3 does not  affect Ca +2 accumulation, exchange (188) 
or the  Ca +~ stimulatod ATPase 

Bone proteins La+ 3 competes with Ca +s for the glutamic acid (189) 
and aspartic acid residues 

Corn roots La +3 binds to cell walls and along plasma mem- (190) 
branes up to the Casparian strip, and like Ca +s, 
inhibits K + absorption; similar binding sites for 
La+ 8 and Ca +s are inferred. 

Secretory systems La+~ alters Ca+2-dependent secretory action. (181) 
For example, La +~ st imulates the spontaneous and ref- 
release of his tamine from mas t  cells, bu t  is a po- erences 
ten t  inhibitor of the  calcium-dependent compo- cited 
nent  of ant igen-st imulated histamine release, therein. 
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was released from internal sites on the sarcoplasmic reticulum. Similarly, studies 
with mammalian cardiac preparations (184) revealed that  the slow inward current 
was predominantly carried by calcium because La +a reduced the uptake of 45Ca +2 
and caused a concomitant decrease in the measured contractions. The inward 
current carried by sodium was further shown to be distinct from that  carried by 
calcium. Consequently, in the above investigations the lanthanides were useful 
because they affected some but not all of a tissue's Ca +2 sites or stores. 

Another interesting aspect of the studies summarized in Table ,9 is that  the 
specificity for Ca +2 in the mitochondrial ion transport system (187) differs signif- 
icantly from that  of the muscle sarcoplasmic reticulum (185) and cardiac micro- 
somes (188). In the first case, La +a was inhibitory while in the last two instances 
it was not at comparable concentrations. Eventhough the binding to specific high 
affinity sites was similar and dependent on energy-linked respiration for rat 
mitochondria (187), Ca +2 does and La +a does not activate respiration. In contrast, 
the low affinity binding of Ca +2 was coupled to energetic processes while that of 
the Ln +a was not. These sites were presumed to be different. I t  is tempting to 
speculate whether such divergent responses to the trivalent RE ions and Ca +2 
have their origin in the small but  real differences in physical and chemical prop- 
erties (e.g., charge, acidity in aqueous systems, co-ordination number, solubility 
and free energy of complex formation). If so, comparative complex formation 
and, where applicable, activity and biological response studies involving all the 
RE ions should assist in identifying the donor groups at the binding sites. This 
would be an enviable step forward in unravelling the complexities of calcium 
dependent life processes. As explained in Part  III, some of the physical probe 
properties of the lanthanides are applicable to these heterogeneous biological 
systems. 

I I I .  R a re  E a r t h  I o n s  as S t ruc tu ra l  P r o b e s  

i) Heavy Atom Isomorphous Replacement Studies 

The lanthanides are heavy metals and could be expected to be useful in electron 
microscopy and in X-ray studies. Since the Ln +a ions do not penetrate membranes 
under normal conditions, they have been employed in the definition of extra- 
cellular channels in animals and the cell wall continuum in plants [(190), and 
references cited therein]. In corn roots, La +a movement could be followed by 
dectron microscopy along the cell wall continuum and the outside of the plasma 
membrane up to the barrier to solute diffusion provided by the Casparian strip 
(190). K + absorption studies showed that  in this plant the binding sites for 
Ca +2 and La +a were similar since both ions inhibited the inward movement of 
K +. Electron microscopy employed in this manner would appear to be a good 
probe of cell membranes in both plant and animal organisms. 

The direct determination of the phases of X-ray reflections by the method of 
multiple isomorphous replacement is the most powerful method of solving a 
protein crystal structure. Since some of the lanthanides possess large anomalous 
scattering properties, their use in phase determination is very favourable. In- 
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corporation of these ions should occur readily even into proteins that are not 
metalloproteins or metal-protein complexes in their native form, because class 
"a"  donor groups such as carboxylate anions are ubiquitous. When Gd +3 was 
employed as the heavy atom in three-dimensional studies of egg white lysozyme 
(7, 191), it  bound at a single site between the two carboxylate residues of GLU 
35 and ASP 52 which define the active site of this enzyme. The spectroscopic 
studies based on this Gd +3 reporter site will be reviewed presently. In the structure 
determination of the Fe-S complex in a bacterial ferredoxin (192), the usual 
heavy atom reagents (Hg or Pt derivatives are common) failed to yield a suitable 
derivative. However, U02 +2, Sm +3 and Pr +3 salts proved successfull. 

A more specific and systematic investigation of the rare earths as isomorphous 
calcium replacements for protein crystallography is the work of Colman et al. 
(54) on thermolysin. Calcium is needed to stabilize the thermotysin structure but 
is not directly involved in its catalytic acitivity. X-ray analysis (53, 54) has 
identified four calcium sites, two single ones and a set separated by 3.8 A. Elec- 
tron density difference maps at 2.3 A resolution between Ln +3 thermolysin and the 
native calcium form showed that  the RE replaced Ca +2 at three of the four sites. 
One lanthanide ion occupied the two adjacent calcium sites. The replacement is 
accompanied by a minimal perturbation of the protein structure and the lantha- 
noid derivatives for this enzyme were superior to those incorporating Sr +2 and 
Ba +2. However, the study showed quite clearly that  in all three substitutions the 
lanthanide site differed from that  of calcium by about 0.5 A, and strongly suggest- 
ed that  the coordination was modified to satisfy the higher coordination number 
requirement of the lanthanides. Nevertheless, these perturbations were not 
severe enough to cause a serious loss in the thermal stability and proteolytic 
activity of this enzyme. 

ii) Fluorescence Probe Studies 

The fluorescence of Tb +3 when bound to certain proteins is enhanced by as much 
a factor of 104 or 105. Such enhancement has been observed for transferrin (193), 
concanavalin A (175), porcine trypsin (794a), bovine trypsin (742), conalbumin 
(794b) and, rabbit muscle troponin (794c, 194d). Enhanced terbium luminescence 
has also been reported for two other proteins, paravalbumin (194d) and alkaline 
phosphatase (194e), although the exact magnitudes of the increases were not 
reported. Enhancement factors of several hundred(s) have also been observed 
when terbium was bound to the antibody fragment of Myeloma Protein MOPC 
315 (194/) and for complexes of Eu +~ and Tb +3 with Escherichia coli tRNA 
(194g). Luminescence studies of nucleotide-terbium complexes (194h) and 
nucleotide-europium complexes (194i) in aqueous solution are also known. The 
analogy of many of these protein systems with the SSA-sensitized Tb(EDTA) 
fluorescence discussed in Section I-(iii) and I-(vii) is striking. In all cases the 
excitation wavelength is in the UV region (300 ~ 20 nrn) and the fluorescence is 
greatly enhanced around 545 nm and to a lesser extent at 490, 590 and 625 nm. 
In common is also the lack of sensitization of the corresponding Eu +3 complex. 
The assignment of the absorbing donor group to a tyrosyl in the primary or sec- 
ondary co-ordination sphere of the metal for four of these biological systems is in 
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agreement with the known co-ordination of the phenolic SSA ligand to Tb +3 in 
its EDTA complex. A tyrosine carbonyl oxygen has indeed been assigned as one 
of tile ligands at the calcium site of concanavalin A (50). In the case of transferrin 
(and conalbumin) the ultraviolet absorption difference spectrum of Tb+3-saturated 
transferrin versus transferrin exhibits the characteristic shape of a difference 
spectrum due to tyrosinate residues of a protein (2max at 245 and 295 nm). The 
aromatic chromophore transferring its excitation energy to Tb +3 was identified 
as a tyrosine for troponin (19dc) by comparing quenched (Tb +3 present) and 
unquenched intensities of the aromatic emission envelope. For porcine trypsin 
the sentitizing group was identified with neighbouring t ryptophan residues assum- 
ed to be at a very short distance from the Ca +2 site. However, an excitation wave- 
length of 295 nm leads to the largest enhancement and is usually characteristic 
of an absorbing tyrosine group. The presence of a protonated tyrosinate group 
in the primary or secondary coordination sphere of Tb +~ should therefore not be 
discounted. [The formation of the trypsin-Tb +3 complex as a function of pH 
would seem to preclude the tyrosinate anion as ligand (194a).] The porcine tryp- 
sin stability sequence across the RE series (Fig. 4) discussed in Section II supports 
such an interpretation. This characteristic excitation wavelength at 295 nm has 
also been used to identify the involvement of a tyrosine residue in the binding 
of terbium to suspended erythrocyte ghosts from human blood and rat thymocytes 
(19dj). An enhancement factor of three log units was observed. This application 
of terbium as a luminescent probe for Ca +2 in biomembranes is exciting and opens 
up many new avenues of study since Ca +2 is involved in numerous biomembrane 
phenomena such as intercellular communication, cellular adhesion, neurotrans- 
mitter release, and potassium transport. 

Only in one instance has a chromophore other than the tyrosine side chain 
been positively identified. Parvalbumin is a protein that  contains no tyrosine or 
t ryptophan residues, and yet it exhibits intense terbium fluorescence (79dd). The 
excitation wavelength was diagnostically low at 259 nm, corresponding to the 
spectral region where only phenylalanine absorption bands appear. Phe-57 and 
Tb +3 are known from X-ray studies (,t9, 794d) to be near one of the two calcium 
binding sites of parvalbumin. I t  is interesting that  this phenylalanine residue 
matches with Tyr-108 in troponin C from rabbit muscle, which has been shown 
to be a protein homologous with calcium-binding parvalbumin. As indicated 
earlier, troponin C fluoresces in the presence of terbium with a 2ex value of 280 nm, 
characteristic of the participation of a tyrosyl residue in the energy transfer 
process. 

The work of Kayne and Cohen (194g) has shown the potential of both terbium 
and europium fluorescence enhancement studies for probing the structure of 
polynucleotides. Detailed studies with several tRNA molecules from E. coli and 
yeast have demonstrated that four to six lanthanide ions were bound firmly to 
the nucleic acid and that  the uncommon 4-thiouridine unit was responsible for the 
increase in lanthanide luminescence [2ex =345  nm; 2em =545  nm (Tb+a), 585 
nm (Eu+3)]. The absence of excitation bands in the region of common base residue 
absorption (19dk), 250--300 nm, was assigned to strong absorption by tRNA, 
since Eu +a (19di) and Tb +3 (794h) are known to be sensitized in this wavelength 
region by mononucleotides. In the latter study with simple nucleotides, both 
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triplet and singlet state energy transfer from the aromatic base (donor) to the 
europium ion for subsequent emission were delineated (794i). The mechanism of 
energy transfer was believed to be of the coflisional type, although the assumption 
used by the authors that no complex formation occured at pH 5 between Eu +3 
and the mononucleotides has subsequently been disproven (127, 794h). 

Tb +a fluorescence is readily adapted to the evaluation of binding constants 
(775, 194a). Scatchard plots (195) are useful in the evaluation of the number and 
affinity of multiple sites. Competition studies involving the other RE ions and 
Ca +2 have been shown to be feasible, and were used to evaluate the porcine trypsin 
data in Fig. 4 (194a). In Section I-(iii) the enhancement of lanthanide fluores- 
cence achieved when working in D 20 was mentioned. Luk (193) used this phenom- 
enon to estimate the state of hydration of Tb +a in the transferrin complex. 

Luminescence intensities of various trivalent RE ions are sometimes enhanced 
or quenched by the coexistence of other kinds of trivalent lanthanoids or transition 
metal ions. Equations describing such transfer depend on the mechanism that 
operates in a system. The interaction between two RE ions is thought to be a 
dipole-quadrupole resonance transfer (793, 196), while a dipole-dipole mechanism 
(/97) was assumed for RE-transition metal ion pairs (198). No quenching was 
observed with either combination (Tb+3/RE, Tb+3/Fe +3, Tb+~/Cu +2) for the two 
binding sites of transferrin (J93). In contrast to the Tb+a/RE pairs, the combina- 
tion Tb+3/Fe +a showed a measurable decrease in the fluorescence lifetime relative 
to the Tb+a/Tb +a complex. This reduction when combined with intensity measure- 
ments of overlapping acceptor (Fe +3) absorption peaks and the donor (Tb +a) 
fluorescence peak allowed the separation between the two metal centers to be 
evaluated (> 48 •). 

Circular polarization of terbium fluorescence has been detected in several 
cases. The relative intensity of the polarized light is compared to the total fluores- 
cence intensity and the resulting ratio, the anisotropic factor, reflects the asym- 
metry of the chromophore in its excited state. The optical activity should therefore 
be very sensitive to the nature of the environment of the terbium in a complex. 
Consequently, the similar anisotropy factors and emission spectra observed for 
transferrin and conalbumin (194b) could be interpreted to signify similar metal- 
binding sites in these two proteins. Asymmetric environments for terbium may 
thus also be inferred from the distinct polarization of terbium emission detected 
for parvalbumin (194d), troponin (194c) and concanavalin A (194c). 

iii) Difference Absorption Studies 

It has already been mentioned that a few of the transitions out of the whole 
absorption spectra show a marked enhancement of intensity when water in the 
co-ordination sphere of the RE ions is replaced by a ligand. Katzin (107) concluded 
from studies with Eu +8 and sugar acids and amino acids as ligands that the greatest 
intensification occurred for the entry of the carboxyl group into the co-ordination 
shell. He observed also that the quantitative hypersensitive influence varied 
considerably with certain details of the structure of the anion. This concurs with 
the general observations of Birnbaum et al. (198, 199) based on work with amino 
acids and carboxylic acids at large ligand-to-metal concentrations (9:1). 
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Considerable improvement  in sensitivity was achieved in this type  of spectro- 
photometr ic  studies by  Birnbaum et al. (766, 798--200) who introduced the use of 
absorption difference spectra. They  examined the changes in intensi ty and shape 
of the hypersensit ive Nd +3 transit ion 419/2--,-4G5/2, 2G7/2 employed by  Karraker 
(207) to  moni tor  the effect of adding chloride or perchlorate ions to aqueous 
solutions. The absorption occurs in the 560--600 nm port ion of the visible 
spectrum. For  the ni t rogen-oxygen ]igands examined there was no drastic change 
in the shape of the absorption difference peak, not  even for EDTA.  For  1:1 
monodenta te  complex formation in mildly acidic solutions containing equal 
amounts  of ligand and Nd +3, it was found tha t  the intensi ty (area under  curve) 
of the difference peak correlated with the pKa value of the carboxylate  function 
or alternatively, the value of K1 for the Nd-ligand interaction. (A similar rela- 
tionship has recently been reported (79dl, 794m) for the oscillator s trength (is 
proport ional  to intensity) of the same f-f t ransit ion of Nd  +3 and the basicity of 
eight ligands.) Est imates  of relative intensities and ligand pKa values, as well 
as formation constants  (K1) for monodenta te  interaction, are compiled in Table 3 
for a number  of carboxylic acids and amino acids. In tens i ty  da ta  for pH  7, where 
some of the ligands could potential ly be bidentate  or even tridentate,  are also 
included (but see footnotes r) and g) to Table 3). 

I t  is concluded from the da ta  in Table 3 tha t  metal-nitrogen interact ion does 
contribute to the observed intensi ty even though the shapes of the difference 

Table 3. Relative intensities for neodymium difference spectra 
41912..+4G512, 2G7/2 transitions)) 
570--600 nm 

Ligand pKal a) K1 b) Estimated Estimated Likelye, f) 
intensities c) intensitiesC, d) denticity 
for monodentate for complex at pH 7 
complexes (cm 2) formation at pH7 

(cm 2) 

Histidine 1.82 1.8 4 50 (20)g) mono, bi, tri 

Anthranilate 2.05 -- ~ 5  80 bi 

Alanine 2.35 6.5 9 16 mono, bi 

Benzoate 4.2 -- 45 45 mono 

Acetate 4.75 83 50 50 mono 

a) From (200). 
b) From (200) and (202). 
e) Estimated from Fig. 4 and S in Ref. (200) ; correspond to solutions 0.05 M in metal ions and 

ligand. 
d) Hydroxide species were evident at pH >7.2 in some cases. 
e) See Ref. (86), (760) and (203) for detailed assignments. 
f) Hydrolysis has been shown (194n) to begin for lanthanide complexes with simple amino 

acids like alanine at about pH 6.5 and for histidine at about pH 7 by potentiometry and 
circular dichroism spectroscopy. Consequently, the deduction from increased intensities 
around pH 7 that the ~-amino group binds to the metal is likely in error. 

g) Value refers to pH 6.5 and bidentate denticity. 
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spectra are not affected. Difference spectra for trypsin (166a) and bovine serum 
albumin (198) had shapes identical to those recorded for the simple ligands. 
Consequently, the presence of nitrogen donors at the calcium sites in these pro- 
teins may not be excluded in an a priori fashion, although there is not much 
precedent for their presence especially not at pH 5.6 at which the spectra were 
recorded [cf., data for amino acids (200)]. No data is available for metal-phenol, 
nor unequivocal data for metal-alcohol, interaction [but see (107) and (199)]. 
It is significant that the intensity for the trypsinogen difference spectrum compared 
to that of trypsin is considerable larger for equimolar solutions (166a). This 
concurs with the knowledge of a second calcium binding site for trypsinogen. 
Studies with trypsin further revealed that the difference spectrum was sensitive 
to the in situ replacement of Nd +3 by Ca +2. Finally, Wedler and D'Aurora (168) 
showed that binding of small molecules (substrates and modifiers) to glutamine 
synthetase of E. coli was reflected in the Nd-enzyme neodymium difference spec- 
trum. 

Circular dichroism (CD) spectra of the lanthanide ions would appear to be 
more sensitive to environmental ligand dependant parameters than ordinary 
absorption spectra (107, 19dn). However, the weakness of the CD intensities 
may limit its application to low molecular weight ligand systems. In contrast, 
relatively strong magnetic circular dichroism (MCD) spectra are known for neo- 
dymium complexes in solution (194o). Sensitivities are such that complex forma- 
tion between Nd +3 and parvalbumin could be detected (194d). Nevertheless, 
much more effort, both theoretical and experimental, is required before MCD 
(alternatively referred to as the Faraday effect) finds application as a useful 
structural probe. 

iv) Relaxation Enhancement Probe Studies 

A typical titration curve based on water proton relaxation enhancement spin- 
echo measurements (204) with Gd +a is given in Fig. 5. e~ values are either obtained 
by extrapolating such a curve to infinite protein concentration, or by an iterative 
procedure since e* is related to the equilibrium parameters through Eq. (18). 
The latter approach adjusts values of eb and the dissociation constant (Ka) for 
the complex until the best fit to the double reciprocal plot of Fig. 5 is obtained. 
The extrapolation procedure is often used in combination with the Scatchard 
plot (1,95) since the fraction of metal bound, X~, can be calculated from ~* and 
the Sb value [cf. (18)]. Such plots readily reveal the number of metal-binding 
sites and their affinities. This approach has been employed in studying the bind- 
ing of Gd +~ to bovine serum albumin (138), rabbit muscle pyruvate kinase (776), 
apoconcanavaIin A (175), B. subtilis apo-a-amylase (163), Myeloma Protein 
MoPe 315 (19d]), and to the Chromatophore membrane in Chromatium (ld5a). 

In the ensuing discussion it is assumed that the contact terms in Eqs. (11) 
and (12) may be ignored, and that conditions of fast exchange abound in the var- 
ious systems. These specifications have been verified by temperature variation 
studies of relaxation rates in all cases but one [vide supra, (734), (735)]. Thus 
1/Tx~t is a function of re, and if this correlation time is known the simplified 
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Fig. 5. Ti trat ion of lysozyme with 436 yM Gd(III) at  32 °C and 40 °C. The continuous lines are 
computed for the parameters  indicated in the figure. [Reproduced by  permission from Dwek, 
R. A., Richards, R. E., Morallee, K. G., Nieboer, E., Williams, R. J. P., Xavier, A. V. : Euro- 
pean J. Biochem. 21, 204 (1971)] 

Solomon-Bloembergen Eqs. [cf. (11) and (12)] can be solved for r, the resonating 
nucleus-metal ion separation. Conversely, estimated values of r (from X-ray 
data) and ze (vide infra) allow the computation of 1/Tx~l, which is useful in water 
proton relaxation enhancement studies in the evaluation of q, the primary hydra- 
tion number of the metal ion. In this instance, PL in Eq. (15) corresponds to 
CM q/55.5, where C• is the total concentration of the paramagnetic ion. The quantity 
q/TxM can be determined experimentally [Eq. (15)]; division of this quantity by 
the calculated value of 1/TxM yields a value for q. Reuben (138) determined that  
for Gd +a q was equal to 9. Tile value of *e for the aquo-complex of Gd +~ was 
determined independently by Dwek et al. (135) and Reuben (138) from the tem- 
perature and frequency dependencies of the experimental relaxation rates l/T1 
and 1/T2. I t  could further be identified with the rotational tumbling time of the 
aquo complex (~e =~1~ = 7  × 10 -11 sec at 300 °K). 

When Gd(III) binds to a macromolecule its tumbling time is slowed down 
and thus zc > z c  and 1/TxM > 1/TzM. [The asterisk simply indicates the presence 
of the macromolecule; Eq. (15) applies equally to the starred quantities.] Substitu- 
tion of expression (11) or (12) into relationship (17) for both 1/T*xM and 1/Tx~t, 
and inserting an arbitrary value of q*, it is possible to solve for vc since all other 
parameters are either known (e.g., Vc, wi, ~os) or cancel out (r). Besides the choice 
of q*, errors in this evaluation could arise from the anisotropic rotation of the 
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paramagnetic ion and its waters of hydration about the metal-macromolecule 
linkage. Such process is expected to reduce the dipolar interaction between the 
water molecule and the central paramagnetic ion (134). Morall~ et al. (7) used 
this approach in evalauting zc for the Gd+3-1ysozyme complex. The Gd +8 perturba- 
tions of the line widths (line-width at half-height ---- 1]~T2) corresponding to pro- 
tons on the substrate bound to the Gd +3 lysozyme complex where subsequently 
evaluated. They assumed that the previously evaluated z~ also modulated the 
magnetic interaction for these substrate protons. From the experimentally eval- 
uated 1]T~.M quantity [Eq. (15)], r was calculated from the simplified form of 
(12). The metal-proton distance determined in this manner agreed favourable 
with those estimated from the three-dimensional structure of this enzyme (vide 
supra) : r (acetamide) = 6.7 A (6.8) and r (glycosidic) = 5.6 J, (4.6), where the solid 
state separations are those quoted in the brackets. 

Another procedure for evaluating *c is by solving the ratio (1]TlW)](1]T2M) 
corresponding to the same proton for this parameter. High resolution NMR 
with Fourier transform capability is required if this is to be done for protons of a 
protein or for protons located on an enzyme-bound substrate. Dwek et al. (205) 
reinvestigated the lysozyme system just described using this approach. Similar 
results were again obtained. Several authors have emphasized the uncertainties 
and difficulties in these approaches to the measurement of z~ (205, 206). However, 
it should be noted that the occurrence of r to the sixth power in expressions (11) 
and (12) serves to render r calculations rather insensitive to even large errors. 
For example, a factor of 10 in ~e changes the absolute distances by a factor of 

~r 

1.46; of course, errors in zc are avoided in relative distance calculations. 
Nieboer et al. (129) have recently employed the ratio method in broadening 

studies of the C2 histidine resonances of Staphylococcal nuclease. This enzyme 
requires calcium to activate it and is known to have four histidine amino acid 
residues in its primary sequence. All four C2 imidazole proton resonances are 
observed in the aromatic region of the protein spectrum (see Fig. 6). The need to 
check for diamagnetic effects with La +3 is vividly illustrated in this figure. La +3 
would appear to be spatially near enough to the H-2 imidazole moiety to perturb 
the corresponding C-2 proton nucleus. Absolute assignments of these four reson- 
ances were made by comparing the experimental Gd+3-histidine distances with 
estimated values based on the 3D-structure of a Ca+2-nuclease-substrate complex 
(57, 52). The RE ions are known to compete with Ca +~' for the same binding 
site from competitive inhibition studies (98, 207). Relevant data is reproduced in 
Table 4. The magnitude of the binding constant at pH 5.25 (2.8 × 102 M -I) 
indicates considerably weaker binding than at pH 7 (,--105 M-I). Water proton 
relaxation data are consistent with the loss of one water molecule on complex 
formation at pH 5.9.5, and thus complex formation with a single carboxylate group 
is therefore implied. In contrast, the Ca(II) in the nuclease-inhibitor complex is 
co-ordinated by an approximately square array of carboxylate groups. This 
condition probably persists in solution at pH 7. In spite of this difference in denti- 
city between the complex at 5.25 and that in the crystal, as well as the absence 
of the inhibitor in the work at pH 5.25, the experimental metal-to-histidine 
distances are in remarkable agreement with the X-ray values. The largest devia- 
tion between these two sets is for His-8, and this may be significant. The shorter 
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Fig. 6. The effect of La +3 on the C2 imidazole proton region of the 220 MHz spectrum of 
Staphylococcal nuclease at pH 5.25 (Nuclease was 2.5 mM, chemical shifts refer to an external 
TMS reference, and spectra correspond to 20 time-averaged scans; Eq =equivalents) 

d i s t ance  m a y  ref lect  m o v e m e n t  in so lu t ion  of t h e  N - t e r m i n a l  end  of t h e  p e p t i d e  

chain,  s ince in  t h e  c ry s t a l  res idues  1 to  5 c a n n o t  be  l oca t ed  accu ra t e ly .  N e v e r t h e -  

less, th is  s t u d y  conf i rms  t h e  n o t i o n  t h a t  a p ro t e in  in so lu t ion  r e t a in s  t h e  gross  

f ea tu re s  of i ts  sol id  s t a t e  8 D  s t ruc tu re .  

Table 4. 1H-Gadolinium distances calculated from relaxation 
enhancement data for the C2 imidazole protons of staphylo- 
coccal nuelease a) 

H-1 H-2 H-3 H-4 

g(/~)exp b) 19.2 8.8 16.0 15.2 

g(/k)x -ray e) 26.2 9.0 19.6 17.3 

Assignment His-8 His-46 His-124 ttis-121 

a) All spectra were recorded at pH 5.25 and 0.1 M NaC1; a typical 
spectrum of nuclease is given in Fig. 6; Zc=2.6 × 10 -9 sec at 
22 °C, the experimental temperature. 

b) Determined from the NMR data. 
e) Measured distances from Ca +2 ion to closest atom of imi- 

dazole side chains from X-ray data (51, 52) of nuclease-Ca +2- 
thymidine 3',5"-diphosphate complex (crystals were prepared 
at pH 8.2) and based on the assignment indicated. 
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Furie et al. (208) have extended this study of Staphylococcal nuclease by 
measuring the relaxation enhancement of 1H and 31p nuclei of the inhibitor 3',5'- 
thymidine diphosphate when bound to the Gd+3-nuclease complex at pH 6.9. 
In general, the experimental distances correspond closely to estimates obtained 
from the X-ray data of the Ca+Z-nuclease-inhibitor ternary complex. The experi- 
mental separations were then employed in solving for nucleotide geometries 
relative to the metal position. A geometry similar to the structural arrangement 
found in the solid state was one of the possible solutions to this computer model- 
ing process. Thus for Staphylococcal nuclease, the NMR and X-ray methods yield 
compatible high resolution information about the structure of the active site. 
However, differences of uncertain significance exist between the two structures. 
This is not altogether surprising since earlier work (98) had indicated a marginal 
difference in the mode or position of binding of RE ions relative to Ca +2. In 
contrast to Ca +z, the lanthanide ions at pH 7 induced perturbations of tyrosyl 
electronic transitions and rendered the lanthanide nuclease complex resistant to 
trypsin digestion. This difference was also reflected in the inhibitory action of the 
RE ions in the Ca +2 generated nuclease activity. It is of interest that the X-ray 
diffraction studies (57, 52) of crystalline nuclease showed that the centers of the 
aromatic rings of tyrosines 115 and 85 are 13.3 • and 12.4 A, respectively, from 
the bound Ca +z in the active site. Direct interaction of these tyrosines with the 
RE metal ions is discounted because of this, and because the observed spectral 
perturbation was not due to a distinguishable alteration in the pK of the tyrosyl- 
l l5-hydroxyl group. It seems significant that no fluorescence is observed for 
nuclease with Tb +3, nor with Eu +3. This supports our previous contention that 
Tb +3 fluorescence depends on the location of an aromatic donor group at the 
periphery of the metal co-ordination spheres. 

Absolute distances relative to the Gd +z reporter site to protons on an enzyme 
bound substrate have also been estimated from relaxation enhancement studies 
for muscle pyruvate kinase (176), bovine trypsin (194p) and concanavalin A 
(19dq). 

v) Chemical Shift Probe Studies 

The EuEDTA serves as an informative model for europium shift studies. Typical 
spectra (96) of this complex are depicted in Fig. 7 and 8. The AB pattern observed 
at elevated temperatures is assigned to the methylenic protons and the singlet 
to the ethylenic protons. All signals broaden d, astically as the temperature is 
lowered. (A medium of 3 M LiC1 circumvents the inherent solubility problem of the 
system and appears not to affect the observations.) Around 19 °C additional peaks 
appear in the spectrum whose intensities grow at the expense of the original 
peaks as the temperature is lowered to - 1 0  °C. Consequently, the existence of 
two species in this system is confirmed. Recent work in the author's laboratory 
on the temperature dependance of the Li(La EDTA) spectrum clearly indicates 
the presence of an unbound carboxylate group. At temperatures < 10 °C a sharp 
singlet splits out from the methylenic resonance (singlet) which does not broaden 
as the temperature is lowered; concomitantly the remaining methylenic peak, 
as well as the ethylenic peak, becomes extremely broad at the lower temperatures 
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Fig. 7. The  60 M H z  s p e c t r u m  of 0.1 M N a E u E D T A  a t  75 °C. Chemical  sh i f t s  are re la t ive  to all 
ex te rna l  DSS reference 

although no additional resonances appear. This line-broadening is consistent with 
the slowing down of both ethylenic and methylenic ring flipping processes that  
do not require La-O bond breakage. The conclusion of Kostromina et al. (89, 90) 
that  EDTA in the Eu +3 low temperature species (likely the only species for La 
EDTA- at normal temperatures) has a lower denticity appears to be confirmed. 
Addition of excess EDTA to 0.1 M NaEuEDTA caused observable shifts in all the 
NaEuEDTA peaks (96), and thus the reported existence of a 2:1 ligand-metal 
species (93) was substantiated (log K2 =2.65 at 45 °C and pD =7.5). The second 
ligand remains singly protonated on binding. Water relaxation enhancement 
studies (96) were consistent with the assignment of x = 4 in Eq. (6), with i = 1 of 
course. Two waters of hydration appear to remain on the europium in the 2:1 
species. 

The inherent warning in this data for the EuEDTA complex is that  in tightly 
bound ligand systems intramolecular isomerization processes, isomer exchange, 
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Fig. 8. The 60 MHz spec t rum of 0.1 M N a E u E D T A  in 3M LiC1 at  --7 °C. Chemical shifts 
are relative to an external  DSS reference 

and secondary ligand exchange may dominate the observed line-widths. The 
ability to study such processes by NMR is of course a definite advantage. 

PodoIski et al. (728, 209) have applied chemical shift studies to the primary 
sequence elucidation of simple peptides. At 60 MHz detectable shifts could be 
observed for protons up to the 5th residue. Peptides of more than four amino 
acid residues were found to be soluble in 3M sodium perchlorate. The pH of the 
study was chosen as 3.7 so that  the amino group of the N-terminal was protonated; 
the RE ion was found not to compete with the proton for this binding site, in 
agreement with other workers (203, 210). Gd +8 relaxation studies confirmed that  
the magnitude of the observed shifts was proportional to tile reciprocal distance 
between the metal at the C-terminal and the 1H nucleus observed. Double reci- 
procal mole-ratio plots 1/Av versus CLICk, were found to be linear over a wide 
range of metal concentration for titrations performed at constant ligand concen- 
tration. Two examples are given in Fig. 9 and 10. [The nomenclature employed 
to identify IH nuclei, CH~,z or CH~,x, indicates the position of a nucleus in a given 
residue (a, or 13) and the residue nunlber (x) from the C-terminal.] The intercept 
of such plots corresponds to the reciprocal of the induced shift of the fully formed 
complex -- the limiting shift. The slope may be employed in the calculation of 
at all points in a titration. The quanti ty n represents the average number of ligands 
bound to the metal ion (21/). This permits the determination of the formation 
function (211), from which all step-wise formation constants may be evaluated. 
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Fig. 9. Double reciprocal mole-ratio plots for the induced 60-MHz CHa,1 proton shifts of 
glycine, diglycine, triglycine and tetraglycine 

No preiudice need to be introduced concerning the stoichiometry of the complexes 
as is the case in another NMR method (202). The common intercept for the CH~,I 
protons of the glycines in Fig. 9 implies that  the geometry of the complexes are 
identical. The different slopes show that  the binding in the case of glycine is the 
weakest, and this reflects the short distance between the positively charged amino 
group and the metal ion. In conclusion, the data in Table 5 clearly indicates 
that  the induced shift corresponding to the fully formed complex is a good diag- 
nostic indicator for the position of a residue in a peptide chain made up of 
glycine residues, or a combination of glycine and alanine residues. 

In Fig. 11 chemical shifts perturbations for the histidine C2 resonances of 
Staphylococcal nuclease are plotted as a function of the metal-to-ligand ratio. 
Unlike in the peptide studies, the instrumentation used for this protein (220 MHz) 
precluded the use of an internal standard. Therefore, the observed shift is the sum 
of the bulk susceptibility and any specific dipolar shifts. However, the unidentified 
resonance R-5 was found to shift at a rate equal to the bulk susceptibility pertur- 
bations. Absolute shifts could therefore be evaluated relative to R-5. The double 
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Fig. 10. Double reciprocal mole-ratio plots for the induced 60-MHz CHa,1, CHa,~, and CH~,3 
proton shifts of triglycine 

Table 5. Induced limiting shifts for 1H nuclei of peptides complexed to Dy +3 at 60 MHz 

Limiting Shift (Hz)a, ~, e) 

CHa,1 CHa,2 CH~,3 CHa,4 CH~,5 CH~,I CH~,2 d) CH~,3 

2000 250 83 33 10 1250 100 50 

4-100 4-15 4-5 4-3 4-2 +50 4-5 :]:3 

a) Evaluated from double reciprocal plots (cf., Fig. 9 and 10). 
b) See text  for definition of symbols. 
e) Peptides examined were: gly, digly, trigly, tetragly, pentagly, glyalagly, alaglygly, gly- 

alaala, glyglyala, alaalagly, ala, triala (the first residue at the left of each peptide name is 
the N-terminal one). 

d) Consistently a value of 67 4-5 was observed when the C-terminal residue was an alanine. 
This may imply steric inhibition to rotation for this combination. 
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reciprocal plots, 1/~v versus CIJCM, were again found to be applicable. Shift 
ratios,/lv3/~Vx, where the subscript identifies the histidine resonance in question, 
were found (129) to be independent of the metal ion (effective axial symmetry 0, 
and their cube root were equal in magnitude to ratios calculated from the experi- 
mental absolute distances in Table 4 except for H-1. Consequently, the term 
(3 cos~dL1) contributes to the ratio zJv3//lVl. 

1920 
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"~ 18oo 
I ' -  
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~: 17~o 
I.,U 
-r"  
( J  
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16/,0 

H-2 
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0~3 0~. 0.5 

[ Dy *3 ] / [ N a s e ]  

Fig. 11. Mole ratio plot for the observed shifts at  220 MHz corresponding to the C2 imdizole 
protons of Staphylococcal nuclease. R-5 is an arbitrary selected reference peak present in the 
aromatic region. Chemical shifts are relative to TMS (external) 

+Finally, Bystrov et al. (212) showed that the proton NMR signals of the 
--N (CH 3) 3 groups of lecithin molecules forming the internal and external surfaces 
of bilayer vesicles can be differentiated using the paramagnetic cation Eu+3 in 
combination with Mn +2 or Gd +8 (213). (A suspension of vesicles is generated by 
sonicating a dispersion of egg white lecithin in water; lecithin is a phospholipid.) 
Signals arising from the choline methyl protons are split into two peaks under the 
influence of Eu +~, and the shifted area is also that broadened by Mn +2 or Gd +~. 
This result was interpreted as indicating that the paramagnetic cations can only 
interact with the phosphate groups of lecithin molecules on the outer surface 
of the vesicles. Because the bilayer is semipermeable, the metal ions can not 

37 



E. Nieboer 

complex with the phosphate groups on the "inner" surface of the vesicles. Ratios 
of integrated areas of shifted and unshifted peaks gave the relative number of 
"external" and "internal" -N+(CH3)8 groups, and were found to be in good 
agreement with the relative surface areas calculated from the dimensions of the 
spherical vesicles (214). Very recently, Huang et al. (215) have exploited this 
specific chemical shift perturbation in a study of the effect of incorporating 
cholesterol in the lipid phase of these bilayers. When the cholesterol content 
exceeded 25 mol % a significant and rather abrupt increase in the area ratio 
external/internal was observed. These results were interpreted as due to the 
asymmetric distribution of the cholesterol in favour of the inner layer. Steric 
hindrance to packing of the large unsaturated molecules of hen egg phosphatidyl- 
choline was expected to be most severe at the "inner" surface because of its low 
radius of curvature. The preferential displacement of these molecules by the 
smaller cholesterol molecules was thus accounted for. Preference for the "inner" 
surface was not detected for the vesicles of saturated L-~-dipalmitoyl lecithin. 
Extension of these conclusions suggested that lipid vesicles with low radii of cur- 
vature may be especially appropriate models for the "active site" regions of 
membranes. It is generally known that a membrane is not uniform, but that for 
each of its many functions only specialized areas are effective. These areas often 
occur in highly folded regions of a membrane and thus possess low radii of curva- 
ture. 

Relaxation (Mn +~) and shift studies (Eu +3) of both 1H and 31p nuclei in bilayers 
prepared from equimolar quantities of the anionic phospholipid phosphatidyl- 
glycerol and the zwitterion phosphatidylcholine, have provided further evidence 
for the chemical asymmetry of vesicles (216). The outer surface was found to 
contain twice as many molecules of the glycerol derivative than the choline 
phospholipid, and these molecules were not spatially segregated into "patches". 
These results support the view that the electrostatic repulsion between the 
negatively charged phosphatidylglycerol molecules would be most severe at the 
inner surface because of its small radius of curvature, and that the observed 
asymmetric distribution is electrostatically favoured. The metal ions were also 
found to bind preferentially to the anionic phospholipid molecules. Similarly, 
information has also been obtained for lipid-protein interactions (217). Since no 
unshifted component could be observed for the 31p resonance in the presence of 
Eu +8, it was concluded that essentially all the phospholipid phosphorous was 
located at the outer surface of the high-density lipoprotein particles obtained 
from human serum. 

In summary, and as predicted by Williams (278), lanthanide induced relaxa- 
tion and shift perturbations would appear to be ideally suited for studying the 
chemical asymmetry of membranes, especially that due to diluents such as 
cholesterol, proteins, anesthetics, and electron transport intermediates. Quanti- 
tative spatial information is in principle possible since Andrews et al. (2~9) have 
shown that for 1H nuclei in the phosphatidylcholine system the dipolar mechanism 
predominates for the paramagnetic interaction with the lanthanide ions. Since 
so many biological functions of a living cell occur at lipid interfaces, the applica- 
tion of chemical shift and relaxation probes to heterogeneous systems is no doubt 
a chaUence of considerable importance and urgency. 
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vi) Conformational Studies 

For a RE-ligand complex of axial symmetry a shift ratio, S,, is readily defined 
for two nuclei on the same ligand molecule. 

* * 3 3 Sl = Av,/A, o = (Gl(O)/Go(O)) ro/r, (19) 

G,(O) = 3  cos 2 0-1 as in Eq. (9), and the subscript 0 designates one of the 
nuclei as an arbitrary reference. Similarly, a broadening ratio, B,, may be defined 
for the same nuclei 

-1 -1 ----- r6'r 6 (20) B~ = (TxM)~/(TxM)o o! 

The empirical parameters S, and B, contain geometric and distance informa- 
tion. Barry et al. (727, 220) evaluated S, and Bt for 1H nuclei of mononucleotides 
under acidic conditions (pD = 2) in the presence of the shift probes Eu +3 and Ho +a 
and the broadening agent Gd +a. They then proceeded to evaluate the most prob- 
able conformation for these molecules (e.g., AMP) in solution in the following 
manner. Their approach is simple but requires computer facilities with graphic 
display capability. Molecular coordinates (from X-ray data, or from known bond 
distances and angles) are fed into the computer. It is then given Van der Waals 
radii and one Si value, and instructed to search for agreement. The metal ion is 
then placed (near the monophosphate anion in the present case) such that accept- 
able solutions are possible. Additional S, values and B, values are then provided 
as filters and the best solution is searched out. For example, 12 members of a 
distinct geometric family of conformers gave the best fit for AMP and these were 
accepted as representing the most stable conformations in solution. Improved 
resolution in these studies has been achieved (220, 227) by using a combination 
of 13C and 1H data, and employing longitudinal nuclear relaxation rates (T1 
measurements) instead of the less reliable transverse rates (T2 measurements). 
Availability of Fourier Transform NMR facilities has made this feasible. 31p 
shift and relaxation data may also be employed, although it is necessary to separate 
the contact and dipolar contributions to the induced shift (222). Similar conforma- 
tions for adenosine 5'-monophosphate and cytidine 5'-monophosphate were found 
in solutions of pH 2 and 7.5, and neither did temperature have much effect on 
these observations (223). Studies in basic solution were made possible by using 
the lanthanide complexes of EDTA as shift and broadening agents, as these are not 
hydrolyzed as readily as the aquo ions. The independence of the observed proton 
shift ratios from the specific lanthanoid-EDTA complex used confirmed that 
effective axial symmetry existed for the resulting nucleotide complexes as was the 
case (727, 762, 223) for the aquo ions (except Tm+3). The quantitative determina- 
tion of solution conformations of dinucleoside phosphates were affected by the 
same techniques (162 and references therein), as well as those of cyclic nucleotides 
(221, 224). It is also possible to extent these methods to polar organic solvents 
such as DMSO and methanol (162). In non-polar solvents, the appropriate /5- 
diketonates, e.g., Ln(thd)a, may be employed as shift and relaxation (Gd +a) 
reagents. Barry et al. (225) found that both relaxation and shift data (laC and 1H) 
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were essential in the evaluation with confidence of the structure of the Ln(thd)3. 
cholesterol adduct in CDC1,. Variation of solvent might allow insight into some of 
the factors that determine conformation. Extrapolation to in vivo conformations 
of these biological molecules might then be attempted with fewer assumptions. 

Dr. R. J. P. Williams' group at Oxford are developing even more versatile 
methods to solution structural studies. Combination of high frequency (e.g. 270 
MHz), Fourier transform, deconvolution (manipulating spectrometer response in 
a certain mathematical manner), and a judicious application of shift and broad- 
ening agents has made it possible to obtain very highly resolved proton spectra 
of lysozyme (191). As indicated earlier in this article, Gd +3 is known to bind near 
the active site of lysozyme, and will perturb the resonances of protons within its 
sphere of influence. NMR difference spectra between free lysozyme and the Gd +3- 
lysozyme complex consist only of the resonances whose intensities have been 
reduced to zero by dipolar broadening. (The degree and the range of broadening 
may be controlled by the amount of Gd+3-1ysozyme complex since conditions of 
fast exchange persist in this system; a little bound Gd +a will only broaden reso- 
nances of protons at close range, but as tile fraction of complex increases protons 
further away are affected.) Attention may thus be focused on the immediate 
environment around the metal. Shift reagents may be used similarly to shift 
peaks away so that they appear in the difference NMR spectrum. Assignments 
of resonances in the difference spectrum can then be made with the aid of double 
resonance techniques and by reference to the known 3D solid state structure. 
Once all the assignments have been made, S, and B, values are to be determined 
and used in the quantitative determination of the effective solution protein struc- 
ture as described earlier for the mononucleotides. Preliminary results (791) have 
confirmed the feasibility of this approach, and thus a new and exciting era has 
been ushered in for structural and conformational studies of macromolecules in 
solution. 

vii) Concluding Remarks 

The lanthanide ions have traditionally been considered as a group of ions with 
indistinguishable chemistry, which by transition metal standards is non-specta- 
cular. It is fortunate that their simple type of ionic chemistry plays such a domi- 
nant role in the chemistry of living systems. If this were not so, the application of 
the RE ions as structural probes would be less universal. The almost instant road 
to prominence as reporter groups has revealed an individuality for each member 
of the lanthanoid series that is not only fascinating, but also of extreme practical 
value. There is no doubt that these ions have already secured a permanent func- 
tion in solving biological problems, regardless of future developments. 

Addendum: 
Additional information is available on the following subjects: binding of 

Gd +a and Tb +3 to potentially bidentate monocarboxylates (226); structure and 
denticity of small peptides in solution (227) ; water-proton relaxation enhancement 
(228) and mapping studies of lysozyme (229); NMR investigation of yeast phos- 
phoglycerate kinase (230) and its inhibition by lanthanide-ATP complexes (231) ; 
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spin-label and lanthanide binding studies of glyceraldehyde-3-phosphate dehydro- 
genase (232); use of Pr +3 in the assignment of aromatic amino acid PMR 
resonances of horse ferricytochrome C (233); and primary sequencing of peptides 
(234, 235). 
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I. One-elect ron Substitutions in the Lowes t  Configurat ion 

A. Monatomic Entities 

I t  is an empirical fact that  the lowest 20 to 400 J-levels of gaseous atoms or of 
positive ions M +~ can be classified (1) as belonging to electron configurations. 
Certain atoms have all their levels described by the nl-value of an external electron 
outside closed-shells. For instance, the sodium atom has the groundstate 
ls~2s~2p63s usually abbreviated [Ne] 3s. The first excited configuration 
[Ne] 3p contains two closely adjacent J-levels (producing the two spectral lines 
in the yellow, 3p-~3s in emission and 3s-~3p in absorption) and the subsequent 
configurations [Ne] 4s, [Ne] 3d, [Ne] 5s, [Ne] 4d, [Ne] 4J, [Ne] 6s . . . .  were first 
described by  Rydberg as having the energy - (z + 1)e/(n - d) ~ times the Rydberg 
constant 109737 cm -1 = 13.60 eV, where z is the ionic charge (zero for neutral 
atoms), n is the principal quantum number, and d is the Rydberg deject which 
normally is almost constant as a function of n for a given value of the orbital an- 
gular quantum number I. Thus, d = 1.37 for [Ne] ns, 0.88 for [Ne] np, 0.01 for 
[Ne] nd and 0.00 for [Ne] n/where the energies are given relative to the ioni- 
zation limit of the system containing one external electron, the zero-point here 
representing the groundstate of Na+. I t  is taken as an indication of no penetration 
of the external electron (Leuchtelektron) in the closed shells of the core (Atom- 
rumpf) when d is negligible, as it is for J-electrons until xenon (Z = 54) and for 
g-electrons in the known part of the Periodic Table (Z below 118). The situation 
is somewhat different in the [Xe] nl systems, for which the Rydberg defect d 
is (2): 

[xe] 6s [xo] 6p [xe] sa [Xe] 4! 

Cs 4.13 3.63 2.45 0.02 
Ba + 3.67 3.28 2.59 0.31 
La +2 3.36 3.00 2.47 1.40 
Ce +3 3.11 2.80 2.32 1.56 
Pr +4 2.89 2.59 2.19 1.56 

(1) 

Like in the isoelectronic series (3) K, Ca +, Sc +2, . . .  where the JAr] 4s is below 
JAr] 3d in the potassium atom and in Ca + but  3d becomes progressively more 
stable from Sc +2 onward, the [Xe] 5d supplies the groundstate of La +~ but looses 
the competition with [Xe] 4[ from Ce +3 on. However, contrary to the cases of 
the alkaline metals, the 5] electrons do not show the same d as 4[ but  rather 
1.03 both in the beginning of the lanthanides, and for elements distributed be- 
tween Lu +3 (Z=71)  and the mercury atom (Z=80) .  This deviation from the 
Rydberg formula is quite characteristic for the transition groups. 

Other monatomic entities are more complicated. Paschen showed in 1919 that  
the many J-levels of the neon atom can be described as the excitation of a 2p 
electron to an empty nl-shell. Thus, the next-lowest configuration ls 2 2s 2 2p 5 3s 
contains 4 J-levels and the following ls 2 2s 2 2p 5 3p ten J-levels. The 30 allowed 
transitions between these two configurations give the characteristic spectral lines 
in the red of neon. Higher configurations such as ls 2 2s ~ 2p 5 3d or ls 2 2s ~ 2p5 4[ 
can also be recognized. As pointed out by Humphreys and Meggers (d) in the case 
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of krypton and xenon, and by Ebbe Rasmussen (5) in the case of radon, it is 
characteristic that  the two J-values (3/2 and 1/2) possible for the core terminating 
np 5 produce two sets of excited levels when an external electron is added (such 
as 5p~ 5d or 5p 5 4] in the case of xenon) with an energy difference almost identical 
with energy difference between the two J-values, 5371 cm -1 in Kr +, 10537 cm -1 
in Xe + and 30895 cm -1 in Rn +, constituting two different ionization limits for the 
series spectra varying n----5, 6, 7 . . . .  and the energy of the external electron 
follows the Rydberg formula to a good approximation. 

Systems with two external electrons can show series converging to ionization 
limits corresponding to excited levels of the ionized system with one remaining 
external electron. Henry Norris Russell and Saunders discovered in 1925 that 
certain levels of the calcium atom belong to configurations [Ar] 3d 4d or [Ar] 3d 5p 
but have higher energy than the (lowest) ionization energy producing the ground- 
state [Ar] 4s of Ca+ whereas the two J-levels of [Ar] 3d have 13650 and 13711 
cm -1 higher energy. Hence, [Ar] 3d provides higher ionization limits in the same 
sense as the excited 2P1/2 level of the monopositive, heavier noble gases. This 
existence of auto-ionizing levels in the continuum above the first ionization energy 
has a certain connection with the photo-electron spectra discussed below. Most 
configurations of the copper atoms are [Ar] 3dlO(nl) 1 or [Ar] 3d94s(nl) 1 also 
showing adjacent ionization limits being J-levels of Cu +. 

The typical transition group atom has many more low-lying levels producing 
"multiplet spectra" with numerous spectral lines, and the individual J-levels 
can be connected in terms with definite values of S and L in the case of approx- 
imate validity of Russell-Saunders coupling. Thus, the neutral iron atom (produc- 
ing the majority of the stronger Fraunhofer lines seen in absorption in the Solar 
spectrum) has the groundstate and 22 other J-levels (among the 34 predicted in 
Hund's vector-coupling model) up to 29799 cm -1 belonging to [Ar] 3d 6 4s ~', but  
already at 6928 cm -1 starts the configuration [Ar] 3d 7 4s and at 32874 cm -1 
[Ar] 3d s. The configurations with odd parity (having the sum of /-values odd) 
are [Ar] 3d 6 4s 4p (containing the lowest level at 19351 cm-1), [Ar] 3dr 4p and 
many others. 

When comparing intensities of the spectral lines, the atomic spectroscopists 
soon realized that  the selection rules such as J - *  ( J -  1), J ,  (J  + 1) and the most 
important (that transitions only can be allowed between levels of opposite parity) 
are incomplete insofar the transitions usually have negligible intensity (and are 
difficult to detect) if the configurations do not differ in exactly one electron, and 
further on, that  this electron changes l by one unit. This rule (which is an approx- 
imation the same way as the selection rule for spin-allowed transitions that  the 
total spin quantum number S is invariant) supported the general feeling that  the 
total wave-functions T of each level (with rare exceptions) must be well represent- 
ed by well-defined electron configurations. However, this is definitely not the 
case (6) in the strict sense that  T is a linear combination (with coefficients pre- 
scribed (7) by the combination of S and L in Russell-Saunders coupling) of anti- 
symmetrized Slater determinants. There are good reasons to believe that  the over- 
lap integral of the groundstate kV of the argon atom with the unique Slater deter- 
minant corresponding to ls 2 2s 2 2p 6 3s 2 3p 6 is below 0.5. The origin of this, 
somewhat paradoxial, situation is that  T of 18 electrons is extended in a 54- 
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dimensional space. Though the electron density is nicely described in our three- 
dimensional space by the Hartree-Fock solution, the interelectronic repulsion 
(integrated over 6 spatial variables at a time) is overestimated, and must be 
corrected by a kind of dielectric screening (6). Anyhow, the rapid decrease in the 
number of atomic spectroscopists since nuclear transmutations became fashion- 
able in 1931 has hidden the opposite side of this dilemma, that  the classificatory 
success of electron configurations is remarkable. A rather extreme case is Pr +2 
(8, 9) where 38 of the 41 levels of the lowest configuration [Xe] 4/3 have been found 
between 0 and 39941 cm -1 and 101 of the 107 levels of the next configuration 
[Xe] 4[ 2 5d between 12847 and 48745 cm -1 above the groundstate. Another 
example is Bryant (70) finding all 20 levels of [Xe] 4/13 5d, the 4 levels of 
[Xe] 4/18 6s and all 12 levels of [Xe] 4[ 13 6/5 of Yb +2 (having the closed-shell 
groundstate [Xe] 4/14). The same complete configurations have been found by 
Sugar and Kau]man (I/) in the isoelectronic Lu +3 and (127) in Hf+4. 

The neutral lanthanide atoms have extremely dense distributions of spectral 
lines, and it is difficult to perform a significant analysis without a high percentage 
of accidental coincidences. From this point of view, gaseous M +2 and M +3 (12, 73) 
are somewhat simpler. For instance, they have very characteristic groups of lines 
in the ultra-violet due to emission from [Xe] 4]q 6p to [Xe] 4]q 6s. Though each 
of these configurations are calculated to be some 50000 to 100000 cm -I  wide, 
the intense transitions go between levels with almost the same parentage (S, L, J) 
of the 4/q part of the wave-function in the two cases. This selectivity reminds one 
about the conditions in xenon and radon (5) where it is different to find combi- 
nations between the two systems belonging to npb(J =3]2 and 112) parentage. 

There is an aspect of atomic spectroscopy, which is frequently neglected by 
chemists believing in intrinsically additive one-electron energies. To the first 
approximation, the barycentre (energy weighted by the number of states (2J + 1) 
in each J-level) of the configuration containing two partly filled shells a m b n 
can be written (2, 3, 74) 

n ( n  - -  1) -- m I , (a)  - n I , (b)  + r e ( m -  1) A~(a, a) Jr- m n  A~(a, b) + - -  A~(b, b) (2) 
2 2 

where the two I ,  values are the ionization energy of the system containing only 
one electron besides the closed shell (the zero-point of energy of eq. (2) cor- 
responds to these closed shells alone) and the average parameters A s of inter- 
electronic repulsion are defined (3) as a linear combination of Slater-Condon-Shortley 
(7) or Racah (J5) parameters for a given l value. If 2 A~(a, b) =A~(a, a) +A~(b, b), 
Eq. (2) would predict a linear variation of the total energy as a function of the 
occupation numbers m and n for constant ionic charge, and hence constant (m + n). 
However, in actual practice, one of the shells have a considerably larger average 
radius than the other shell, let it be b. Then, A,(a, a) >> A,(a, b) ~-, A ,  (b,b) with 
the result that  Eq. (2) indicates a parabolic variation with the occupation numbers 
m and n. This is in agreement with experience (74, 76) for [Ar] 3d m 4s n where 
the barycentre of [Ar] 3d 4s of Sc + is situated at 0.09 eV above the groundstate 
(one of the two J-levels of this configuration) at about equal distance below 
[Ar] 3d 2 having the barycentre at 1.24 eV (1 eV=8066 cm -1) and the unique 
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state [Ar] 4s 2 at 1.45 eV. When combined with I,(3d) =24.75 and I~(4s) ----21.60 
eV known from Sc +2, these barycenters (14, 16) suggest A~(3d, 3d)=13.56,  
A s(3d, 4s) = 8.38 and A~(4s, 45) = 6.60 eV assuming Eq. (2). Another example of 
minimum energy for n = 1 is the gaseous nickel atom, where the barycentre of 
[Ar] 3d s 4s 2 occurs at 1.29 eV, though the groundstate aF4 belongs to this con- 
figuration, whereas the lowest barycentre is [Ar] 3d 9 4s at 0.17 eV, and the unique 
state of [Ar] 3d 1° at 1.83 eV above the groundstate. This situation differs in the 
palladium atom, where the groundstate [Kr] 4d 1° is 1.08 eV below the barycentre 
of [Kr] 4d 9 5s, and [Kr] 4d s 552 is ,-, 4 eV above the closed-shell groundstate. 

All the neutral 3d group atoms (with exception of [Ar] 3d5 4s in chromium 
and [Ar] 3d 1° 4s in copper) contain two 4s electrons in the groundstate, as if 
the 45 electrons are more stable than the 3d electrons. However, this argument 
based on occupation numbers of the shells is not satisfactory to the chemist, 
because the ionization energy of 4s is distinctly below that  of 3d, and all the 
gaseous M +2, M +a, M +4, . . .  of the 3d group have the configuration [Ar] 3d~ 
well below all others. In sofar the great majority of transition group compounds 
(3, 77--19) have a preponderant electron configuration with one recognizable, 
partly filled d or ] shell, the corresponding Au/bau principle is important  to 
chemists: 

ls,~ 
2s <2p ,~  

3s<3p ,~  

3d 

4 s < 4 p ~  

4d<  

Ss<  
5p< 
4t< 
5d< 
6s < 

5/< 

[I-Ie] 
[Ne]: 

[At] : 

[28] : 

[Kr] : 

[4.]: 

[48] : 
[Xe]: 
[6s]: 
[78]: 
[8o]: 
[Rq: 

[100] : 

: H(--I), He, Li(I), Be(II), B(III), C(IV), N(V) 
C(--IV), N(--III), O(--II), F(--I), Ne, Na(I), Mg(II), Al(III), Si(IV), 
P(V), S(VI), Cl(VlI) 
P(--III), S(--II), CI(--I), Ar, K(I), Ca(II), Sc(III), Ti(IV), V(V), Cr(VI), 
Mn(VlI) 
Fe(--II), Co(--I), Ni(0), Cu(I), Zn(II), Ga(III), Ge(IV), As(V), Se(VI), 
Br(VII) 
As(--III), Se(--II), Br(--I), Kr, Rb(I), Sr(II), Y(III), Zr(IV), Nb(V), 
Mo(VI), Tc(VII), Ru(VIII) 
Ru(--II), Rh(--I), Pd(0), Ag(I), Cd(II), In(III), Sn(IV), Sb(V), Te(VI), 
I(VlI), Xe(VlII) 
In(l), Sn(II), Sb(III), Te(IV), I(V), Xe(VI) (3) 
Sb(--III), Te(--II), I(--I), Xe, Cs(I), Ba(II), La(III), Ce(IV) 
Yb(II), Lu(III), Hf(IV), Ta(V), W(VI), Re(VII), Os(VlII) 
Os(--II), Ir(--I), Pt(0), Au(I), Hg(II), TI(III), Pb(IV), Bi(V) 
An(--I), Hg, TI(I), Pb(II), Bi(III), Po(IV) 
Bi(--III), Po(--II),  At(--I), Rn, Fr(I), Ra(II), Ac(III), Th(IV), Pa(V), 
U(VI), Np(VlI) 
No(II), Lr(III), 104(IV), 10S(V) 

The closed shells corresponding to noble gases are indicated by double in- 
equality signs, but  other closed shells of interest to chemists are marked with the 
number of electrons in square brackets. I t  is seen that  most of the isoelectronic 
series have from 7 to 12 members, though it must be realized that  many of the 
oxidation states given in Eq. (3) are far from being the most frequent for a given 
element. As far goes gaseous M +2, M +3 . . . .  this Aufbau principle has five ex- 
ceptions: La +2 [Xe] 5d; Gd +~ [Xe] 4/7 5d; Lu +2 [Xe] 4] 14 65; Ac +2 [Rn] 7s and 
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Th +2 [Rn] 5f6d (128). In all cases, the expected configurations ([Xe] 4/; [Xe] 4/s; 
[Xe] 4/14 5d; [Rn] 5[ and [Rn] 5] 2) have been detected as relatively low-lying 
levels. An incomplete list of these exceptions was given in a previous review (20). 
Another correction is the rnis-spelling of the name of Stoner, who was the first, in 
1924 (21), to suggest that each nl-shell contains (4l +2)  electrons. 

For neutral atoms, a much more approximative Aufbau principle is 

l s < 2 s < 2 p ~ 3 s < 3 p < 4 s < 3 d < 4 p < 5 s < 4 d < S p  

6 s < 4 f < 5 d < 6 p < 7 s < S / < 6 d < . . .  
(4) 

allowing twenty exceptions (Cr, Cu, Nb, Mo, Tc, Ru, Rh, Pd, Ag, La, Ce, Gd, 
Pt, Au, Ac, Th, Pa, U, Np and Cm) among which only palladium and thorium 
differ in two electrons from the consecutive order in Eq. (4). However, the question 
of the exact configuration providing the groundstate of the gaseous atom may be 
less important than believed by many chemists. Thus, the groundstate of the 
terbium atom (22) belonging to [Xe] 4[ s is only 286 cm -1 below the lowest level 
belonging to [Xe] 4] 7 5d, which is negligible in view of the fact that these two 
configurations both have their levels dispersed over more than 80000 cm -1. 

B. 4/Group Compounds 

Whereas configurations such as [Xe] 4]a 6s 2, [Xe] 4[a-I 5d 6s and [Xe] 4fa-1 5d 2 
strongly overlap in neutral lanthanide atoms (23 28) and M + usually has the 
groundstate belonging to [Xe] 4]q 6s followed by other configurations such as 
[Xe] 4[q 5d and [Xe] 4]a-1 5d 6s (the configuration [Xe] 4/q +1 has not usually 
been detected; according to Eq. (2), it is expected to have high energy) there is no 
serious problem with M +2 (excepting Gd +2) and M +3 all having [Xe] 4fa ground- 
states. This is also true to a remarkable accuracy for all known M(II) and M(III) 
compounds, unless they are metallic, and also excepting the somewhat enigmatic 
behaviour (29, 30) of La(II), Ce(II), Gd(II) and Tb(II) in fluorite(CaFz) crystals. 

In Inonatomic entities, the system di~erence is the energy difference (20, 23-- 
28) between the lowest level of [Xe] 4]q -1 5d 6s ~ and of [Xe] 4fq 6s 2 in neutral 
atoms, between [Xe] 4[a-1 5d 6s and [Xe] 4[q 6s in M +, and between the lowest 
level of [Xe] 4]a-1 5d and the lowest level of [Xe] 4]¢ in gaseous M +2 and M +3 
and in M(II) and M(III) compounds. One might have expected that each of these 
configurations would show a very complicated distribution of J-levels depending 
oil a large number of parameters (7, 15) of intereleetronic repulsion, but it turns 
out that the system difference is essentially determined by the energy difference 
between the lowest level of the ionized system 4[q -1 and of 4[a, from which is 
subtracted a large contribution varying very smoothly as a function of the 
atomic number Z. Correspondingly, the system difference (see Fig. 1) varies in a 
characteristic way as a function of q, showing two zigzag-curves beginning at 
q----1 and 8 and having their highest points at q = 7 and 14, and having almost 
the same value for q and (7 + q) which is an almost unique property of the 4[ 
group, though Catalan, R6hrtich and Shenstone (31) previously had made similar 
observations of [Ar] 3d¢ -1 4s and JAr] 3d¢ in monatornic 3d group entities. The 
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system difference increases M ° ~ M(II) < M + < M +2 < M(III) < M +a < M +4 
for a given value of q, showing a vertical parallel translation on Fig. 1. 

The two zigzag curves can be explained by the refined spin-pairing energy 
theory (20, 32, 33) which was originally intended to explain the electron transfer 
spectra of M(III) complexes (34). Relative to the barycentre of all the states of 
[Xe] 4]q described by Eq. (2) the barycentre of each manifold of such states 
having a definite value of the total spin quantum number S has the energy 
(3, 6, 19): 

D 3q(41+2-q) S(S + 1) D (5) 
1 6 l + 4  

where the spin-pairing energy parameter D is a definite linear combination of 
9 E1 according to the parameter F ~, F 4 and F 6 of interelectronic repulsion, or y 

Racah (15) for ] electrons. The numerical value of D is close to 6500 cm -1 or 
0.8 eV. The complicated fraction to the left in Eq. (5) is the average value of 
< S ( S + I ) >  for the whole configuration l¢. The difference between the bary- 
centre of states with ( S -  1) and with S is 2 D S. Considering (Eq. 5) alone, 
the system differences on Fig. 1 should be represented by two straight lines with 
the slope (8 D/13) per unit of q and showing a vertical shift 8 D between q = 7  
and 8. However, some/q have more than one term possessing the maximum value 
of S, with the result that the lowest terms (all of /2  and ]12 and 6H of ]5 and 
/9) are situated 9 E 3 below the barycentre given by Eq. (5) and the terms with 
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Fig. 1. The energy differences between the lowest J-level  of two configurations differing in one 
5d electron becoming a 4/electron,  so the lower state (when the system difference is positive) 
contains 4/q. In the nine cases of negative system difference, the lower state contains 
4/q-1 5d. The squares represent ions in fluorite. 
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L = 5 (41 of ] 3 and 111 and 51 of ] 4 and ] lo) are stabilized 21 E 3. The Racah 
parameter E 3 is about a-tenth of E 1. Further on, the first-order relativistic effect 
expressed by the Russell-Saunders asymptotic value (74) of spin-orbit coupling 
stabilizes the lowest J-level of the lowest (S, L) term to the extent (½ L + ½) $4f 
in the first half of the 4] shell (q < 7) and ½ L $4f for q above 7. The Landd para- 
meter ~4f increases smoothly from 0.08 eV for Ce(III) to 0.36 eV for Yb(III). 
The combination of these two effects modify the curves on Fig. 1 from two par- 
allel line segments to the characteristic zigzag with almost horizontal plateaux 
a t q = 3 , 4 ,  S a n d q = 1 0 ,  11, 12. 

Both in gaseous monatomic entities and in M(II) and M(III) compounds, 
the general stabilization of the 4[ shell going from one element to the next (cor- 
responding to the difference (E--A)between stronger nuclear attraction - (Z + 1)/r 
and increased interelectronic repulsion) produce comparable system differences 
for q = 7  and 14 because 7(E--A) varying between 2.5 and 2.7 eV has the same 
order of magnitude as (48 D / 1 3 ) - {  ~4f. This is not exactly the case for the 
ionization energy 13 of gaseous M +2 according to Sugar and Reader (35) which is 
24.70 eV for Eu +~ and 25.03 eV for Yb +~ suggesting 7(E--A) close to 2.8 eV, 
nor for I4 of gaseous M +3 being 44.01 eV for Gd +3 and 45.19 eV for Lu +3 where 
7(E--A) is 3.6 e¥ unless D is considerably larger. The variation of I4 from 39.79 
eV for Tb +3 (q =8) to q = 14 consisting essentially of 6(E--A) + (48/13) D + { ~4I 
actually can be combined with the former difference to give (E--A)=0.47 eV 
and D =0.72 eV, rather showing the opposite trend. Anyhow, it is fascinating 
how the variation with q predicted by the refined spin-pairing energy theory 
applies to so different quantities as Ia and 14 of the gaseous ions and the 
[Xe] 4/q-~ [Xe] 4/q -1 5d excitation energies of M(II) (29) and M(III) (36) substitut- 
ed in CaF2. VVhereas fluorite is transparent down to 1100 A or 11 eV, water is only 
transparent to 1600 A or 8 eV with the result that the 4[ ~ 5d transitions at slightly 
higher wave-numbers than in CaF2 have only been observed (37, 38) in Ce(III), 
Pr(III) and Tb(III) aqua ions. 

Many spectroscopists tend to consider only the internal transitions in the 
partly filled 4[ shell and inter-shell transitions such as 4[~5d, but disregard the 
possibility of inter-atomic transitions in M(III) and M(IV) compounds. The 
electron trans[er spectra are due to excited states (6, 39) where an electron has 
been transferred from one or more reducing ligands X to the empty or partly 
filled shell of the central atom M. It is possible to define optical electronegativities 
Xopt from the wave-number ve.t. of the first Laporte-allowed electron transfer 
band. For our purpose, it is useful to consider the uncorrected optical electro- 
negativity Xuncorr (M) without corrections for sub-shell energy differences (in d 
groups) and from the spin-pairing energy theory, in which case 

Ve.t. ~--- [Xopt ( X)  - -  Xuncorr (M)] • 30000 cm -1 (6) 

where Xopt =3.9 for fluoride, 3.0 for chloride, 2.8 for bromide and 2.5 for iodide, 
corresponding to the Pauling electronegativities. In the 4[ group, re. t. increases 
for a given ligand Eu(III) < Yb(III) < Sm(III) < Tm(III) < . . .  correspond- 
ing to Fig. 1 turned upside down, and the spin-pairing theory was introduced 
(34) for explaining the electron transfer spectra of bromide complexes in almost 
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anhydrous ethanol. The hexabromides MBr~ a studied in acetonitrile (40) has 
lower re. t. and the lowest wave-numbers are found (41) in the chemically rather 
unstable hexa-iodides MIg 3. 

Another type of system difference are the standard oxidation potentials of 
M(II) aqua ions E ° which can also be described (33) by the refined spin-pairing 
energy theory, being the least negative for Eu(II). A corresponding set of highly 
positive E 0 have been calculated (33) for M(III) aqua ions, the lowest value being 
for Ce(III). Since the - dG and - d H  for the hydration of a gaseous proton (42) 
is close to 11.3 eV, it is possible (3, 43) to define a chemical ionization energy 

Iehem = E ° + 4,5 eV (7) 

where the constant 4.5 eV (corresponding to the ionization energy of the standard 
hydrogen electrode to expel an electron in vacuo) is known within a-tenth eV. 
The hydration energy di~erence (43) I z -  Iehem for the one-electron oxidation 
of the ( z -  1) aqua ion turns out to be ( 2 z -  1)~ where the parameter ~ is 5.3 eV 
in the 3d group and 4.3 eV in the 4/group.  Thus, Iehem for gu(II) aqua ions is 
calculated to 24,7 - 5 '4.3 = 3.2 eV to be compared with the measured/ellem -~ 4.1 
eV, whereas Iehem for Ce(III) aqua ions should be 3 6 . 7 6 -  7"4.3 =6 .7  eV to be 
compared with an actual value close to 6.3 eV. 

C. Comparison with Iodide, Xenon and Caesium 

The electron affinity of the gaseous iodine atom is the ionization energy I0 of 
the gaseous I -  determined (from the first ionization limit in the near ultra-violet 
(44) in the absorption spectrum of a vapour mixture containing appreciable 
amounts of this species) to be 3.06 eV. The first excited level 2p~ of the iodine 
atom also belongs to the lowest configuration [Kr] 4d 10 8s 2 8p s and corresponds 
to a second ionization limit at 4.01 eV. One does not observe discrete energy 
levels of I -  though it would not be excluded that  configurations terminating 
5p 5 4 / o r  5p 5 6h would be just below the ionization limit. I t  is striking (45) that  
I -  in aqueous solution has two absorption bands at 5.8 and 6.4 eV which are only 
moving some 0.5 eV toward lower energy in acetonitrile, whereas cooled crystals 
of NaI, KI and RbI (46) show sharp absorption bands at 5.8 and 6.7 eV. The two 
transitions ostensibly separated by the same distance as the two J-levels of the 
iodine atom were ascribed by Franck and Scheibe to electron transfer to the sol- 
vent, a hypothesis which has persisted for a long time in literature. However, 
a more attractive description is Laporte-allowed inter-shell excitation to the 
configuration (neglecting closed shells) 5p 5 6s, because at about 1 eV higher 
energy, other sharp absorption bands (46) of crystalline iodides correspond to 
5p 5 5d in close analogy to the xenon atom having the four J-levels of 8p 5 6s 
8.31, 8.43, 9.44 and 9.57 eV and the twelve J-levels of 8p 5 5d distributed between 
9.89 and 11.61 eV to be compared with the two ionization limits (sp 5) 12.13 and 
13.44 eV of Xe. 

When thin films of solidified xenon are studied, or a low concentration of 
xenon atoms are trapped in a cooled matrix (47,48) such as solid krypton or argon, 
the transitions to the excited configurations terminating 5p 5 6s and 5p 5 5d are 
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seen as relatively narrow absorption bands, usually shifted some 0.5 to 1 eV toward 
higher wave-numbers, but  0,08 eV toward lower energy in crystalline xenon. 

I t  is interesting to compare this evidence for localized inter-shell transitions 
of iodide and xenon in condensed matter  with the behaviour of caesium. At 
sufficiently low pressure (49) the series 6s-~ np can be observed in absorption with 
all the n values up to 73, converging to the ionization limit at 3.894 eV. However, 
this is not the last absorption lines of the caesium atom. Beutler and Guggenheimer 
(50) observed the two J-levels belonging to [Kr] 4d 10 5s 2 5p 5 6s 2 at 12.31 and 
13.52 eV and several J-levels of [Kr] 4d 10 5s 2 5p 5 5d 6s between 14.07 and 16.65 
eV. I t  is worthwhile to compare these energies with Cs + (isoelectronic with Xe) 
having the four J-levels of [Kr] 4d lo 5s 2 5p 5 6s at 13,31, 13.37, 15.16 and 15.22 
eV and the twelve J-levels of [Kr] 4d 10 5s 2 5p 5 5d between 13.17 and 15.33 eV. 
The shift about 1 eV of the first two auto-ionizing levels of Cs below the corre- 
sponding discrete levels of Cs + represent the binding of the external 6s electron by 
the increased attraction of the atomic core lacking a 5p electron. I t  is conceivable 
that  the higher auto-ionizing levels of the caesium atom in the 15 to 17 eV region 
involve unusually strong configuration mixing. 

Fig. 2 gives a semi-quantitative description of the optical excitations and 
ionization processes in iodides and xenon. The Madelung potential (calculated for 
spherically symmetric, non-overlapping ions) is calculated to be 7.8 eV in NaI 
and 6.4 eV in CsI with the result that the lowest ionization energy of iodide is 
expected to be 10.8 and 9.5 eV, respectively, to be compared with the I' values 
(corrected for the charging effects of the quasi-stationary positive potential acquired 
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L 1 1 
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.,5pS6s, 
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Fig. 2. Excited levels of iodide in gaseous state, aqueous solution and in cooled crystals of 
KI  and RbI, of xenon in the gaseous and solid state, of caesium and of gaseous Cs +. The excited 
levels accessible by symmetry-al lowed transit ions are given as higher lines, the continua are 
dashed 
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by bombardment of non-conductors with soft X-rays) 8.4 and 8.1 eV obtained 
from photo-electron spectra (51, 52). Said in other words, the 6s-like orbital known 
from the first absorption band (46) of these crystals is bound to the extent 2.4 eV 
to be compared with 3.82 eV in the first excited level of the xenon atom. The 
influence of the Madelung potential is the other way round on cationic sites, 
and the I'  (Cs 5p) values observed (51, 52) are 15.0 eV in CsC1 and CsBr and 
15.1 eV in CsI. The absorption spectra (46) of crystalline caesium halides in 
the far ultra-violet show inter-shell transitions (found at much higher energy in 
rubidium and potassium halides) starting at 11 to 12 eV which possibly can be 
be identified with 5p-~6s or 5p ~5d localized on caesium(l). 

Fig. 3 gives a comparable representation of internal 4]q transitions and 
intershell 4/-~5d and 4]--,-6s excitations of M +2, M(II) in CaF2, M +8, MF3 and MIs 
including electron transfer bands in the latter case. The distances between the 
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Fig. 3. Qualitative representation of excited levels of gaseous 4/group M +2 and M +~, of M(II) 
in CaF~ and of M(III) fluoride and iodide 

thirteen J-levels of [Xe] 4] 2 are known to decrease slightly by the nephelauxetic 
(cloud-expanding) effect (3, 40, 53) to the extent of some 4 percent from gaseous 
pr+3 (54) to PrF3 and some 2 percent going from PrFs to PrI3. A comparison 
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of 4[ a Nd(III) compounds shows smaller effects than in Pr(III), and the nephel- 
auxetic variation is less than half as pronounced in compounds of the heavier 
lanthanides from 4/s Sm(III) to 4/12Tm(III). Unfortunately, the published 
information about gaseous M +a is very sporadic (2, 28). A very moderate nephel- 
auxetic effect is also perceived in Sm(II) in various crystals, but on the whole, 
broad absorption bands due to the low-lying 4]q -1 8d cut off the 4/q spectra in 
most M(II) with the result that only ~4)" can be determined of the lowest term. 

II. The  Copenhagen Principle of Final  States 

A. Photo-electron Spectra of Metallic Lanthanides 

It is possible to express various worries whether the text-book version of quantum 
mechanics is fully satisfactory, and Ballentbae (55, 56) and the writer (57) have 
discussed whether it is only applicable to systems which are so small that they 
can be repeated in identical copies. However, this is the case for all monatomic 
entities and for all molecules and polyatomic ions of interest to the inorganic 
chemist. In this case, the sudden interaction of photons (one usually bombard 
gaseous samples (58) with 21.2 or 40.8 eV photons and solid samples (51, 52) 
with 1253.6 or 1486.6 eV photons) with a system has a variety of possible results, 
mainly consisting of an electron being ejected with the kinetic energy Ekin which 
is then interpreted as ionization needing the energy I defined as the difference 
between the photon energy and Ekm. Seen from this point of view, the system 
performs as a honest gambling-machine. When the slug (photon) is accepted, 
each outcome has a definite probability, and the choice between tile alternative 
results has not at all a sufficient cause in the Medieval sense, any more than the 
actual time of decay of a radioactive nucleus. An analogy to radioactive isotopes 
(or strictly isomers) possessing competing modes of decay is that the half-life 
tl/e of the ionized system is the reciprocal value of the sum of the reciprocal 
values of effective half-lifes for various processes (such as ejection of an Auger 
electron leaving the system in another of various states, or differing photon energies 
of X-ray emission). According to the Heisenberg uncertainty principle, the one- 
sided half-width d of the photo-electron signal is 2.3 eV divided by tl12 of the 
ionized system in the unit 10 -16 sec. In actual practice, ~ observed on the photo- 
electron spectra recorded (57) is the square-root of the sum of various squared 
contributions to the width, such as instrumental dispersion of Ekin and lack of 
monochromacy of the photons, and also vibrational broadening due to the Franck- 
Condon principle not allowing the internuclear distances to vary. In many in- 
stances, the Heisenberg uncertainty principle provides an insignificant contribu- 
tion to ~ if tl/2 is well above 10 -15 sec. 

We are not going here to discuss the photo-electron signal satellites due to 
shake-up and shake-off processes, which are weak and most readily detected in 
gaseous atoms (59). They have, however, the connection with the principle of 
final states that the barycentre of all the photo-electron intensity including the 
main signal and all the satellites are situated at the Koopmans value of ionization 
energy, assuming "frozen orbitals" of the Hartree-Fock wave-function of the 
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groundstate, whereas the main peak at lowest I corresponds to "relaxed" elec- 
tronic density of the other orbitals (in monatomic entities, the radial functions 
contract). This Manne-~lberg principle (60) is an analogy to the Franck-eondon 
principle of invariant internuclear distances that  the other orbitals, in a certain 
sense, do not have the time to adapt, but  that  the system lacking an electron 
collapses to a variety of T being eigen-functions of the new Hamiltonian in agree- 
ment with the principle of final states. Normally, the largest probability occurs 
for the same electron configuration (say ls 2s 2 2p 6 of Ne +) of the adapted elec- 
tronic density, and the shake-up situation ls 2s ~ 2p s 3p has a much smaller prob- 
ability, though it is important to note that the final states are eigen-functions of 
Ne +. The relaxatio~ energy (16) corresponding to the difference between the 
Koopmaus value (890 eV in the case of neon ls) and the observed I (870.3 eV in 
the example) can be divided in an intra-atomic and an inter-atomic part. Empiric- 
ally, the intra-atomic relaxation energy for inner shells is close to 0.8 eV times the 
square-root of I (in eV). Experimental evidence for inter-atomic relaxation effects 
can be obtained (61, 62) for neon atoms incorporated in metallic copper, silver 
and gold showing decreases of I(Ne ls) between 3.5 and 4 eV. In molecules con- 
taining carbon, nitrogen and oxygen, the relaxation energy (63) is between 14 
and 23 eV for the ionization of a ls electron. The variation of the inter-atomic 
relaxation energy from one compound to another of the same element contributes 
a significant amount (52, 64) of the chemical shift dI of inner-shell ionization 
energies. 

However, systems with partly filled 4/shells show a specific consequence of 
the principle of final states. Wertheim, Rosencwaig, Cohen and Guggenheim (65) 
and Jorgensen and Berthou (51) found independently that  the ionization 4/q-~4/q -1 
produces two signals in MF3 and other non-conducting compounds in the ele- 
ments from terbium (q=8)  to ytterbium (q=13) whereas the elements from 
praseodymium (q = 2) to gadolinium (q = 7) show essentially one signal. This can 
be understood qualitatively as the possibility of changing the groundstate S 
to (S + 1) or (S - 1) in the second half of the 4] shell, whereas S can only decrease 
half a unit by ionization in the first half. The difference between the two bary- 
centers in Eq. (5) is (2S + 1) D, where the numerical value of 7D~--5.6 eV is in 
qualitative agreement with the observed separation 6.7 eV in terbium(III) com- 
pounds, whereas 2D is distinctly smaller than the distance 3.8 eV between the 
two signals of yt terbium(III)  compounds. 

This discrepancy is expected, because each S-barycentre represents a large 
number of J-levels. Actually, the configuration ]q consists of: 

q =  0,14 1,13 2,12 3,11 4,10 5,9 6,8 7 

States 1 14 91 364 1001 2002 3003 3432 

J-levels 1 2 13 41 107 198 295 369 

S,L-terms 1 1 7 17 47 73 119 119 

(s) 

distributed over an interval to which 6/) is a lower limit for q = 4  and 10; 8D for 
q = 5  and 9; 12D for q = 6  and 8, and 15D a lower limit for q = 7  because of 
Eq. (5). However, one does not observe photo-electron signals of 4]q -1 in lantha- 

61 



C. K. Jorgensen 

nides dispersed over such a wide interval, in particular only one signal of Gd(III). 
I t  would be rather hopeless to distinguish the individual photo-electron signals 
if their intensity was proportional to the number of states (2J + 1) in each level 
or (2S + 1) (2L + 1) in each term. Cox (66, 67) proposed that  the intensity of each 
signal is proportional to the squared coe/ficient o//ractional parentage of the 4/q -1 
level or term in the S, L, J ground level of 4/q assuming spherical symmetry to 
remain a good approximation in the lanthanides. In the special case of 4/18 known 
from ytterbium(III) compounds, but not from metallic ytterbium being closed- 
shell 4/14 with the conditional oxidation state Yb[II] though it becomes Yb[III] 
at high pressure (68) or in globules with a diameter below 30/~, as can be seen 
from X-ray emission and electron diffraction rings (69), each term (though not 
each level) of the ionized 4/12 Yb[IV] has a probability of formation (2S + 1) 
(2L + 1)]7 proportional to the number of states in each term. Cox (66) normalizes 
this probability to q when ionizing 4]q. 

Table 1 contains these probabilities in all cases where a term is formed with 
higher normalized probability than 0.5. For a given value of S, there is a tendency 
toward proportionality to (2L + 1). For q at most 7, the only accessible terms of 
4/q -1 have S decreased half unit. Since L can at most change 3 units by removal 
of a single / electron,/8 cannot form 8p, [4 cannot form 4S and 4D, and/5 cannot 
form 5S (though 5D has the probability 0.476 included in Table 1). W h e n / s  
is ionized, sS is formed with (8/7) and each of the six sextet terms of/7 with the 
probability (2L + 1)/7. For q above 7, the probability of ionizing to (S +1 )  is: 

q = 8 9 10 11 12 13 (9) 
8/7 14/6 18/5 20/4 20/3 18/2 

with the result that  the probability of ionizing to all the levels (S -- {) is 8(14 - q)] 
(15-q) .  Hence, when applicable, the relative probability (S+½)/ (S-½)  is 

(q -- 7) (16 -- q)/(112 -- 8q) (lO) 

The squared coefficients given in Table 1 for ionization of ]9 to 5L, 5K and 5/-/ 
and of ]12 to 2L, 2K and ~H are all (2L + 1)/11, and for ionization of/10 to aM 
and 4L and of ]11 to 8M and 3L are all (2L + 1)/13. I t  is possible (75) to calculate 
diagonal and non-diagonal elements of interelectronic repulsion in the numerous 
cases where the configuration/q-1 presents two or more terms with the same com- 
bination of S and L. Cox (66) selected a definite choice of eigen-vectors reasonable 
close to the actual conditions. Certain sum rules are valid in these cases. Thus, 
the two 4K formed when ionizing ]10, and the two 3K formed from/11 have the 
sum (15113) as a single term with L = 7  was expected to have. However, in many 
other cases, the sums are smaller than (2L + 1)/[(q - 7) (14 - q) + 1]. 

Usually, the resolution obtained in photo-electron spectra is not sufficient 
to show individual J-levels, and the results given in Table 1 are indeed calculated 
for Russell-Saunders coupling. However, Cox has also calculated probabilities of 
formation of J-levels. With exception of the rather trivial case of 4] 14 having 
the probability of 8 of forming 2F7/2 (at lowest I) and 6 of 2F5/2, the energetically 
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Table 1. Ionizat ion energies in eV (I* relative to the  Fermi level) of metall ic l an thanides  
and  their  ant imonides ,  forming various final s ta tes  (I~ the  lowest) wi th  probabil i t ies  
calculated by  Cox and ass ignments  ob ta ined  by  comparison wi th  the  levels of t he  M(III)  
aqua  ion of the  preceeding e lement  

Grounds ta te  /*(metal )  I*--I~) I*(MSb) I*--I~)Assignment M(III) level  Probab i l i ty  

4/3 419/2 Nd 4.8 0 5,8 0 4/2 aH 4 P r  0 3H 2.333 
(5.4) 0.6 (6.4) 0.6 3F2 0.6 3F 0.667 

Sm 5,3 0 6.1 0 4/4 514 P m  0 5I 2.758 
(6.8) 1.5 - -  --  5F t  1.5 ~F 0.500 
7.6 2.3 8.5 2.4 5G2 2.2 5G 1.266 
9.4 4.1 - -  - -  5Do 3.7 5D 0.476 

4/7 8S7/2 Gd 8.0 --  9.1 - -  4]6 7F Eu 0--0.6 7F 7.000 

4/8 7F o Tb 2.3 0 3.2 0 4/7 aS Gd 0 sS 1.143 
7.4 5.1 8.2 5.0 6I 4.5 6I 1.857 

. . . .  6D 5.0 6D 0.714 
9.3 7.0 10.1 6.9 6G 6.2 6G 1.286 

. . . .  6F 6.8 6F 1.000 
10.3 8.0 11.1 7.9 6H 7.3 6H 1.571 

4/9 6H1512 Dy  3.9 0 5.0 0 4/s 7F 6 Tb 0 7F 2.333 
6.7 2.8 (8.3) 3.3 5D4 2.5 5D 0.159 
7.7 3.8 8.7 3.7 5Llo 3.4 5L 1.545 
8.8 4.9 (9.7) 4.7 5H7 3.9 5H 1.000 
9.3 5.4 10.3 5.3 5Is 4.4 5I 0.919 

10.5 6.6 (11.5) 6.5 5K 9 4.9 5K 1.364 
12.5 8.6 13.5 8.5 ? - -  - -  

4/lo 518 Ho 5.3 0 6.0 0 6H15/2 Dy  0 6H 2.800 
(6) 0.7 7.0 1.0 6Fl112 1.0 6F 0.800 

. . . .  411512 2.7 4I 0.636 
8.8 3.5 9.4 3.4 4 /21[2  3.2 4M 1.462 

(9.7) 4.5 (10) 4 4L1912 4.0 4L 1.308 
. . . .  4K17/2 3.3 4K 0.594 
. . . . . .  4K 0.559 

4/11 411512 Er  4.8 0 5.6 0 518 Ho 0 51 3.182 
5.4 0.6 (6.3) 0.7 5I 7 0.6 - -  
6.8 2.0 (8) 2.4 5F5 1.9 5F 0.625 

. . . .  aK s 2.6 aK 0.594 
7.7 2.9 8.7 3.1 5G~ 2.7 5G 1.193 
8.7 3,9 9.6 4.0 3L 9 3.6 aL 1.308 
9.4 4.6 10.2 4.6 3Mio 4.3 aM 1,462 

4/12 3H 6 Tm 4.6 0 5.5 0 411512 E r  0 41 3.677 
5.8 1.2 6.5 1.0 41131~ 0.8 - -  

. . . .  4F912 1.9 4F 0.677 
(7) 2.4 8.2 2.7 2Hl112 2.3 2H 1.000 
8.3 3.7 9.3 3.8 4Gll/2 3.3 4G 1.688 

. . . .  2K1512 3.5 2K 1.364 
10.1 5.5 11.2 5.7 2L17/~ 5.2 2L 1.545 

4/5 6H5/2 
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lowest J-level of a given term (having J = [L - S ] for q below 7 and J = L + S 
for q above 7) takes over nearly all the intensity belonging to the term. Thus, 
all4 of /2 has the probability (12/7) of forming 2Fs/2 and only (2/7) of 2F7/2 
whereas 2F7/2 of / l a  distributes the probability 3H6 (3.018), 3//5 (1.375) and 
3H4 (0,321). This situation can be even more extreme in the previous heavy 
lanthanides. Thus, 3H6 of/12 has the probability 1.500 of forming 2L17/2 but only 
0.045 of forming 2L15/2. 

HagstrSm and collaborators (70, 71) started studies of photo-electron spectra 
of metallic lanthanides. This is a considerable experimental problem, needing 
pressures below 10 -10 tort and freshly evaporated samples. These investigations 
have been continued by Baer (66, 72) recently using monochromatized 1486.6 
eV photons, achieving the unusually good resolution 0.3 eV. In Table 1 are given 
the I* values relative to the Fermi level. The identification is performed by com- 
parison with the absorption spectra of 4]q -1 of the M(III) aqua ions of the previous 
element (73) and of Gd(III) in CaF2 (74). This assignment of J-levels was previ- 
ously discussed (6) but the more complete hst given by Carnall, Fields and Rainak 
(73) contains the high L-values combined with the next-highest S which are 
particularly important for photo-electron spectra because so high ionization 
probabilities are concentrated in a term (and, specifically, in its lowest J-level). 

The agreement has fully confirmed the original idea of Cox, Evans and Orchard 
(75) that the photo-electron signals have intensities proportional to the squares 
of the coefficients of fractional parentage. However, the detailed distribution, 
and in particular the distance (I - I 0 )  above the lowest 4]q -1 signal, contains 
rather interesting information. It is not surprising that the levels of M[IV] obtained 
by photo-ionization have a slightly wider distribution than the isoelectronic 
M(III) of the preceeding element. Actually, gaseous M +~ is expected (3, 6, 53) 
to have term distances 20 percent higher than the isoelectronic M +3 [for compa- 
rison, it may be noted that the parameters of interelectronic repulsion increase 
linearly some 3 percent per unit of Z from 4/2 Pr(III) to 4/1~ Tm(III)]. Though 
the quantity 20 percent has not been verified by atomic spectroscopy, a com- 
parison with the other transition groups would make it improbable that it is 
outside the interval 17 to 22 percent. Hence, the increase of term distances 12 
percent found (66) going from Gd(III) 4/7 to metallic Tb, and from 4/s Tb(III) 
to Dy, or the more moderate increase 6 percent from 4I 11 Er(III) to Tm indicate 
a nephelauxetie ratio fl = 0.92 for Tb[IV] and Dy[IV] and 0.87 for TIn[IV] taking 
into account the weak nephelauxetic effect (fl =0.98 or 0.99) already occurrring 
in the M(III) aqua ion compared with M+3. It is not unexpected that terbium(IV) 
forming many mixed oxides, and dysprosium(IV) known from the fluoride 
Cs3 Dy F7 show a less pronounced nephelauxetic effect than thulium(IV) too 
oxidizing to form any compounds. However, a value as high as fl =0.87 (or 
perhaps 0.84 in ytterbium(III) photo-electron spectra) is higher than fl =0.79 
for Cr(H20) +3 and 0.76 for Fe(H20) +3 though chromium(III) and iron(III) 
are far less chemically oxidizing. We return to this dilemma below. 

The confirmation of the principle of final states (though combined with the 
Franck-Condon principle of invariant internuclear distances) by the photo-electron 
spectra of metallic lanthanides invites the question where the satellite signals 
needed to obey the Manne-Aberg principle (60) occur. There is a mildly undulating 
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background at higher I* before the 5p region, but a specific case may be the 
unidentified signal of metallic dysprosium (72) at I* = 12.8 eV. Whereas it is not 
probable that shake-up to 4/q -2 5d is important, because the expected I* are in the 
upper end of the regions studied (in particular in metallic ytterbium with I* = 1.1 
and 2.4 eV and in lutetium with I* =7.1 and 8.6 eV due to ~FT/~ and 2F5/2 of 
4/la), it is conceivable that dysprosium shows shake-off to 4/7 loosing two elec- 
trons simultaneously, and the sharp signal being favoured by the isolated sS 
state. An alternative, and more pedestrian, explanation is that  a triplet level of 
4/s Dy[IV] has acquired sufficient quintet character by effects of intermediate 
coupling, though this seems less likely when comparing the distance 2.0 eV from 
the neighbour signal with ~4~ = 0.2 eV. 

The highest I* =8.0  eV for the first signal (found in gadolinium) indicates 
a lower limit to the electron affinity in view of the obvious fact that  the conduction 
electrons do not invade the 4/shell.  Herbst, Lowy and Watson (76) and Hi~/ner 
and Wertheim (77) estimate the difference between the ionization energy and the 
electron affinity in metals to be 7 eV. In condensed matter, it is expected that  this 
difference is much smaller than the difference (35) between Ia = 20.4 and 14 = 44.0 
eV of Gd+2 and Gd +a but a comparison (51) of the photo-electron spectra of 
terbium(III) and terbium(IV) in a mixed oxide suggest a difference 16 eV of I ,  
of which 7 eV is due to the differing influence of spin-pairing energy from Eq. (5) 
and 9 eV represents the one-electron contribution. Tb+a has 14 =39.8 eV (35). 
Metallic Gd and Tb have I* 36.0 and 37.5 eV lower than 14, respectively. I t  may 
be noted that  the linear increase of I(41W2 ) between hafnium (Z =72) and gold 
(Z =79) 9 eV per unit of Z(20,51) still is only 5 times the hydrogenic value 27.2 
eV/n 2 = 1.7 eV. 

B. Photo-electron Spectra of Lanthanide Compounds 

We already mentioned the studies (20, 51, 65) of 4] group fluorides and oxides 
originally found to be in agreement with the refined spin-pairing energy theory. 
In Table 2 are summarized the I '  values for such compounds, corrected (51, 52) 
for the influence of the quasi-stationary positive potential maintained by non- 
conductors in the photo-electron spectrometer. 

Unfortunately, the resolution is not as good as when a monochromatized 
photon beam, and ultra-high vacuo are applied. The first class of 4/group com- 
pounds which have been measured under such conditions are the antimonides 
MSb crystallizing in the NaC1 type, of which Campagna, Bucher, Wertheim, 
Buchanan and Longinotti (78) produced freshly cleaved surfaces inside the instru- 
ment. These authors give the I* values relative to the Fermi level. All the samples, 
including LaSb, show a signal close to I* = 2  eV essentially due to Sb 8p electrons. 
The resolution of the 4/ signals is nearly as good as in the metallic elements. 
As seen in Table 1, the same structure is repeated at about 0.9 eV higher I*. 

Using the same technique, Campagna, Bucher, Wertheim, Buchanan and 
Longinotti (79) provided rather amazing evidence for the Copenhagen principle 
of final states in two highly unusual compounds Tm Te and Tm Se. The crystals 
MS, MSe and MTe all crystallize in NaCI type, and are semi-conducting M(II) 
compounds for M = Eu and Yb but metallic and showing the magnetic properties 
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Table  2. The  lowest  ioniza t ion  energy  4/q--~ 4]q-1 compa red  w i t h  ca lcula ted  va lues  (33) of 
Iehem for M(III) a q u a  ions  a n d  [ 4 of gaseous  M +8 (35) all in eV 

M MSb 5/[2 ° a MFa Ichem 14 
q = I*  + 3 eV I*  + 3 eV I '  I '  M(III)  M +a 

2 P r  6.3 7.6 9 10.7 7.9 38.98 
3 N d  7.8 8.8 10.4 12.2 9.1 40.41 
5 Sm 8.3 9.1 11.1 12.8 9.7 41.37 
6 Eu  - -  - -  12.0 13.7 10.9 42.65 
7 Gd 11.0 12.1 14.1 15.5 12.4 44.01 
8 Tb  5.3 6.2 8.5 9.0 7.8 39.79 
9 D y  6.9 8.0 9 10 9.5 41.47 

10 H o  8.3 9.0 10 12 10.7 42.48 
11 E r  7.8 8.6 9 11.9 10.6 42.65 
12 T m  7.6 8.5 10 - -  10.6 42.69 
13 Y b  - -  - -  12.5 14.0 11.6 43.74 
14 Lu  10.1 - -  13.9 15.3 13.0 45.19 

of M[III] for M = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho and Er.The condition for metalli- 
city (80, 81) seems to be that the groundstate would be 4/q -1 5d rather than 4/q. 
Seen from this point of view, M = T m  represents an interesting border-line case. 
The magnetic susceptibility of TmTe is intermediate between the values expected 
for Tm(II) and Tm(III). As seen on Fig. 4, the photo-electron spectrum of TmTe 
shows a superposition of the 4/lZ-~4/11 signals at higher I* (also known from 
metallic thulium and from TraSh) and a set of 4]1~-~4/lz signals of comparable 
intensity at lower I*. Hence, on an instantaneous picture (19) this cubic crystal 

I "x'== 10 eV 5 
I I I I I I I I i t I I I 

Er (]]I) E It i'i ! I E'c ' 
I l I T [ r a g / 2 r  I I I I l 

10 5 
1 1 1 1 1 1 1 | 1 1 1 1  

TmTe 

L "f l l  1T Tm (]]I) 
, ' • _ "~6. I 1Gz. 3~3H 5 

Fig. 4. Pho to -e lec t ron  spec t r a  ( /* re la t ive  to F e rmi  level) of meta l l ic  t h u l i u m ,  and  t h u l i u m  
an'cimonide, selenide a nd  tel luride.  T he  4/11 ene rgy  levels of Er( I I I )  a n d  4] 12 energy  levels  of 
Tm( I I I )  a q u a  ions are  g iven  for compar ison ,  wi th  the  he igh t  of t he  l ines de t e rmined  b y  t h e  
p robab i l i t y  ca lcula ted  by  Cox 
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contains about equal quantities of Tm[III] and Tm[II] though a "hopping" 
of electrons from the 4/13 sites to 4/12 sites probably takes very short time. 
The isotypic selenide TmSe contains about 80 percent Tm[III] and 20 percent 
Tm[II] on an instantaneous picture. 

Perhaps the most interesting aspect of this surprising result is that the final 
states 4/11 Tm[IV] formed by ionization of the 4/12 systems have a nephelauxetic 
effect comparable to TmSb in Table 1 but that the 4/t2 Tm[III] formed from 4/la 
(on crystallographically equivalent sites) hardly shows any nephelauxetic effect 
compared with the energy levels of thulium(III) aqua ions (73, 82): 

3H 6 3F  4 a l l4 ,  85; 3 1D 2 116 

TmTe, (I* -- Io) : 0 0.7 1.6 3.4 4.3 

Tm(III)  aqna ion: 0 0.7 1.5, 1.8 3.5 4.35 

(11) 

By the way, this is the first instance of well-resolved 4/la +4/12 photo-electron 
signals; the ten non-conducting ytterbium(III) compounds (16, 51) studied show 
less resolution. One might hope to study an ytterbium alloy containing Yb[III]. 

As seen in Table 1, there is marginal evidence for stronger nephelauxetic 
effect in Tb[IV] and Dy[IV] formed by ionizing TbSb and DySb than the elements, 
whereas Tm[IV] formed in TmSb has a smaller nephelauxetic effect than in metallic 
thulium. The energy difference 5.2 eV between 2L17/2 and the groundstate 
411512 of Er(III) has increased to 5.5 eV in Tm, 5.7 eV in TmTe and TmSb, and is 
expected to be 6.3 eV in gaseous Tm +4. 

Table 2 also gives Iehem = E ° + 4.5 eV according to Eq. (7) derived from the 
standard oxidation potentials E o of 4/ group M(III) aqua ions calculated by 
Nugent, Baybarz, Burnett and Ryan (33) partly by extrapolation of the electron 
transfer spectra of various types of M(IV) halide complexes. It is striking that 
these Iehem values (not restricted by the Franck-Condon principle) agree with the 
refined spin-pairing energy theory by all being 1.3 to 3 eVhigher than (Io + 3  eV) 
for the metallic elements, 0,3 to 2 eV higher than (I0+3 eV) for MSb, within 1 eV 
from the I' values of M2 03 and some 2 to 3 eV lower than I '  of MFa. For com- 
parison, Table 2 also gives I4 of gaseous M +a (35) being 31.1 to 32.2 eV higher 
than Iehem. This difference is 7 times the hydration energy parameter ~ (3, 43) 
seemingly varying between 4.44 and 4.6 eV. Though higher than the accepted 
value 4.3 eV, this is not unreasonable in view of the smaller ionic radii of the 
chemically unknown M(IV) species. 

The photo-electron spectra suggest the lowest ionization energy 4/q+4/q -1 
to vary along the double zigzag curve known (Fig. 1) from the other system 
differences, with a chemical shift some 4 to 5 eV from the metallic element to the 
fluoride and with the antimonides, oxides and iodates (51) at intermediate posi- 
tions. 

C. Why is the Number of 4/Electrons an Integer? 

The answer to this question has several parts, among which one aspect is already 
present in monatomic entities. Suppose two levels with the same combination of 
J, s and L of pr+ belonging to the two configurations [Xe] 4/26s 2 and 
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[Xe] 4/4 have a distance comparable to twice their non-diagonal element of 
interelectronic repulsion (perhaps 0.2 eV) their eigen-vectors contain about 
equal amounts of squared amplitude of the two configurations. However, one 
would not normally say that  three 4] electrons occur in such a situation. I t  is 
true that  one can make a kind of Mulliken population analysis of such a mon- 
atomic entity, and in the case of two electrons outside closed shells, the higher L 
values have the higher population numbers of the ]2 shell for the simple reason 
that  s 2 can mix only with IS, p2 can mix with IS, 3p and 1D, d ~ with these three 
terms and 3F and 1G, whereas aH and 1I still can be influenced by g2, h 2 . . . .  
When a chemist asks the question of the Chapter heading, he is not so much 
interested in this problem connected with the behaviour of natural spin orbitals 
(6, 83) but rather in a much more familiar context which can be described with the 
LCAO. approximation. 

As seen on Fig. 3, there is no doubt from a classificatory point of view that  a 
certain number of levels of a given M(III) compound belong to [Xe] 4/q followed 
at a certain distance by levels belonging either to [Xe] 4/q -1 5d or to an electron 
transfer configuration (ligands) -1 [Xe] 4/q +1. In the case of M(II) compounds, the 
first excited configuration is always [Xe] 4]q -1 5d, whereas it always is of the 
electron transfer type in M(IV). Regarding the manifold of adjacent levels, one 
cannot argue that  any doubt adheres to the integer q. This statement would not 
be so clear-cut in the d groups (3, 78) where the five d-like orbitals can show rather 
different behaviour, for instance of delocalization on the ligating atoms. Another, 
related problem is catenation. I t  can be argued that  the dimeric acetate 
M2(O2CCHs)2, 2 H20 contain two 3d 8 Cr[III] and 4d 6 Rh[III] in the cases of 
M = Cr and Rh, where an additional electron pair (which may be d-like or not) 
binds the two M atoms, like 3d 6 Mn[I] in (OC)sMn Mn(CO)~. Hence it is not 
certain whether these compounds have the oxidation states Cr(II), Rh(II) and 
Mn(0), or perhaps no oxidation state at all (3). Nevertheless, the unusual be- 
haviour of thulium telluride (79) has opened up a new field of complications, 
though the choice between 4/12 Tm[III]  and 4/13 Tm[II] is made by the atoms 
in a given instant. 

After reviewing the evidence for q invariantly being an integer defining the 
conditional oxidation states M[II], M[III] and M[IV], we may discuss the physical 
mechanism. A major reason is the coefficient q(q-  1)/2 to A~(4], 4]) in Eq. (2) 
which would increase in direction of the value q2/2 for a classical charge distribution 
if the 4] electrons formed an energy band in the sense of the conduction electrons 
of the alkaline and the coinage metals. As discussed in the next Chapters, the 
typical molecule has MO being in between these two extremes, loosing perhaps 
- q A , / 4  relative to the isolated atoms. The stabilization -qA~(4/ ,  4/)/2 of mon- 
atomic 4/q (due to the absence of self-repulsion in a given electron) is a consider- 
able quantity. Since Dr. Watson kindly indicated ( r  -1} = 1.61 bolir -1 for his 
Hartree-Fock 4] orbitals of Gd +3, A.(4/, 4/) considered as an integral of inter- 
electronic repulsion close to 0.6 ( r  -1} atomic units is 27 eV. The observed (35) 
differences (14 - Is) corrected for spin-pairing energy give the phenomenological 
parameter 19 eV corresponding to the general Watson effect of dielectric dimi- 
nuation of the interelectronic repulsion (6, 84). I t  was discussed above how this 
difference is evaluated to 9 eV from the photo-electron spectra of Tb(IV) and 
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Hf(IV) compared with the isoelectronic Gd(III) and Lu(III) (20, 51) and estimated 
theoretically (76) to 7 eV for the metallic elements. Campagna et al. (79) determined 
the distance 6.4 eV between the lowest I*(4/) of the 4/12 and 4/la sites in Tm Te 
and 5.6 eV in Tm Se giving A~(4], 4/) about 0.4 eV larger values after correction 
for the quantities entering the refined spin-pairing energy theory. 

Another correction favouring localized orbitals with high D is the spin-pairing 
energy Eq. (5). For Gd(III) the effective value of - 7 A~(4], 4/)/2 in condensed 
matter is - 28 eV (but - 67 eV for gaseous Gd +a ) to be compared with - 168 D/13 
= - 11 eV only expected to differ by one or two percent in the two cases. Mott 
(85) and Hubbard (86) call the activation energy for electron transfer from lq 
to lq +1 the parameter U, which is essentially our A~ but corrected for the various 
other effects. I t  may be noted that  the difference 12.85 eV between the ionization 
energy 13.60 eV and the electron affinity 0.75 eV of the hydrogen atom is 
smaller than A~(ls, I s ) =  1.25 rydberg=  17.0 eV calculated for H, but larger 
than the Slater value 17.0(1 -0.3125) = 11.7 eV for H-. Though of less chemical 
relevance, it is also interesting to compare Iz =24.587 and 12 =54.416 eV of 
helium with 17.0(2- 0.3125) = 28.7 eV, slightly smaller than I 2 - 1 1  =29.83 eV. 
This discrepancy is mainly due to correlation energy in the two-electron system 
In many-electron systems such as Gd +a, and a/ortiori in Gd(III) many additional 
effects (76) operate to decrease the phenomenological A~. 

III. Partly Covalent Bonding 

A. The Variation Principle and the LCAO Model 

The MO configuration (~g)2 of the lowest state of the hydrogen molecule is 
approximately as well-defined as ls 2 of the helium atom, as far goes natural spin 
orbitals (87), and at the equilibrium internuclear distance, its correlation energy 
is about - 1 eV (like He) though this is more than a-fifth of the dissociation energy 
of H2. However, at larger R, the correlation energy decreases dramatically. The 
asymptotic behaviour for very large R corresponds to equal amplitude of exactly 
two MO configurations (~u) 2 and (~g)2. The diagonal element of energy of both 
these configurations is the average of the combination H + H (at which we put 
the zero-point of energy) and H + + H-, or 6.42 eV. The non-diagonal element 
consists (6) of the two-electron quantity ½A,(ls, ls) =K(ag, ~u) for large R. If 
one neglects the overlap integral between the Is orbitals of the two hydrogen 
atoms (this is always somewhat dangerous when discussing chemical bonding) 
the energy levels at large R can be written 

(Ea + Eb) - (Ea - Eb) 2 / A,(ls, ls) (12) 

where Ea is the one-electron energy of the anti-bonding MO of symmetry type 
au (having a nodeTlane between the two nuclei) and Eb of the bonding ~g. The 
level given by Eq. (12) corresponds to a mixture of some 49 percent (~u) ~" and 
some 51 percent (~g)2 and has S ----0. I t  is slightly below a level with S ---- 1 con- 
taining three states, and at large R having the exact MO configuration (ag)l 
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(au) 1 and the energy (Ea +Eb). If R is decreased to such a value that (Ea - Eh) = 
0.5 eV, Eq. (12) is still only --0.019 eV because the denominator is 13 eV. In 
addition to these four states, two other states formed by the distribution of two 
electrons on two orbitals (4-3]2 =6)have much higher energy corresponding to 
linear combinations (having S =0) of the situations H- H + and H + H-. The rapid 
separation of one of these six states as the groundstate of Ha for smaller R cor- 
responds to what Mo/fitt (88) calls the transition from A,S-coupling to valency- 
coupling. 

It is important to note that the small stabilization of the singlet relative to 
the triplet given by Eq. (12) for large R as a second-order expression of the one- 
electron energy difference (Ea - Eb) is the mechanism of anti-ierromagnetic coupling. 
Heisenberg introduced a parameter J producing energy levels of the form 
+JS(S + 1) where J is chosen positive for anti-ferromagnetic, and negative for 
ferromagnetic cases. With this definition, Eq. (12) indicates 2 J. The behaviour 
of a large number N of ions each having an individual value So has been discussed 
(79) and in particular, it has been shown (for vanishing J) that the average value 
of S(S + 1) for such a system is NSo(So + 1). Since the quantity measured by 
magnetic susceptibility is proportional to S(S + 1) this explains why N ions are 
N times as paramagnetic as one ion. In the case of many ions, one should not 
forget the warning by Griifith (89) that the dispersion of energy levels having the 
same S may be rather large compared with J ;  the Heisenberg formula applies to 
the barycentre of all states having a given S. Though the interelectronic repulsion 
in Eq. (5) also depends on S(S + 1) (though in a monatomic system) the physical 
origin of anti-ferromagnetic coupling is entirely different. Glerup (90) discusses 
the dimeric blue (NH3)sCrOCr(NH3)-~ 4 having the unusually large J =0.028 eV 
finding the Heisenberg interval rule for the low-lying levels with S = 0, 1, 2 and 3 
where the highest level with S = 3  is not stabilized, whereas the lower S-values 
are the lowest eigen-values of the type Eq. (12) of secular determinants having as 
diagonal elements states with a definite number of d-like electrons (2, 3, or 4) and 
correspondingly well-defined oxidation states, the lowest being Cr(III), Cr(III) 
and a higher set being Cr(II), Cr(IV) and Cr(IV), Cr(II). In the case of half-filled 
sub-shells and other Kamimura-stable systems (79, 91) one obtains the Heisen- 
berg formula. The protonated pink (NH3)sCrOHCr(NH3)~ -5 is not linear 
(<  CrOCr = 165°.6) and has (92) a much smaller J = 0.002 eV. The more com- 
plicated ethylenediamine complex Cr4(OH)6en +6 (93) has magnetic properties 
suggesting the four Cr(III) in a rhomb, confirming the independent crystal struc- 
ture (94) containing two Cr(III)O2N4 and two Cr(III)O,N2 chromophores. The 
256 low-lying states are calculated (93) to be distributed on 44 different levels 
having S ----0, 1, 2, 3, 4, 5 and 6 and energies being multiples of J from zero to 
21 J.  Solid-state physicists (95, 96) have elaborated models of anti-ferromagnetism 
rather foreign to chemical thinking. In the case of 41 groups compounds, one has 
to cool to very low temperatures before seeing deviations from Curie paramagnet- 
ism, and only in rather special mixed oxides (97) such as DyFeO3 the Heisenberg 
parameter J achieves values above 10 -4 eV. 

Returning to molecules or polyatomic ions containing at most one partly 
filled shell, it is generally assumed that the MO (hopefully classifying the energy 
levels like the nl-shells of monatomic entities) have the character of linear c o r n -  
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binations o[ atomic orbitals (LCAO). Other approximations have sometimes been 
used in crystals with repeating unit cells in translational symmetry, such as the 
"augmented plane-wave method" where the one-electron functions are supposed 
to be those of freely moving electrons in a constant potential, modified by orthogo- 
nalization on the closed shells of the relatively unvoluminous atomic cores. 
However, in recent years, the Multiple-Scattering Xo, Method proposed by John- 
son and Slater (98, 99) represents an attempt of solving SchrSdinger's equation 
directly without the LCAO assumption. 

Nevertheless, the typical heteropolar chromophore MXN is usually described 
by LCAO variants, among which the Wol/sberg-Helmholz model (100, lOI) 
was very popular around 1960. A closer analysis (6) shows that the eigen-value 
corresponding to the anti-bonding orbitals of the partly filled shell is related to 
the diagonal elements of energy Hm and Hx (both negative) of the central atom 
and of the ligand orbitals, and to the overlap integral S~tx between the central 
atom orbital and the linear combination of ligand orbitals having the same sym- 
metry (in the point-group of the chromophore) as the central atom orbital and the 
resulting MO eigen-vector, by the approximate expression 

Ea = HM + (Hx SMx)2 / (HM -- Hx) (13) 

The eigen-value of the corresponding bonding orbital (6) is then 

Eb = Hx - (HM SMx) ~ / (H~t -- Hx) (14) 

This is a reasonable description in heteronuclear molecules including the d-like 
electrons of VC14 (102) and various gaseous chromium(Ill) complexes (/03) 
having lower ionization energies I than the filled MO which can be observed in 
photo-electron spectra of TIC14 and of the corresponding scandium(III) complexes. 
Evans, Hamnett, Orchard and Lloyd (/03) pointed out that the iron(III) and 
cobalt(III) tris(hexafluoroacetylacetonates) have the rather alarming property 
of having higher I of the 3d-like electrons than of the loosest bound MO mainly 
located on the ligands. This is less surprising in the case of the diamagnetic 
(s =0) Co(III) having all six d-like electrons in the lower, roughly non-bonding 
sub-shell (with angular functions proportional to xy, xz and yz avoiding the six 
oxygen atoms in the octahedral chromophore) than in the high-spin (S =5/2) 
iron(III) complex having one electron in each of the five d-like orbitals with the 
amazing corollary that the two anti-bonding electrons in the higher sub-shell has 
higher I than their bonding MO counterparts with the same symmetry type. 

Since the present volume is about rare earths, there is no doubt that the same 
paradoxical situation occurs in nearly all solid 4] group compounds (51, 52, 65) 
with exception of Ce(III), Pr(III) and Tb(III). A unique, extreme situation occurs 
in 4/7 terbium(IV) (52) where I'(4/) = 24.7 eV in Tb02 (kindly provided by Prof. 
G. Brauer) is somewhat higher than 22.4 eV in Hf02. Before 5g group elements 
with Z above 121 are synthesized (104) terbium(IV) represents the highest I 
conceivable of a partly filled shell in chemical compounds. 

It had been recognized for some time (6) that the electrostatic model of "ligand 
field" theory encounters almost as many difficulties in the 4] group as in the three 
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d groups, and the angular overlap model was originally introduced (105) with the 
purpose of explaining the spreading (usually 0.05 to 0.1 eV) of the one-electron 
energies of the seven 4[ orbitals by anti-bonding effects proportional to the square 
of the overlap integral SMx in expressions of the type Eq. (13). The angular overlap 
model can also be applied to partly filled d shells and was later shown (19, 106-- 
110) to be equi-consequential with a contact potential acting at the positions of 
the ligand nuclei. Anyhow, in 1963, it was presumed (105) that  the eigen-value 
Ea of Eq. (13) represents an ionization energy (we return to this rather intricate 
question in the next Chapter) and in the aqua ions M(H2 0) +3 containing a chro- 
mophore M(III)09 of symmetry D3h it was assumed (using evidence from electron 
transfer spectra) that  H~t is about - 6 eV, and Hx about - 12 eV like in many 
oxygen-containing molecules. Whereas a few metallo-organic compounds (52, 
58) of 3d 6 chromium(0) have I(3d) close to 6 eV, it cannot be seriously maintained 
that  Ea , -~-  6 eV should represent I(4/) when Table 2 is known. 

The realization that  I(3d) or I(4]) can be higher than I of the loosest bound 
MO is colloquially called the third revolution in "ligand field" theory (111, 712) 
though it had previously been suspected (6) that  such a situation might occur 
in cases such as CuBr~ 2 or OsI~ 2 combining an oxidizing central atom with strongly 
reducing ligands. In many ways, this surprise was the least expected in the lan- 
thanides, where the nephelauxetic ratio fl is above 0.93 in 4] ~ praseodymium(III) 
compounds (2, 3, 19) and probably above 0.95 in all other M(III) cases, and where 
the Land6 parameter ¢4f is much less sensitive to chemical bonding, in particular 
in 4/la ytterbium(III) compounds. I t  cannot be argued that  SMx is below 0.03 
explaining the weak covalent bonding, because one can always find a case where 
I(M 4/) coincides with I(02p) or I of other penultimate MO with the result that  
the ionized system has at least two degenerate eigen-values, of which it is known 
that  any arbitrary linear combinations of these eigen-states is also a solution to 
the Sehr6dinger equation. I t  is not much better that  all or most Eu(III),  Gd(III) 
and Yb(III) compounds have the lowest 1(41) slightly above the lowest I of the 
ligands. Hence, it is not trivial that  the parameters of the angular overlap model 
(705, 113) corresponds to anti-bonding effects, though the denominator in Eq. 
(13) seems to be negative (if represented by IM - Ix) and that  these parameters 
conceivably might have had the opposite sign of the d-group complexes. Further 
on, the anti-bonding effects decrease smoothly (105) from 4] 1 Ce(III) to 
4/13 Yb(III). 

The way out of this labyrinth may be to consider (772) the total energy in- 
cluding the interelectronic repulsion. We construct two orbitals from ~M and 
~ox with the trigonometric parameter 9 

~oa = (cos 9) ~oM - (sin 9) ~ox 

v/b = (sin 9) ~ t  + (cos 9) ~ox 
(15) 

These LCAO are written as if ~w and ~ox have been orthogonalized (19). 
Let us assume that  the system containing closed shells and one electron in the a 
orbital has its energy minimized for 9 = 20 o (corresponding to significant covalent 
bonding) with sin 9 = 0.34 and cos 9 ----0.94. Then, the stabilization by covalency 
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is tg 50 =0.364 times the non-diagonal element of the effective one-electron 
operator. In the configuration b ~, the set of coefficients to the parameters of 
interelectronic repulsion is 

(sin450) A~(M, M) + (2 sin250 cos250) A~(M, X) + (cos450) A~(X, X) (16) 

with the numerical values 0.01, 0.20 and 0.79 in the example. If A~(M, X) _-_ 
A~(X, X) it is evident that  the optimal valueof 50ontyis modified to an insignificant 
extent. This is not at all true for the configuration b2a 1 

[sin250(1 + cos250)] A~(M, M) + [2 - 2 sinZ50 cos250] A,(M, X) 

+ [cos29(1 + sin29)] AT(X, X) 
(17) 

with the numerical values 0.220, 1.794 and 0.986 of the three coefficients having 
the invariant sum 3. Here, the coefficient to A~(M, M) varies quite a lot and is: 

50 = 15 ° 20 ° 25 ° 30 ° 45 ° 60 ° (18) 
0.130 0.220 0.325 0.4375 0.75 0.9375 

When the total energy containing the contribution Eq. (17) is minimized, 
it is clear that  a large value of A,(M, M) pulls the optimal 50 down in direction of 
15 ° or perhaps smaller values. In the 4/group, the non-diagonal element of the 
effective one-electron operator is perhaps only 0.04 A,(4], 4/). In such a case, 
one may write the asymptotic expression for small 50, assuming A~(M, X ) =  
A~(X, X) = A :  

(2 sin~50) A~(M, M) + (3 - 2 sine50) A + (1 + sin250) HM + (2 -- sine50) Hx 

+ (tg50) HMx (19) 

When differentiating with respect to sin% one finds to first order the minimum 
at 

sin50 = - (H•x) [ [4 A~(IVI, M) - 4 A + 2 (HM -- nx)]  (20) 

For the case Hx ---= HM, this minimum occurs for sin50 ---- -- HMX/4 [A~(M, M) -- A] 
which is a positive quantity, but 9 is below 3 °. Since the nephelauxetic ratio is 
approximately fl = cos450----0.994 for 9---= 3°, one would have to ascribe observed 
values close to /5----0.98 to modified (expanded) radial functions. Such a modi- 
fication is capable of leaving ~4~ almost constant. I t  is noteworthy that  the con- 
figuration b 2 a 1 treated in Eqs. (17-20) contains only one 4j-like electron, and 
hence, the dramatic decrease of ~0 is obtained without specific interelectronic re- 
pulsion in the partly filled shell. 

However, one has to recognize a minor, but rather curious inaccuracy in the 
argument leading to Eq. (17). For instance, the configuration b 2 a2 has the inter- 
electronic repulsion 
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[A,(M, M) + 4 A,(M, X) + A~(X, X)] (1 - sin29 cos29) (21) 

oscillating between 75 and 100 percent of the correct value (9 = 0°) known to be 
invariant with 9 (and hence without direct interest for us). It is necessary to con- 
sider the direct J(a, b) and exchange K(a, b) integrals of the two-electron 
operator (6, 79, 174) here being 

J(a, a) = (cos49) J(M, M) + (2 sin~9 cos29) J(M, X) 

+ (4 sin29 cos~9) K(M, X) + (sin49) J(X, X) 

J(a, b) = (sinZ 9 cos29) J(M, M) + (sin49 + cos49) J(M, X) 
- (4 sin29 cos29) K(M, X) + (sin29 cos9'9) J(X, X) 

K(a, b) = (sin29 cos9'9 J(M, M) - (2 sin29 cos29) J(M, X) 
+ 

J(b, b) = 
+ 

(22) 

(cos49 + sin49 -- 2 sin29 cos29) K(M, X) + (sin29 cos29) J(X, X) 

(sina9) J(M, M) + (2 sin29 cos29) J(M, X) 
(4 sin29 cos29) K(M, X) + (cos49) J(X, X) 

where J(a, a) and J(b, b) have the same coefficients as in the arguments involving 
A~ parameters, whereas K(a, b) unexpectedly contains contributions from J 
integrals for 0 ° < 9  <90 ° and hence does not vanish even if the K integrals are 
negligible. Harnung and ScMiffer (J15) point out that J(a, b) - K(a, b) for many 
purposes have simpler expressions than their parts, and this difference is here 
J(M, X) - K(M, X). In the configuration b 2 a 2, Eq. (22) gives the expression 

J(a, a) + 4 J(a, b) - 2 K(a, b) + J(b, b) 

= J(M, M) + 4 J(M. X) - 2 K(M. X) + J(X, X) 
(23) 

invariant with 9. It is noted that A,(M, X) =J(M, X) - ½ K(M, X). If the results 
in Eq. (22) are applied to the configuration b 9' a 1 the two quantities 2 sin29 to 
the left in Eq. (19) are halved with the consequence that the asymptotic Eq. (20) 
is replaced by 

sin9 = -- (HMx) / 2 [A.(M. M) - A + HM -- Hx] (24) 

and the total energy of the configuration b 2 a 1 is then stabilized (sing/HMx/2. 
If the original arguments are applied to the configuration b 4 a s, the inter- 

electronic repulsion between the six electrons is 

[1 + sin~9(5 + cos~9)] A,(M, M) + [8 - 2 sin~ 9 cos29] A,(M, X) 

+ [1 + cos29(5 + sin29) ] A,(X, X) 
(25) 

and the expression analogous to Eq. (19) is 

(1 + 6 sin29) A,~(M, M) + (14 -- 6 sin29) A,  + (2 + 2 sin29) HM 

+ (4 -- 2 sin29) Hx + (2 tgg) H~x 
(26) 
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For small ~0, the differentiation with respect to sin~ situates the minimum 
energy close to 

sin~ = -- (HMx) / [6A~(M, M) -- 6A + 2(HM -- Hx)] (27) 

which gives ~ two-thirds as large as Eq. (20) for H~t = Hx. It is difficult to apply 
the new arguments in Eq. (22) to the configuration b 4 a 2 before a closer analysis 
(6, 114) of J(b, b) for the same and in two different b orbitals. If we restrict our- 
selves to replace 

8 A~(a, b) + A,(a, a) by 8 J ( a , b ) - 4 K ( a , b )  + J(a, a) (28) 

the coefficient to As(M, M) is [1 +sin~¢(2 + 3  sin~¢)] in Eq. (25) and (1 +2  sinSg) 
in Eq. (26) with the result that Eq. (24) is also obtained for b4 a2. 

It is striking that the denominators of Eqs. (20), (24) and (27) contain the 
difference A~(M,M)- A rather analogous to the parameter U of Mort (85) and 
Hubbard (86) and quite foreign to Hiickd-Wol/sberg-Helmholz models. It is perhaps 
also significant that the denominator is related to the first-order approximation 
(6, 39) to the electron transfer bands 

hve. t. ~ -  I ( X )  --  I(M) + A~(M,M) - A~(M,X) (29) 

where we have now learned (111, 112) that the difference I ( X ) -  I(M) between 
the ionization energies may very well be negative, although A,(M,M) is highly 
positive. 

Though the physical mechanism of the anti-ferromagnetic coupling in systems 
containing several transition-group ions described by equations such as Eq. (12) 
is very different from the weak covalent bonding in 4/group compounds described 
by Eq. (24), a common feature is that the denominator contains a large A~(M,M) 
with the result that the phenomenon is not primarily determined by one-electron 
energy differences. Though Eq. (24) undoubtedly is an approximation, it shows 
clearly that the minimization of the total energy in chromophores containing one 
or several 4/electrons has to take huge effects of interelectronic repulsion into 
account. 

B. The Importance of Kinetic Energy 

In the Wol]sberg-Helmholz model, the non-diagonal element HMx to be multiplied 
by the overlap integral SMx is assumed to be a constant k (between 1.5 and 2) 
times the arithmetic or geometric average ( -  (HM Hx)1/2) of the diagonal elements 
HM and Hx (100). Whereas the diagonal sum rule (Ea + E b  =HM + H x )  would 
be valid for k = 1, the specific choice (6) k = 2  gives Eqs. (13) and (14) by second- 
order perturbation. 

Hellmann and Ruedenberg (116) emphasized tile importance of the kinetic 
operator for covalent bonding. In the asymptotic case of weak covalent bonding 
characterizing all 4] and some 3d group compounds, it is attractive to identify 
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the non-diagonal H~Ix with the local contribution to the kinetic energy in the bond 
region between the M and X atomic cores. Actually, the first paper (117) published 
in Chemical Physics Letters suggested to replace Eqs. (13) and (14) by 

v/a = (~I - nSMx ~X)/[1 + (n2 _ 2~)S~tx]t 

~b = (~0M + 2 S~tx v/x)/[1 + (22 + 22)S~x]½ 
(3o) 

where the delocalization parameters z and 2 are related by the normalization 
condition 

2 = ~ -- 1 + u2S2x (31) 

In the limit of ~ close to one, it is suggested (19) that the asymptotic Slater 
exponents/~M and/~x determine contributions to the kinetic energy: 

2 2 Ea = HM + ½ ~ SMX(aM + ~X 2) 
2 2 

Eb = Hx -- ½ 2 S~tx(/~M + / ~ )  
(32) 

This approach has been further elaborated (19) and shown to yield the angular 
overlap model. It should not be concluded conversely that the validity of such 
results is a proof of asymptotic weak effects of the kinetic operator in Eq. (30). 
Thus, the order of the d-like orbitals in 3d group cyclopentadienides M(CsHs)2 
agrees with the perturbation of the equi-consequential contact potential at the 
ten carbon nuclei. Strictly speaking, this would suggest ten a-bonds to the central 
M. However, there is no doubt that the "ligand field" effects in 4/group chromo- 
phores correspond to an additional nodal surface between M and the X in spite 
of the fact that the anti-bonding orbital ~Va in Eq. (15) may have a higher I(a) 
than the bonding, I(b). If we conceive the minimization of energy of the chromo- 
phore by varying the extent of covalent bonding (as proposed by the LCAO 
model of heteronuclear systems) it is important to realize that I(4/) may vary 
far more because of slightly changing fractional atomic charges than because of 
non-diagonal elements HMx of the effective one-electron operator, and that it 
may be an overall advantage for the system that I(4/) decreases to a certain 
extent, though not necessarily below the lowest I of the filled MO. It is not trivial 
that the numerous sub-levels of the various J-levels of 4] group compounds 
(105) can be consistently described by one-electron energy differences. Similar 
results have been obtained (118) for the 5] 1 systems PaCI~% PaBr~% UF~, UCI~, 
UBr~ and NpF6. 

There is another aspect, where the kinetic energy operator is highly important 
in the 4/group. Freeman and Watson (119) performed Hartree-Fock calculations 
for various 4/group M +2 and M +3. For an entirely different purpose (120) of com- 
paring the relative intensities of photo-electron signals induced by 1486.6 eV 
photons, Dr. Watson was so kind as to indicate (r -2) =3.3 bohr -2 for the half- 
filled 4/shell of Gd +3. Since the angular part of the kinetic energy in spherical 
symmetry (3, 79) is l(l+ 1)(r-2)/2 atomic units, already the angular part is 
540 eV in Gd +3 out of all proportion with I4 =44.0 eV of the gaseous ion or I(4/) 
between 15.5 and 12 eV found in photo-electron spectra (see Table 2) of gadolinium 
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(III) compounds. Slightly less extreme behaviour is found in the 3d group (52) 
where (r -2) is 2.13 bohr -2 in Fe +2 and 2.72 bohr -~ in Cu + giving the angular 
part of the kinetic energy 175 and 220 eV, respectively, about twenty times 
I(3d) from photo-electron spectra. This large kinetic energy may very well be 
one of the facts determining the strict localization of 4/electrons in the elements 
and their compounds. If a change by 5 percent of ( r  -25 modifies tile kinetic 
energy twice I(4/), it is another way of looking at the small ~0 from Eq. (15) 
in M(III) indicated by many physical measurements. Said in other words, the 
average radius of the partly filled 4/shel l  is far smaller than one would expect 
from its ionization energy. 

C. Comparison with Copper(II) Complexes 

It  is interesting to compare the photo-electron spectra of 3d 9 copper(II) and 
41 t3 ytterbium(III)  which are chemically highly different, but  have the Mulliken 
electronegativity (6) rather similar. I t  has been argued by many theorists that  this 
average value of I and the electron affinity is the appropriate representation 
of one-electron quantities such as H• and Hx. Since I'(3d) = 11.1 eV for copper(II) 
fluoride (57,712) and I' close to 9 eV for copper(I) compounds (such as CueN) 
the Mulliken x is close to 10 eV. Correspondingly, I'(4/) varying between 14 and 
12 eV in Yb(III) and I '  of Yb(II) expected (20) to be 6 eV suggests x somewhere 
between 10 and 9 eV. A much more extreme case is terbium(IV) where x is the 
mean value of 25 and 9 eV, close to 17 eV, neglecting a minor effect of the 
Franck-Condon principle. 

Approximate LCAO calculations have been reported for the (hypothetical) 
planar CuF~ ~ by Tossell and Lipscomb (721) and the planar CuCl~ 2 by Demuynck, 
Veillard and Wahlgren (722). In both cases, the twelve filled MO (constructed 
mainly from fluorine 2p or chlorine 3p orbitals) have Koopmans e values some 
11 to 3 eV less negative than the four filled 3d-Iike orbitals. I t  is expected that the 
ionization energies show less pronounced differences, if the relaxation energy is 
taken into account (16). Baerends and Ros (123) discuss these deviations from 
Koopmans behaviour in iron(II) cyclopentadienide "ferrocene" Fe(CsHs)z where 
the three lowest /-values 6.9, 7.2 and 8.7 eV refer to two (degenerate) and one 
3d-like orbital, and to the two loosest bound MO mainly constituted of cyclo- 
pentadienide "~r" orbitals. The Koopmans values (124) are 14.4, 16.6 and 11.7 eV, 
whereas the energy difference between gaseous Fe(CsHs) + and Fe(CsHs)~ is 
calculated to be 8.3, 10.1 and 11.1 eV in the three cases. The X ,  method (98, 99) 
produces the more precise values (123) 6.7, 6.7 and 8.1 eV. 

The comparison of Cu(II) and Yb(III) seems to show that the idea of Mulliken 
electronegativities is no universal remedy for the difficulties of the LCAO model. 
A less elegant and apparently somewhat arbitrary hypothesis is that one needs a 
convergent iteration, where the eigen-vectors in a highly covalent molecule are 
determined by the Mullikeu x ~-I(a)--~-A~(a,a) but in an almost electrovalent 
4/group compound by I of the filled orbitals of the ligands and the electron affinity 
I ( 4 / ) -  A,(4/,4]) of the part ly filled 4] shell. Excepting final results known from 
chemical and spectroscopic intuition, such an iteration is not an easy problem, 
because the I values move quickly as a function of the inherently changing atomic 
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charges. Though the concept of differential ionization energies (3, 125) cannot 
be directly applied (6) to the 4 / group compounds, it is imperative for such an 
iterative model to take the Madelung potential (125) into account, compensating 
the variation of I with varying fractional atomic charges, at least to a large 
extent. 

Seen from this point of view, tile negligible covalent bonding in 4]~ euro- 
pium(III) is determined by the low I(4]) of 4/7 europium(II) compounds for which 
I '  =6.9 eV in the coloufless non-conductor EuS04 (51) and I* = 1.8 eV correspond- 
ing to I close to 5 eV in the low-gap semiconductor EuS (126). These values 
between 5 and 7 eV are obviously far below I of most ligands in solid compounds. 
The similar argument does not hold for copper(II). It is quite characteristic (112) 
that the partly covalent bonding decreases the fractional atomic charges (3, 6) 
to such an extent that !(3d) of 3d 6 Co(III) is about a-third of 3d 10 Ga(III), and 
of 3d o Cu(II) some 5 eV below 3d 10 Zn(II), whereas the moderate increase of 
I(4/) from 4/13 Yb(III) to 4/14 Lu(III) agrees with the refined spin-pairing energy 
theory. The strongly anti-bonding character of the (x ~ _y2) like orbital contain- 
ing one electron in copper(II) complexes producing rather specific stereochemical 
(17, 19, 64) and photo-electron (51, 52) characteristics is not at all comparable 
with the exceedingly weak anti-bonding character of some or all the seven 4/ 
orbitals in a given chromophore (105) not disrupting the distribution of J ,  S, L- 
levels even in the configuration 4[q-1 studied in photo-electron spectra of lanthanide 
elements and compounds. 

Note added in proo/ : Whereas thul ium telluride (79) is essentially stoichiometric, Campag- 
na et al. (/29) recently studied the effect of gadolinium or thorium subst i tut ion in the semi- 
conducting samarium(II)  sulphide. The metallic NaCl-type Gdo.laSmo.86S and Tho.15 
Smo.ssS show a photo-electron spectrum indicating comparable amounts  of Sm[II] and 
Sm[III] .  Other recent conclusions from photo-electron spectra have been reviewed (130). 
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1. In t roduc t ion  

Interest in the intensities of lanthanide f+~f spectra can be said to have begun 
with a paper published in 1937 by Van Vleck (7). At that time it had not been 
established whether the sharp lines in the spectra of trivalent lanthanide ions 
were in fact due to transitions within the 4/N configuration or due to transitions 
between that configuration and one of higher energy (for example 4] N-1 5d). In 
the latter case the transitions would occur by an allowed electric dipole mechanism; 
in the former by a forced electric dipole (involving either a static or a vibronic 
perturbation) or a magnetic dipole or electric quadrupole mechanism. Van Vleck 
calculated (7) the intensity expected on the basis of each of these possibilities and 
concluded that, whilst that produced by the allowed electric dipole mechanism 
was much too large (ruling o u t / ~ d  transitions), any of the other mechanisms 
could account for the observed intensities. He interpreted the many 'extra' lines 
found in the spectra of most solid lanthanide compounds as being due to vibronic 
transitions and this gave weight to his conclusion that much of the intensity was 
due to the vibronically induced absorption of electric dipole radiation. He also 
noted that since the/+,- /  transitions of Eu(III), Gd(III) and Tb(III) are spin 
forbidden ill zero order, magnetic dipole transitions should be relatively of more 
importance in the spectra of these ions. 

The next step forward took place in 1942 when the group of spectroscopists 
at the Zeeman Laboratories, University of Amsterdam, began a systematic study 
of the solution spectra of the lanthanide aquo ions (2). As well as giving the first 
accurate measurements of the absolute intensities of lanthanide spectra (helped 
by the use of photoelectric instead of photographic techniques) an important 
paper (3) was published, on the origin of the intensities, which reached somewhat 
different conclusions from those of Van Vleck (1). In particular they calculated 
(3) that electric quadrupole transitions would have much less intensity than is 
observed, and that magnetic dipole transitions would only be observed if the 
transition could not obtain intensity by a forced electric dipole mechanism. To 
exemplify the latter conclusion they instanced the now weU-known examples of 
the 5Dl~-TF0 and 5Do--,-TF1 transitions of Eu(III). They further concluded 
that the intensity due to vibronically induced electric dipole transitions should 
be comparable to, but probably somewhat less than, the corresponding intensity 
induced by a static perturbation. They then calculated the oscillator strengths 
of the Pr 3+, Tm 3+ and Yb 8+ aquo ions considering only a static forced electric 
dipole mechanism and concluded that except for two transitions, one in the 
spectrum of Pr 3+ assigned as 116~-3H4 and one in that of Tm 8+ assigned as 
116+ 8H6, this mechanism could account for all the intensity. In fact the two 
'anomalies' can be explained: in the Pr 3+ spectrum the anomalous transition should 
be assigned to 1D2~- 3H4 and in the case of Tm 8+ it appears that an impurity 
absorption had been measured. The conclusions of this paper, although based on 
semiquantitative calculations, are broadly in agreement with present day opinion. 

A compilation of the oscillator strengths of all the aquo ions appeared in 1948 
(4) and apart from an unpublished report (5) in 1952 no other intensity data 
appear in the literature until after the publication of the theory of lanthanide 
intensities by ]udd (6) and O]elt (7) in 1962. 
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2.  F o r c e d  E l e c t r i c  D i p o l e  T r a n s i t i o n s  - -  T h e  J u d d - O f e l t  T h e o r y  

2.1. Introduction 

All recent studies of the intensities of/*-*l spectra have been prompted by this 
theory, published independently in 1962 by Judd (6) and O/elt (7) and now known 
as the Judd-Ofelt theory. Since virtually every paper published since then on the 
subject of lanthanide intensities has been concerned with either testing the theory 
or using it to make structural predictions or electronic assignments it is felt that  
it must be discussed in some detail, In particular it is increasingly common to 
find authors uncritically using Judd's final equation as the starting point of their 
discussion. The theory is necessarily couched in the formalism of tensor operators, 
n--?' symbols and reduced matrix elements and since many chemists may be 
unfamiliar with these it is proposed to give a brief account of the major definitions 
and relationships. The reader is referred to the original papers of Racah (8) and 
to the more readable books by Edmonds (9), Judd (10) and Wybourne (11). A 
particularly good account of these subjects and their application to atomic 
spectroscopy is to be found in Shore and Menzd (72). 

2.2. Tensor Operators 

An irreducible tensor operator of rank k, Tq c) is defined as that  collection of 
components 

T(k) T(k) T(q k), T(~ k , k - 1  . . . . . .  , . . . . . . .  

which transform under rotations according to the equation 

T (k)(new) = ~ ~(qkq) T(ak) (old) 
q' 

where D(~) is a general rotation matrix of rank k. 
In particular Racah defined (8) irreducible tensors, C(~), which transform as 

spherical harmonics, having components 

C(qk ) ( 4 :~ "~ ½ = \ ~ ]  Y k q  

where Y~q is a spherical harmonic of rank k. 
C(°), then, has only one component, C~0 °) =(4~)~ Y 0 0 = l  and is a scalar. 
The position vector r is a tensor of rank 1 and so may be related to C(1) thus: 

having components 
r = r C o )  

r + l  = r C(11) = r W / a P  Y n  = -1/v~ (z + iy) 

ro = r V(o 1) = r (~/3)½ Y l o  = z 

v _ ~  = r C(--~ = r (4"/3)~ Y I - 1  = 1 / v~ (*  - i y )  
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The electric dipole moment operator P is the sum over all electrons of the posi- 
tion vectors of these electrons 

p = - r ,  = - e g  

and is written - eD(1) with components - eD(q 1) where q =0 ,  ±1 
Another operator we will encounter later is the crystal field operator V c.F.. 

This in general is of rank t. 

V C-v- = ~ A,~ ~ r,(C~)), 
t ,p i 

I t  is written ~ ,-1 ~ tp *,~n(O', A t~ are called the crystal field parameters. 

2.3. Matrix Elements and Reduced Matrix Elements 

We will be interested in evaluating matrix elements of the type 

(o~SLJM I odS'L'J'M') 

where ~ represents all quantum numbers other than S,L,J and M which are 
required to completely specify the state and M = Mj.  It can be seen that  since 
there are 2k + 1 components of the operator and 2 J  + 1 values of M, there will 
be in general (2k + 1) (2J + 1) (2J' + 1) separate matrix elements to evaluate for 
every J~+J' transition. Consider for example the matrix element 

3 +  (5Is M ]Tq (2) [5H6 M' )  of H o ; 

there are 1105 separate matrix elements to be evaluated. 
In order to greatly simplify this problem we can apply the Wigner-Eckart 

theorem and write the matrix element as the product of a reduced matrix element 
which depends upon J, J' and k but not upon M,M' and q, i.e. is component 
independent, and a 3--7" symbol whose value depends upon the components con- 
sidered. 

<aSLJM (*J . . . .  = 1)j_g { JkJ" I ITq s L J M') (-  <=SLJIIT(*)II CS'L'J'> (1) 
~ - M q M ' ]  

3--/. symbols, which are written in general as 

JlJ2j3 I 
ml  m2 m3/  

have useful symmetry properties, and (in particular) are zero unless ml + m s  + 
ma = 0  and /'l+/'a>~/.i~> [/'1-/.3[. The values of all necessary 3--/" symbols 
have been tabulated (13). The reduced matrix elements may be further reduced 
by an analogous process involving a 6--/. symbol. 
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< e S L J I[ T(k)II e' S' L'  J ')  = ~(SS') ( -  1) s+v+z+g [(2J + 1) (2J' + 1)] ½ 

k @SLliT< )[ I m'S'L'> 
× [J' s J l  

(2) 

The values of the 6/' symbols have been tabulated (13) and those of the doubly 
reduced matrix elements have been calculated and published (Id) for the 4] ar 
configuration. 

2.4. The Judd-Ofelt Theory (6, 7) 

The oscillator strength, P, of a component of an electric dipole transition from a 
ground state IA) to an excited state ]B> is given by the equation" 

h I<A [D(al) lB>l 2 (3) 

where m is the electron mass, h Plank's constant, c the velocity of light, a the 
energy of the transition in cm -1 and Z is the Lorentz field correction for the 
refractivity of the medium. D(¢ 1) is defined in Section 2.2. above. The matrix 
elements of the electric dipole operator vanish between states of the same parity 
and so between states arising from the same configuration. 

In the free ion approximation the states of the 4/ar configuration are taken 
as linear combinations of Russell-Saunders coupled states I/N~SLJ>: 

[fly ~ [S L] J )  = ~ A (S,L) ]IN ~ S L J )  (4) 
S,L 

In these 'intermediate coupled' states the quantum numbers S and L, although 
convenient for purposes of labelling, are not 'good' and are enclosed in square 
brackets. To save space the wavefunction defined in Eq. (4) will frequently be 
written [/ar ~oJ). 

The matrix of the electric dipole operator, then, vanishes between these states. 
In order to 'force' an electric dipole transition it is necessary to mix into the 
4fi v configuration another configuration having opposite parity. Such mixing 
may be accomplished by the odd parity terms of the expansion of the crystal 
field potential. 

V c. v. = ~ At~ D(~ t) , with t odd. 
t,B 

Considering the crystal field as a first order perturbation and mixing in states 
of a higher energy opposite parity configuration In l ~"[S"L"] J"M") (which will 
be written [7/')) we may write IA) and ]B) as follows: 

I A) = IU~,JM) + Z  @" I<INu'J MlVC'V'Iv'">E(~)-~ ~(V,") 

87 



R. D. Peacock 

IB ) = I INv/ j ,M,)+ E (v," I(/N V J" M" I ~ E(~") 
k 

where k stands for all the quantium number of the excited configuration. The 
dipole strength D =e2(A [D~ 1) [B) 2 of a transition from [A) to [B) is then: 

D = [ e ~  Ate{  (/x~J- MID{u~)IW")<W"ID~OI/Z~W'J'M')E(4fv j') - E{W") 

Ic,t,l~ 

( ] N ~ J  M ]D(~ t*)] ~o")(~p" ID{ql)l ] N v" J '  M ' ) / " ]2  + 
fl 

(s) 

The problem now is to reduce this perturbation expression to usable form 
We will consider initially only the first half of Eq. (5). The treatment of the second 
half is analogous. 

Firstly we can express the operators D~a 1) andD~  ) as ~r,(C~a}), and ~r,(C~t t'*)), 
respectively and so take out radial integrals. The expression then becomes: 

e E A'~(UwJMIE(C{ql))*Iw")(V/" a) ~ , , , IE(c~ )*11 w J M)(4/lrlnl)(nllr'14 D 
/c,t,p ~ i 

X [E(4/NJ ') -- E(~o")] -1 
(6) 

where (nl  I rk I n'l  ') is an abbreviation for 

co 
fo~(nl) r ~ ~(n'l')dr 

and ~/r is the radial part of the appropriate one electron wave function. 
One way of simplifying this expression is to use the procedure known as closure 

(15). If the energy of the perturbing configuration is invarient with respect to 
", S", L", J "  and M" the equation: 

(/N vJJ M IZ(C~I})*I 'e") @" I E(C~))*IIN w'J ' M')  
et"S"L"J'M" i i 

2 t 
(7) 

would be exact. The abbreviation [k] = (2k + 1) has been introduced. The combin- 
ed operator 

may then be further simplified and Eq. (7) becomes 

x (IN~JM IV{_~_q I/N~'J'M') 
(8) 
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U(~) = ~u~ ~), where u~ ~) is defined by (nl {lu<~>l] n'r) = ~(nn')~(zr) and so- 
operates within a configuration. Judd made the assumption that the energies of 
the excited configurations are independent of all quantum numbers except n and 
l; that is that the excited configurations are (independently) completely degener- 
rate. This is an admitted weak link in the theory. The final simplification is, 
however, probably the least justified. This involves equating E(4/NJ)- E(~o") 
and E(4flvJ ') -E(y;") and replacing them by an average energy denominator 
A E(~"). This is clearly a rather bad approximation for certain of the lanthanides 
where the energy of, say, the 4]2 v-15d configuration is not very much greater than 
that of the J-o.J' transitions being considered. However it does result in significant 
simplification. If the procedures outlined above [Eqs. (6, 7) and (8)] are applied 
to both halves of Eq. (5) the result for each half will differ only in the 3-/" symbol. 
Because of the symmetry relation (6) 

(~ --p --q p) : (--1)l+A+t \p --p --q q] 

the two halves are equal if X is even and cancel exactly if X is odd. Thus by intro- 
ducing the approximation of an average energy denominator we can remove all 
the terms involving odd 4. The 6-?" symbol restricts X to values of less than or 
equal to 6. Finally, then, we obtain 

where 

Z(t,A) = 2 ~  (-1)f+'[f][1]{1/ ~ ~}(]JlC(1)]ll)(l{]C(t)I{])(4]]r]nl } 

(n t ]r t [4[} d E (~v ~)-1 

(9) 

(10) 

and there is an implicit summation over n and 1 of all configurations which it is 
desired to mix in. The matrix element in Eq. (9) can now be reduced [via Eq. (1)] 
and the resulting expression for D inserted in Eq. (3) to give 

L~, t even ~. 

In this form (equation 11) the theory is equipped to deal with transitions 
between individual Stark levels (whose wavefunctions are in general linear com- 
binations of Iflva[SL]JM) states). 

In solution, however, such transitions cannot usually be distinguished and 
it is convenielat to sum over all the Stark levels of the ground state (assuming 
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all are equally populated). At the same time we can sum over the components 
of D~ 1) and the components of D~ 0 which is appropriate for isotropic light. The 
3-1 symbols in Eq. (11) vanish and are thus replaced by a factor of 3-1(2J + 1) -1 
(2t + 1) -1. Finally, then, we have, 

PE.D. = ~ ,y~'aflN~[SL]JllU(a)llfVo*'[S'L']J') 2 ( 2 J + l )  -1 (12a) 
~.=2,4,6 

[8 ~2 m c1 
where ~'a = X [ ~ - ~ - ]  [2] ~ [At~[ 2 ~2(t, 2)(2t + 1) -1 (12b) 

This notation (16, 17) has generally been adopted for solution studies and the 
Judd-Ofelt parameters, ~-x, are slightly different from those used in Judd's 
original paper, Ta. They are related by 

Tx = 3"z(2J + 1)-1 c-1 

For work involving the isotropic spectra of ions in crystals, many workers 
have used an alternative notation. Because the refractive index correction Z 
varies with wavelength it is not incorporated in the Judd-Ofelt parameters but 
left explicitly outside the summation sign. In this case 

8 ~2 m c] 
P~.D. = Z l~3-ff-I  a ~ t2x(fNa[SL]J]]U(X)[I[Na'[S'L']J ')2(2J+I)-I  (13a) 

g=2,4,6 
where 

Q~ = [~] ~ IA,~ 12 ~2( t ,~ ) (2t+  1) -1 (13b) 

In this review ~2~ notation will be used since it is always possible to convert 
a'~ into ~2x but not vice versa. The units of Ta are sec -1, of ~'~, cm and of t2n, cm 2. 

The analogous quantity to the oscillator strength normally used in dealing 
with emission spectra is the spontaneous emission coefficient, A. 

[ 64~4e2] a3 ~ Qa(I~[SLIj[{U(a)[I[~[S,L,]j,)2(2j+I)-~ (14) 
AE.D.  = Z L ~ J  ~=2,4,6 

and t)~ is defined in Eq. (13b). No distinction will be made between/24 measured 
by means of absorption or emission spectra. The normal spectroscopic convention 
will be used when discussing individual transitions: the arrow connecting states 
goes from right to left for absorption and from left to right for emission. The 
reduced matrix elements in Eq. (12a) and (13a) will frequently be written F{X). 

2.5. Vibronic Interactions 

As well as the static crystal field potential, there exists another possible mechan- 
ism whereby configurations of opposite parity may be mixed into the 412v con- 
figuration: that is the potential produced by non-totally symmetric vibrations. 
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If the normal co-ordinates of the vibrating complex (lanthanide ion plus ligands) 
are denoted QI and the totality of vibrational quantum numbers by ~ (ground) 
and ~7' (excited state), then the potential WI~. may be written: 

t , p  1 

Writing the perturbed wavefunctions ]A) and IB) of Section 2.4 as IA V) 
and IB ~'> we have: 

Z 0 <A I#al)IB) <A W ]D(q ~) IBm'> = <W ]QJ[ ~') 
I 

Carrying the analysis through exactly as before and writing the probability 
that the complex is in the state V by Q(~), the vibronic oscillator strength for 
isotropic solution may be written 

8 7~ 2 m q 
PVlB. = Z [ 3h I a ~ D~(VIB.) (F(~)) 2 ( 2 J + l )  -1 (15a) 

4=2,4,6 

where 

D,~(VIB.)=[2] ~ ]OAtv~ ~Zz(t, 2)@lQjl~')ze(v)(2t+l)-I 
p,t,],~l,~" 

(15b) 

which is the vibronic analogue of Eq. (13). 
The vibronic contribution to the electric dipole oscillator strength has exactly 

the same form as the static contribution and the T2~ parameters as obtained 
experimentally will contain contributions from both mechanisms. 

2.6. Assumptions Made in the Derivation of the Theory 

It is worth mentioning once again the three assumptions made in the derivation 
of Eqs. (12) and (13). 

1. The configurations which are mixed in to the 4] N configuration (4]N-15d 
and 4]N-lng are the lowest energy odd-parity ones) have been assumed to be 
degenerate. The positions and energies of the low-lying configurations of the 
lanthanides are known, and transitions to the 4] N-15d configuration, for example, 
start at around 60,000 cm -1 for most of the lanthanides(III) and are still observed 
at 100,000 cm -1, the present limit of measurement. Thus the states of the 4]N-15d 
configuration are spread over at least 40,000 cm -1. I t  has been argued (6) that the 
extreme complexity of the configuration should make the approximation more 
valid than it would seem. The breakdown of this validity has been invoked to 
explain the unusual spectral behaviour of Pr(III). This is discussed separately 
in Section 6 below. 
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2. The energy differences A1 =E(JNJ) - E(~") and A2 = E ( J N J  ') -- E(~o ") 
have been assumed equal. This approximation enabled us to cancel out the parts 
of the intensity expression having 2 odd. I t  is roughly valid for those lanthanides 
where the excited configurations are at quite high energies but  much less so for, 
say, Pr(III) where the 4/N-15d configuration starts at about 45,000 cm -1. Con- 
sider E(/-vJ) =0,  E(/NJ ') =25,000 cm -1 and E(~o") =80,000 cm -1 then the ratio 
(A 1 + A 8) -1 : (A 1 - A z) -1 is ~ 6:1. For E(~v") = 45.000 em -I,  however, the ratio 
is ,-~ 3.5: 1 and so in this case considerable intensity may come from terms having 
2 odd. 

3. All the Mj levels of the ground state have been assumed equally populated. 
The splitting of the ground state of some complexes is as high as 600 cm -1 and so 
even at room temperature there will be considerable inequality of population of 
the Stark components. Because each Stark component is a linear combination 
of Mj  states, however, the approximation may be quite good even for the large 
ground state splittings mentioned. The Judd-Ofelt theory cannot, however, in its 
Eq. (13) form be used for low temperature spectra. 

2.7. Selection Rules from the Judd-Ofelt Theory 

Several selection rules may be obtained from the Judd-Ofelt Theory. The 6-/" 
symbol in Eq. (10) gives 2~<6 (and so because 2 is even, 2 =2,4,6);  t~<7 (and so 
because t is odd, t = 1,3,5,7) and At = + 1 (which means that  only l -=d and g 
configurations may be mixed into 4]N). The 3-] symbol in Eq. (9) give the selec- 
tion rules on t with respect to 2 : 2 = 2 ,  t = 1,3; 2 = 4 ,  t =3 ,5 ;  2 = 6 ,  t =5,7.  If the 
reduced matrix elements F(~) are further reduced by means of Eq. (2), selection 
rules on S, L and J are obtained. The Kronecker delta gives AS = 0  and the 
6- 7" symbol ]A J ]  ~< 2, ]A L ] ~< 2, and if J or J '  = o, [zl J[  must be even, and J = 0 ~-~ 
J' = 0  is forbidden. Finally the 3-] symbol involving M and M' in Eq. (11) gives 
selection rules on M and M' (which in turn give selection rules on the crystal field 
quantum numbers/z) : ]A M [ ---- p + q; so for a polarised spectra (q = 0) [A M I ---- 3p 
and for ~ polarised spectra ( q=4 -1 ) ]AM]  =p- t -1 .  The value of p is of course 
determined by the particular point group considered: for example in Ds~ sym- 
metry  the odd crystal field parameters are (11) Aaa, A53 and A73 thus IAMI = 3  
(a) and ]AM] =2 ,4  (x). Summarising then: 

Al = 4- 1 AS = 0 

IAJI <~ 6 u n l e s s . / o r J '  = 0 

IZMI = P  + q  

IALI < s 

when [AJ[ = 2,4,6. 

The selection rules on S and L are valid in the limit of Russell-Saunders 
coupling, but  since transitions are between linear combinations of Russell-Saunders 
states they are not rigidly adhered to. Thus the SD~*-7Fo transition of Eu(III) 
is allowed because the state labelled 5D2 is a linear combination of 5D2, 7F~ etc. 
The selection rules on J however are much more rigid and can be broken only by  
'J-mixing' which is a rather weak effect. For example the SF 1/2"- SH 15/2 (A J = 7) 
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transition is missing from most Dy a+ spectra (11) and the 4F1~418 (A J = 7 )  
transition could not be identified in the spectrum of Ho3+ in YAI03 (18). The selec- 
tion rules which apply when J or J '  = 0 are exempfified by the absence (or extreme 
weakness) of 5D3 0 ~- VF0 transitions of Eu(III). In fact the 0~t-~ 0 rule is broken in 
many compounds of Eu(III) and this will be discussed in Section 7. 

3. O t h e r  Mul t i po l e  Trans i t ions  

As well as electric dipole radiation, [-~] transitions can absorb magnetic dipole 
and higher even electric multipole radiation (quadrupole, hexadecapole and 
64-pole). The oscillator strength of a magnetic dipole transition is given by 

[2x2 ] 
PM.D. = Z [3 h m c] </N~JM [L + giSl/N~v'J'M'>2 (16) 

If the matrix element is reduced and we average over all values of M (assum- 
ing equal population) and of the components of L +g ,S  we have for isotropic 
spectra: 

[ ] 2~2 N x q <! v'JI]L + g,sII/NVJ'>Z(2J + 1)-1 (17) 

The reduced matrix elements may be written as closed formulae and explicitly 
evaluated. The selection rules are: 

Al = 0  A S = 0  A L = O  

A M = 0 (a polarisation) 

AM ----- ± 1 (zr polarisation) 

A J  = 0 ,  4-1 (not 0+~0) 

In the limit of Russel-Saunders coupling, transitions can occur only between 
J-levels of the ground term and so most strong magnetic dipole transitions are 
outside the available spectral range. Due to the relaxation of the S and L selection 
rules by intermediate coupling some magnetic dipole transitions do occur in the 
visible region. They are in general at least an order of magnitude less intense 
than electric dipole transitions and are only seen when the latter are very weak. 
The 5Dl~-7Fo and 5D0-~TF 1 transitions of Eu(III) have been established (19) 
as predominantly magnetic dipole by polarisation measurements as have the 
6P712~ 8S7/2 and 6P5/2~-8S7/2 transitions of Gd(III) (20). Carnall et al. have 
published a full list (17) of calculated magnetic dipole oscillator strengths. 

Electric quadrupole transitions are calculated to be weaker still. The oscillator 
strength is given by (11): 

where 

[ 8 ~ 2 m c ]  
PE.Q. = X t 3 h I ~ ~ ( Q U A D . )  (r(2))~ (2 j  + 1)-~ 

(2~ (2)~ 
t22 (QUAD.) = a 2 \ ~ - ]  </HC(Z)][/)~<4/Ir2[4])z 

(lSa) 

(18b) 
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No electric quadrupole [+,-f transitions have ever been experimentally iden- 
tified (19). They would obey the selection rules / l /--0,  ]/IJI and ]dLl~<2, 
A S = 0. Any transition characterised by a F(2) reduced matrix element is of course 
potentially electric quadrupole. Higher multipole transitions are calculated to 
have negligible intensity. 

4. The Success of the Judd-Ofdt Theory 

4.1. Obtaining the ~a Parameters from Experimental Oscillator Strengths 

It has become customary to treat the /2a as phenomenological parameters 
to be obtained from the experimental oscillator strengths and the calculated 
reduced matrix elements via Eq. (12) or (13). It has beeen shown (21) that the 
values of the reduced matrix elements are not very sensitive to the particular 
ligands surrounding the lanthanide ion being considered, and a comparison of 
the various sets which have been published shows that the differences between 
them are negligible compared to the other errors involved. (The dependence of 
the reduced matrix elements upon the environment of the ion comes of course 
from the intermediate coupling coefficients which in turn are functions of the 
electrostatic energy and spin-orbit parameters). Most studies of the solution 
spectra of lanthanide complexes and some treatments of ions in crystals have 
used the excellent sets of reduced matrix elements calculated by Carnall et al. (22) 
for the aquo ions. 

The procedure then is to solve the equation 

8 ~2 m c] 
P = Z [ 3h J a ~ Q~(U(a))2 (2J+l) -X (13a) 

~=2,4,6 

for the ~2~ parameters by a least squares procedure. Most authors have then cal- 
cuiated the oscillator strength from these values and expressed the difference 
between the observed and calculated values of P in terms of the root mean square 
deviation (RMS) defined as: 

RMS = \ (number sum of squares of deviations ~1 
of o-bse~rvations~numbe~--7 o-f p-arameters/ 

Some authors have used alternative statistical methods (23) to solve Eq. (13a) 
but there is no essential difference. This treatment has been applied both to solu- 
tion spectra and to those systems of ions in crystals where the individual Stark 
components cannot be resolved. Where the Stark components can be resolved 
Eq. (11) can be used. In this case the symmetry of the ion site determines which 
of the At~ are non-zero and Eq. (11) may be solved in the same way as Eq. (13a) 
treating At~3(t, 4) as phenomenological parameters. 

aga (or ~'~) parameters have now been obtained for quite a number of systems. 
The most complete work is that by Carnall et al. (16, 17) on the aquo ions where 
arx parameters for all the aquo ions (including radioactive Pm 3+) are presented. 
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In the same paper (16) certain lanthanide nitrates in ethyl acetate (Pr a+, Nd a+, 
Er a+, Tm 3+ and Yb a÷) and nitrates in LiNOa-KNOa eutectic at 160°C (Pr a+, 
Nd a+, Er a+, Tm a+ and Yb a+) are treated. The present author has considered (24, 
25) the decatungstolanthanate(III) series for Pr 3+, Nd a+, Sm 3+, Eu a+, Dy a+, 
Er a+ and Tm a+, certain other heteropolytungstate complexes of Pr a+ and Ho a+ 
(24) and has investigated the sensitivity of the ~-x parameters to the particular 
transitions used in the data set (26). Tris/%diketonate complexes of Pr a+, Nd a+ 
and Er a+ have been investigated (27, 28, 29) as have labile complexes of Ln a+ 
with ~-picoline (23) (Pr a+, Nd a+, Sm a+, Dy a+, Ho a+, Er a+ and Tma+), acetate 
(30) (Pr a+ and Nda+), aromatic acids (31) (Eu a+) and a number of nitrogen-co- 
ordinating ligands (32) (Nda+). The gaseous tribromides and tri-iodides of Pr a+, 
Nd a+, Er a+ and Tm a+ have been discussed (33, 34) by Gruen, De Kock and McBeth. 
D~ parameters have been obtained for ions doped in the following hosts: Y20a 
(35, 36) (Pr a+, Nd a+, Eu a+, Er a+, Tma+), LaFa (18, 35, 37) (Pr a+, Nd a+ and Era+), 
yttrium aluminium garnet (38) (Nda+), YAIOa (39, dO) (Pr a+, Nd a+, Eu 3+, Tb a+, 
Ho a+, Er a+ and Tma+), CaFa (20) (Gda+) and Eq. (I1) has been used to obtain 
sets of Atp ~ (t,~) for the following systems: europium (41) and thulium (d2) 
ethylsulphates and Ho a+ doped in YP04 (43). 

The largest number of (and probably the most accurate) Ok parameters have 
been obtained for compounds of Nd(III) and in Table 1 are collected the para- 
meters for a number of systems along with the site symmetry of the Nd a+ ion 
(where known) and the RMS value. 

The values of the ~2~ parameters are rather sensitive to the accuracy of the 
oscillator strengths used to compute them. The measurement of the oscillator 
strengths of solution spectra presents no difficulty. Much of the work on ions 
in crystals, however, has been done on doped samples where the concentration is 
known to only 4-10}/o and, more important, the weaker transitions in a spectrum 
have often been measured using more highly doped samples than those used for 
the stronger transitions; thus introducing a rather larger relative error in the 
oscillator strengths of different transitions within a system. Further complications 
arise when lanthanide ions can enter more than one site in the host (e.g. in Y20a 
there are sites of both C2 and S, symmetry and Ln a+ ions are known to enter 
both) since analyses give only the total concentration of lanthanide in the crystal. 
Another source of error in crystal systems which is not encountered in solution 
work is the fact that the refractive index (and so Z) is frequency dependent and 
has in certain cases been measured with low accuracy, or not at all, in parts of the 
spectral range. In view of the foregoing it is not surprising to find that the RMS 
values obtained for doped systems are generally larger than those for well-defined 
complexes in solution. It should be noted, however, that many lanthanide com- 
plexes are labile in solution. Although this should not affect the accuracy of the 
sgx parameters it will affect the interpretation put upon them since they will be 
made up of the X?a's of the various species present weighted by their equilibrium 
concentrations. Even complexes with fl-diketones can be substantially dissociated 
in co-ordinating solvents if the concentration is low (45). 

The values of Dz obtained also depend to some extent upon the particular 
transitions included in the data set (26). From Eq. (13a) it can be seen that in 
the fitting procedure each D~ is weighted with the value of the reduced matrix 
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Tab le  1. Judd -Ofe l t  p a r a m e t e r s  for c o m p o u n d s  of Nd( I I I )  

~2x ( × 102°) cm  2 2 4 6 RMS. Po in t  Ref.  
( × 107) group 

N d  3+ aquo  0.93 + 0.3 5.0 4- 0.3 7.9 4- 0.4 5.8 ? (17) 

Nd(NO3)3 in e thy l -  9.2 -t- 0.4 5.4 4- 0.3 7.7 4- 0.45 6.6 ? (16) 
ace t a t e  

Nd(NO3) in LiNO3/  11.2 4- 0.3 2.6 q- 0.3 4.1 4- 0.4 6.1 C3? (16) 
KN03 

KT[NdW10035]  0.8 4- 0.45 5.6 4- 0.6 7.0 4- 0.3 3.6 D4a (25) 

Nd(~-opicol inate)  3.2 4- 0.85 10.4 4- 1.2 10.3 4- 0.6 15.6 ? (23) 

Nd(ace ty lace tona te )  3 24.5 0.71 9.1 3.0 C3--D3 (32) 
in D M F  

Nd(ace ty lace tona te )  3 15.7 0.73 7.4 2.5 C3--D 3 (32) 
in M e O H / E t O H  

Nd(d ibenzoy lace ty l -  34.1 2.5 9.1 3.4 C3--D3 (32) 
acetonate)  3 in MeOH/  
Et0H 

NdBr3  180 9 9 - -  D3h (33) 

NdI3 275 9 9 - D3h (33) 

N d  3+ in y t t r i u m  0.2 2.7 5.0 - -  D2 or (38) 
a l u m i n i u m  g a r n e t  D2a 

N d  s+ in Y 2 0 3  8.6 4- 0.4 5.3 4- 0.8 2.9 q- 0.6 7.8 C2 (35) 

N d  3+ in LaF3  0.35 4- 0.1 2.6 4- 0.4 2.5 4- 0.3 4.0 C2 (35) 

N d  3+ in Y A  103 1.3 4.7 5.7 6.0 Clh  or (39--,t0) 
Dab 

N d C I ~  ~-~ 0.7 ~-~ .5 ,~  .8 - -  ~ Oh (52) 

N d B r ~  N 1.0 ~-~ .5 --~ .8 - -  N Oh (52) 

element associated with it. An inspection of the tables of reduced matrix elements 
in Ref. (22) shows that, in general, a large number of transitions in the accessible 
spectral region will have relatively large values of/~(8), less will have large values 
of F(4) and relatively few (usually two, one or even none) will have large values of 
F(2). Thus the/26 parameters will usually be the best defined and/22 the least. 
In those cases where there are no transitions with large values of/,(2) the /22 
parameter will become a 'fitting parameter' varying randomly and sometimes even 
taking a negative value (which is not possible within the framework of the Judd- 
Ofelt theory). ~24 may, less often, also act as a fitting parameter. Examples of 
cases where the value of/22 is probably meaningless are the Tb 3+ aquo ion (.004 × 
10 -2o cm2), [SmW10035] 7- (121 x 10 -2o cruZ), [DyW10035] 7- ( - 2 3 X  10 -2o 
cm 2) and Sm 3+ ~-picolinate (83 X 10 -2o cm 2) ; /24 is probably acting as a fitting 
parameter to some extent in Tm 3+ ,¢-picollnate. 

One further point regarding the determined values of the /2a parameters 
may be mentioned. It  has been found (26) that  when more than one transition 
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with a large value of y(2) is included in the data set a much better fit is obtained if 
each transition is independently assigned an E22 parameter. Since this effect is 
not found for Y24 and ~26 it is thought that the improvement in the fit is not due 
merely to the presence of extra independent variables. Transitions characterised 
by large values of the F(2) matrix element are in general rather sensitive to the 
environment of the lanthanide ion and have been called (46) 'hypersensitive' by 
Jergensen and Judd. They are discussed in detail in Section 5. For the rest of this 
section we will be mainly concerned with the E24 and E26 parameters. Since 128 
is usually better defined than ~94 the former will be most often mentioned but all 
conclusions about ~96 will also apply to ~24. 

The phenomenological treatment has been rather successful in as much as 
it can account for the intensities of, say, twenty transitions whose relative inten- 
sity may vary over as much as two orders of magnitude with an agreement 
which is usually better than 10% of the average oscillator strength. This has 
been taken as a vindication of the Judd-Ofelt theory when really it shows only 
that the formalism of representing the intensity of an [-,-,-[ transition by the 
sum of (phenomenological parameters multiplied by tile squares of the non-zero, 
even 4,Y(a) matrix elements) is useful. To put it another way, the success of 
Eq. (13a) implies nothing about the definition of the ~2z parameters and so 
nothing about the physical model. I t  will be shown later, for example, (Section 
5.7) that  the equation 

r8a2mc 1 
P = ~' [ ~ j  o" ~Q2(F(2)) 2 ( 2 J + l )  -1 

can be derived from an entirely different physical model from that used in tile 
Judd-Ofelt theory. Y2~ in this case has a quite separate meaning from the ~22 
occurring in Eq. (13a). In order then to test the Judd-Ofelt theory it is necessary 
to consider the experimental values (and trends among such values) of tile ~9~ 
parameters and see how they compare with the predictions of Eq. (13b). 

Firstly it can be noted that  ~2~ will contain both static and vibronic contribu- 
tions. I t  is rather difficult to say much about the expected behaviour of /24 
(vibronic) so it will be helpful to assess the relative contributions from the two 
mechanisms. The ~Q~ (static) can then be considered in a number of ways: a com- 
parison of ~9a for the same element in different environments or the variation of 
Y2~ across the series of Ln 3+ ions in the same host may usefully be studied. Finally 
the parameters may be calculated and compared with experiment. 

It should be mentioned at this point that the Pr 3+ ion has been much less 
successfully treated by the phenomenological method than have the other lan- 
thanide ions. It is possible that an additional intensity mechanism is operating 
and the intensities of Pr 3+ spectra will be treated separately in Section 6. 

4.2. An Assessment of the Relative Static and Vibronic Contributions to E2x 

The ~2~ parameters, as phenomenologically obtained, are a combination of E2x 
due to a static perturbation and ~2~ due to a vibronic perturbation (as well as 
possible contributions from a quadrupole or augmented quadrupole mechanism 
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as discussed in Section 4.5). There are three ways in which intensity arising from 
these two perturbation mechanisms may be distinguished. 

a) It may be possible, particularly in crystal spectra at low temperatures, to 
distinguish the vibronic structure from the pure electronic lines. 

b) We may investigate complexes possessing a centre of symmetry where all the 
intensity must be due to a vibronic mechanism. 

c) The temperature dependence of the intensity and so of t2x may distinguish 
between the two mechanisms since only/2a (vibronic) should be temperature 
sensitive [through ~(V) of Eq. (15)]. 

Vibronic structure has been observed in the crystal spectra of a large number 
of lanthanide compounds. The proportion of vibronic to electronic intensity 
varys with the ligands or crystal host and also with the particular lanthanide ion 
considered. It seems (35) that in general the vibronic contribution is larger at 
the beginning and end of the series (i.e. Pr 3+, Nd 3+, Tm ~+, Yb 3+) than in the 
middle. Thus in the case of Pr 3+ in LaCI~ studied by Satten et al. (47) more than 
50% of the intensity of the 3P0 (# =0)~-3H4 (# :k 2) transition was found to be 
due to vibronic lines. On the other hand a recent study (48) of the absorption 
and emission spectra of Eu 3+ in a number of tungstate hosts, in which the vibronic 
structure is very well resolved, shows that the relative proportion of vibronic to 
static intensity is between 10 and 20%. It has been known for a considerable time 
that vibronic structure can be observed in solution spectra under favourable 
conditions. Freed et al. (49) found vibronic structure in the spectrum of EuC13 
in ethanol but no relative intensities were quoted. The fluorescence spectrum of 
Gd a+ perchlorate in water or D20 (50) shows, to lower energy of the 6P712--*-8S712 
transition, side bands which have been interpreted as vibronic transitions: the 
frequency difference being that of the O--H or O--D stretch of the co-ordinated 
H20 or D20 molecules. The intensity of these bands is about 1/60 of the electronic 
intensity. The spectra of many lanthanide compounds, especially discrete mole- 
cular complexes, show no vibronic structure, even under high resolution. Notable 
cases are a large number of Eu 3+ trisfl-diketonates studied at 70 K by Blanc 
and Ross (51). 

The number of strictly centrosyn)metric compounds of the lanthanides is 
rather limited. The hexahalides Ln X~- (X = C1, Br, I) have absorption spectra 
which are in general an order of magnitude less intense than the corresponding 
aquo ions (52, 53). The hypersensitive transitions are exceptions to this statement 
having intensities but little less than the aquo ion transitions. These spectra 
have been interpreted (52) as showing that the hexahalides are octahedral (or 
nearly octahedral), this conclusion being supported by the 4 K absorption spectrum 
of a single crystal of [(C,Hs)3PH]3 NdC16 (54). The published spectrum (52) of 
the 8P2,1,0, 116~- 3H4multiplet of PrC163- shows that the oscillator strengths 
due to the vibronic transitions are considerably less than 10% of the intensity 
of these transitions in the Pr 3+ aquo ion and leads to the conclusion that even 
for those lanthanides where considerable vibronic intensity is found in a crystal 
lattice environment little vibronic intensity is found in molecular complexes. 
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A similar intensity situation is reported for the hexakisisothiocyanatolanthanate 
(III) series (55) where the Er(III) complex has been shown by X-ray crystallo- 
graphy to be octahedrally co-ordinated. [It should be noted however that what 
appear superficially to be the same complexes have been prepared and reported 
by another group of workers (56). In this case the intensities are much larger and 
are comparable to those of the aquo ions]. The spectra of the hexanitrolanthana- 
tes(III) (57) and those of Er(III) and Nd(III)hexakisantipyrenetriiodides, (58) 
in all of which the lanthanide is octahedrally co-ordinated, appear to be consider- 
ably weaker than the corresponding aquo ion spectra. More conclusive perhaps 
is a study by Blasse, Bril, and Nieuwport (59). They have prepared a number 
of phosphors containing Eu(III) in which the europium ion has a precisely known 
site symmetry. In two cases (Ba2GdNbO6:Eu and Gd2Ti07: Eu) the Eu 8+ is 
at a centre of inversion and the fluorescence spectrum shows that while the 5D o-,- 
7F1 magnetic dipole transition has an intensity comparable to that exhibited at 
other symmetries, the 5Do-~TF2 transition is very weak (for example it has less 
than 5~o of the intensity of the same transition in YA13B4012 :Eu where the 
symmetry of the Eu 3+ is D3~). 

Temperature variation studies of the intensities of lanthanide spectra are 
complicated by the fact that, except for Eu(III), the ground J-states are split 
by the crystal field into a number of levels (called Stark components). The split- 
ting can be as large as 600 cm -1 so the Stark components are unequally populated 
and will change their population with temperature. In order to allow for this it is 
necessary to know the energy and crystal field quantum number of each com- 
ponent; such information is available for few systems and for only two whose 
intensities have been studied. These are: [(C6Hs)3PH]3NdC16 where it was found 
(54) that the intensities of the individual Stark transitions of all the accessible 
absorption bands are temperature independent and Tm 8+ ethylsulphate where 
~ parameters were obtained (42) at 300 K and 23 K. ~Q4 and ~26 were found to 
be very much larger at the higher temperature implying a considerable vibronic 
contribution in this case. Europium is much easier to deal with. Here the ground 
level (7F0) is unsplit by the crystal field and although there are other J-levels at 
thermally accessible energies their positions and identities are well known and 
can be allowed for. The spectrum of a solid glass of KI~[Eu(SiWllO~9)2] has 
been measured (60) at 300 K and 80 K and it has been shown that the oscillator 
strengths of transitions to the 5D1, 5Dz, 5L 5 and 5G4,5,6 levels are all temperature 
invariant. In the same study (60b) it was shown that the intensity of all the visible 
bands of the isomorphous Ho 3+ complex increased by about 10% on cooling. 
Analogy with transition-metal ion complexes suggests that the intensity of a 
vibronically allowed electric dipole transition should decrease by 30--40% on 
tooting from 300 to 80 K and so it seems again that a vibronic mechanism is unim- 
portant for molecular complexes. 

In conclusion, the ~2x parameters have been shown by several studies to consist 
of both vibronic and static parts. The former can be very large for certain ions in 
crystals but is considerably less important for molecular complexes of the lantha- 
nides. It has been suggested (60b) that lattice vibrations are more effective in 
mixing excited configurations into the 4] 2v configuration than are the higher 
frequency metal-ligand vibrations available in molecular complexes. 
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4.3. The Variation of ~a with the Environment of the Lanthanide Ion 

For a given lanthanide ion the variation of t2~ with environment is determined 
by the crystal field parameters, At,. These in turn depend upon the positions 
(angular dispositions and distance) and the charges of the surrounding ligands. 
Unfortunately inspection of Table 1 shows that  the precise site symmetry (let 
alone structure) is known for only a few systems and most of these are cases of 
ions doped in crystals where due to uncertainties of concentration and multiple 
site occupancy the values of t2a are most suspect. I t  can be seen at once however 
that /22 varies enormously with environment (this is discussed in Section 5) while 
~24 and ~26 are generally within a factor of 3 of each other. The one exception to 
this are the hexahalides where f24 and ~26 are about an order of magnitude less 
than the aquo ion values and much of this is due to the vibronic contribution. This 
is quite consistant with the behaviour expected for an octahedral environment 
since no At, with t odd are permitted in the Oh crystal field expansion. The rela- 
tive insensitivity of t24 and t26 to environment is, however, rather worrying since 
it is well known (61) that At,, at least when calculated from a point charge model, 
are very sensitive to the positions of the ligands and we would not expect 3-co- 
ordinate NdBra, 6-coordinate Nd(acetylacetonate)a and the 9-co-ordinate Nd 8+ 
aquo ion to have very similar Ate. The electrostatic model also predicts that  12~ 
should be proportional to R-(~*+2) where R is the distance from the lanthanide 
ion to the ligand and t = 3 and 5 for 2 = 4 and 5 and 7 for 2 = 6. Yet while the 
Ln--OH2, Ln--Br and Ln--I bond lengths are quite different the respective 
~2 4, 6 are very similar. This leads to the suggestion that the perturbation may not 
be a crystal field (at least in the simple electrostatic charge sense). This is further 
discussed in Section 4.5. For the rest, little more can be said except to note that  
the insensitivity of t24 and/26 to environment makes the intensities of the non- 
hypersensitive transitions of little use in solving structural problems. 

4.4. The variation of t2x with Number of [ Electrons 

If we restrict ourselves to an isostructural series of complexes or to a series of 
ions doped into the same host we have effectively removed one of the variables 
of Eq. (13b): the crystal field parameters. The expression for t2x then becomes: 

~,t 

where Cpt are now a set of constants and are functions of the structure of the host. 
Assuming that  the only perturbing configurations are 4]lv-15d and 4]N-lng the 
values of t which are non zero may be obtained by considering the <l[lC(t)[[[> 
matrix element of Eq. (10). For 4[N-15d (l----2) t < 5 ;  for 4[N-lng (l=4) t < 7 .  
The 6-/' symbol then gives the values of t associated with each value of 2. Noting 
that  t must be odd we have finally that the only non-zero ~ (t, 2) are ~(1,2), 
(3,2) (3,4), (5,4), (5,6) and (7,6). The value of 3(t,2) can be calculated via Eq. (10) 
from published values of the radial integrals and configuration energies (although 
interpolation is required for the ions in the middle of the lanthanide series). 
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The six 3 (t, 2) parameters listed above have been calculated by  Krupke (35) 
for Pr 3+, Nd a+, Eu 3+ Tb a+, Er  3+, and Tm 3+. In each case the value of ~ (t,2) 
decreases monotonically from Pr a+ to Tm a+. Since the sum of a series of mon- 
atonic curves must itself be a monotonic curve it follows that  the Judd-Ofelt 
theory predicts that  the variation of f2~ across an isostructural series of lanthanide 
ions should be monotonic: this conclusion holding only if the intensity is produced 
by a static perturbation. The experimental variation of f2a across a number of 
isostructural series will now be considered. 

~9z. As might be expected, the data for this parameter is sparse and conflicting. 
Values for the isostructural series [LnW10Oah] 7- appear to vary  rather randomly 
(25) as do these for Ln a+ doped in YAIO3 (39) and LaF3 (18, 35, 37). The variation 
in the aquo ion series (17) (which it is believed (25) are isostructural in dilute 
solution) is also irregular. In contrast X?z forLn a+ doped in Y2Oa (35, 36) appears 
to decrease monotonically from Nd a+ to Tm 3+ although the spectrum of the Ho 3+ 
ion was not obtained and in both [LnW10085] v- and the aquo ions f22 for Ho a+ 
is about half that for Er  a+ making a regular variation difficult. 

Y24 and f26. Here the data is much more reliable and clear trends can be seen. 
Figs. 1, 2 and 3 show the variation of D6 with number of ]-electrons for 
[LnW10Oah] 7-, the Ln 3+ aquo ions and for Ln a+ doped in YzOa respectively. 

In the first two series the variation is virtually linear [reasons why Pm 3+ 
and Sm a+ might be irregular are discussed in Ref. (25)] thus confirming the pre- 
diction of the Judd-Ofelt theory. Similar behaviour is exhibited by the D8 para- 
meters of Ln a+ doped in YAIO3 and in LaF3; in these cases the points lying on a 
shallow curve. 

o 4  

O0 f I l l 1 T 
2 4 6 8 10 12 

Number of 4-f electrons 

Fig. 1. Variation of the Q6 parameters of [LnWloOa5] 7- with number of 4] electrons [data 
from Ref. (25)] 
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Fig. 2. Variation of the Q6 parameters of Ln 3+ aquo ions with number of 4] electrons [data 
from Ref. (•7)] 
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Fig. 3. Variation of the Q6 parameters of Ln 3+ doped in Y203 with number of 4/electrons 
[data from Ref. (35)] 

F o r  Ln 3+ doped  in Y203 the p ic ture  is somewha t  different.  The va lue  of 
Q~ goes th rough  a m i n i m u m  a t  E u  3+. The  exp lana t ion  of th is  appea r s  to  be t h a t  
bo th  a t  the  beginning  and  end of the  series there  is a subs tan t i a l  con t r ibu t ion  
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to /26 from the vibronic mechanism which is supported by the observation (35) 
of vibronic structure in the spectra of Nd 3+ and Tm a+ but none in the Eu 3+ 
spectrum. This agrees with the conclusion reached in the previous section about 
the relative importance of the two perturbation mechanisms in molecular com- 
plexes and in ionic crystals. In all cases mentioned above the /24 parameters 
exhibit the same behaviour as do/26 but since they are in general less accurately 
known the scatter of points is somewhat greater. 

4.5. Calculations of the /2a Parameters 

Two attempts have been made to calculate the /2~ parameters; one by Judd (6) 
for the aquo ions and one by Krupke (35) for the Y~03 host. In both cases the crys- 
tal field parameters were calculated from a point charge model and values of the 
radial integrals were obtained by interpolation between those for Pr 3+ and 
Tm 3+ which have been calculated (62) by Rajnak. In considering the aquo ions 
Judd used as his model the known structure of GdCla" 6H20 with the two C1- 
ions removed from the co-ordination polyhedron of Gd 3+ leaving it surrounded 
by six water molecules. Including 4/2v-15d and all 4/N-lng configurations (but 
not 4/2V-lnd with n >~6 which he argued would make a negligible contribution) 
he calculated/2~ values which were 2--3 times too small for Nd 3+ and 5--10 times 
too small for Er 3+. A substantial contribution to the parameters came from the g 
electron configurations despite their high energy. 

Krupke's calculation, using the known crystal structure of YzO3 might be 
expected to give better agreement. Considering the results for Eua+ which is least 
complicated by a contribution from /2~ (vibronic) the calculation overestimated 
/2~ by a factor of 2 and /24 by factor of 10 while underestimating/28 by a factor 
of 10. Again the g orbital contribution was very significant. Krupke rationalised 
the discrepancy by postulating the need to adjust the values of the radial integrals. 
By reducing the value of (4/]r [5d) and increasing that  of <4/IrSI4/) (which gives 
an increase in the value of (4/]rTlng) via the relationship ~<4/[r ]ng)(rig [r*[4f) = 

n 

(4/]r¢+114/)) a much better agreement with experiment was obtained. In doing so 
the g orbital contribution to the parameters was increased still further to 80~o 
(/2z), 50% (/24) and 100% (/26). 

While appreciating that the values of radial integrals may have to be modified 
from their free ions values and that  Krupke's arguments may indeed be valid, 
the present author feels that  a much more likely source of the discrepancy be- 
tween the calculated and experimentally determined values of/2x can be found in 
the practice of calculating the crystal field parameters from an electrostatic 
point charge model. A recent review (63) of the theory of the lanthanide crystal 
field by Newman states clearly that  crystal field parameters calculated from a 
point charge model differ very substantially from the experimental values. By 
including other factors such as covalency and configuration interaction much 
better agreement can be obtained. It  is instructive to consider the contributions 
to the crystal field parameters of PrCla from the various mechanisms. These are 
given in Table 12 of Ref. (63) along with the experimental parameters. If only 
the point charge part of the calculation is compared with experiment the t = 2 
parameter is found to be greatly overestimated, the t = 4  one is approximately 
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correct and the t = 6 parameter is very considerably underestimated. If this trend 
also applies to Ae~ with t odd we may be able to understand why Krupke's calcu- 
lation overestimated ~92 and ~4 and underestimated ~96. In view of these argu- 
ments it is probably safe to say that a comparison of ~9~ with calculations based 
on a electrostatic point charge model is no test of the theory. A better approach 
may be to obtain odd parity crystal field parameters from intensity data and then 
t ry and calculate these with the various theories available. One attempt (43) 
at obtaining crystal field parameters from intensity measurements has been made. 

4.6. Conclusion 

The Judd-Ofelt theory has obviously been a great help in understanding lantha- 
nide intensities. Instead of having to deal with a large number of individual tran- 
sitions it is now possible to consider the behaviour of only three parameters for 
each lanthanide. Although the theory has not really been subjected to sufficient 
test it appears to be a good working model, at least for the non-hypersensitive 
transitions, provided the perturbation is not considered too literally to be due to 
the electrostatic crystal field of the ligands. 

5. Hypersensitive Transitions 

5.1. Introduction 

Most of the [*-~1 transitions of the trivalent lanthanides have intensities which are 
little affected by the environment of the ion. A few, however, are very sensitive 
to the environment and are usually more intense when the ion is complexed than 
they are in the corresponding aquo ions (which for historical reasons have been 
taken as a standard with which other compounds are compared). Such transitions 
have been called hypersensitive transitions (46) by Jorgensen and Judd. Spectra 
of aqueous solutions of Nd 3+, Eu 3+, Ho 3+ and Er 3+ nitrates of varying concen- 
tration obtained by Selwood (64) in 1930 show clear hypersensitivity associated 
with certain absorption bands although the phenomenon was not commented 
upon at the time. Freed noticed (65) that the intensity of the 5D2 ~- VF0 tran- 
sition of Eu a+ was sensitive to the environment of the Eu 3+ ion, but not until 
Moeller and his co-workers (66) began studying the complexes of Nd a+, Ho a+ 
and Er 3+ with EDTA. and /5-diketones was hypersensitivity realised to be a 
general phenomenon. Figure 4 shows the spectrum of a typical hypersensitive 
complex of Nd 3+ along with that of the Nd 3+ aquo ion. 

Shortly after Judd's paper (6) on the intensities of t**/  spectra, he and Jor- 
ge1¢sen considered (46) the problem of hypersensitivity. They noted that  all known 
hypersensitive transitions obeyed the selection rules IdJl<~2, IALI<~2 and 
AS----0 and that these were just the selection rules on/,(2). This suggested that  
hypersensitivity could then be rationalised as the peculiar sensitivity of ~92 to the 
environment. Since then F~al for all the lanthanide elements have been published 
(32). It  can now be said that all transitions in accessible spectral regions whose 
intensity is dominated by the value of F<~ are hypersensitive (apart from Gd a+ 
where no data except that  for the aquo ions seems to be available). Table 2 lists 
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Fig. 4. The solution spectrum (in CHC13) of Nd(hydroxymethylenecamphorato)3 (broken line) 
and the aqueous solution spectrum of Nd 3+ perchlorate (full line) [from Ref. (1/2)] 

Table 2. Hypersensitive transit ions 

Lanthanide  Transit ion a) Approximate Ref. b) 
wavenumber  
(×  10-3) cm-1 

Pr(III) 8F 2 ~-- 3H4 5.2 (16) 

Nd(III)  4G5/2 ~ 41912 17.3 (46, 66) 

Pm(III)  5G2, 5G 3 ~- 514 18.0 (67) 

Sm(III) 4F1/2, 4F3/2 ~- 6/~r5/2 6.4 (68) 

Eu(III )  5D1 ~- 7F1 18.7 (58) 
5D2 +- 7Fo 21.5 (68) 
5D 0 -+ 7F 2 16.3 (51) 

G d ( I I I )  6P512, 6P7/2 ~-  8S7] 2 32.5 - -  

Dy(III) 6Fll /2 ~- 6H1512 7.7 (69) 

Ho(III)  5G 6 ~- 518 22.1 (46, 69) 
3H 6 -('- 518 27.7 (69, 70) 

Er(III) 2H11/2-*- 4115/2 19.2 (46, 69) 
4Gll/2-~- 4/15/2 26.4 (46, 69) 

Tm(III)  3F4 -<- 3H6 5.9 (33) 
3H4 4,- 3H6 12.7 (69) 
1G 4 ~- 3H 6 21.3 (33) 

a) Transitions considered to be potentially hypersensitive from the value of F(2). 
b) Reference to the observation of hypersensitivity. 
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these transitions. The 8P2 *- 3//4 and 1D2 ~- 3H4 of Pr a÷ are also sensitive to 
the environment (24, 71) but since these do not obey the selection rules noted 
above they are not considered hypersensitive in the sense meant in this chapter 
and will be discussed separately below (Section 6). Two other transitions have 
also been claimed as hypersensitive: 4G712, 2K13/2+-419/2 of Nd a+ (72) and 
6P7/2 , 401/2, 4F9/2 ~- 6H5/2 of Sm a+ (24). Re-examination of the original spectra 
suggests however that these transitions are not hypersensitive. Some confusion 
has arisen from the practice of measuring extinction coefficients and not oscillator 
strengths. A large number of publications have been concerned to some extent 
with hypersensitive transitions and quite a lot is now known about their behaviour. 
A summary of this will now be given. 

1. The intensity of a hypersensitive transition is zero (except for vibronic 
intensity) when the lanthanide ion is at a centre of symmetry. This has been 
established for three compounds of Eu a+ (59) and for most of the lanthanides 
doped into $6 site of Y2Oa (73). Most recently this effect is found (111) in the 
spectrum of Cs2NaEuC16 where pure electronic lines are missing from the 5D2 ~- 
7F0 transition. In exhibiting this behaviour the hypersensitive transitions behave 
exactly like the nonhypersensitive ones. 

2. Very small deviations from inversion symmetry can cause the hypersensi- 
tive transitions to have quite large intensity while leaving the intensities of the 
other transitions virtually unaltered. Again this has been demonstrated explicitly 
(59) for several compounds of Eu a+ and for Er a+ doped in YCla (74) where the 
site symmetry is very slightly distorted from Oh. The spectra of the lanthanide 
hexahalides (52, 53) and hexaisothiocyanates (55) have been interpreted in this 
light. 

3. The intensity of a hypersensitive transition can be up to 200 times greater 
(33, 34) than that of the corresponding aquo ion transition, depending upon the 
particular complex, and in only three cases has the intensity been reported (25, 
35, 52) as less than that  of the aquo ion. The intensities of the other transitions in 
complexed species are rarely larger than those of the aquo ions and are frequently 
less. 

4. The intensity order with changing ligand for a given hypersensitive tran- 
sitive transition and constant structure appears to be (33, 34, 35, 52, 53): 

I - >  B r - >  C I - >  H 2 0 >  F -  

For a series of tris/~-diketonate complexes the aryl substituted ligands give 
rise to larger intensities than do the alkyl substituted ones (28, 29). 

5. Hypersensitivity has been shown to be proportional to the nephelauxetic 
ratio (75, 76) (and so possibly to co-valency), although in certain cases this rela- 
tionship does not seem to hold (24). 

6. Hypersensitivity is frequency dependent (26) in that  for a series of Ho 3+ 
and Er 3+ complexes the ~22 parameter obtained from the higher energy hyper- 
sensitive transition is larger than that  obtained from the lower energy one. 

7. Recent work on a series of complexes of Nd a+ and Ho 3+ with weakly 
co-ordinating unidentate ligands suggests that  a correlation exists between the 
intensity of the hypersensitive transitions and the pKa of the ligand (77). 
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Hypersensitivity has provoked more interest than any other aspect of lantha- 
hide intensities and a number of theories both qualitative and quantitative have 
been put forward to explain it. 

5.2. An Explanation within the Framework of the Judd-Ofelt Theory 

If it is assumed that the radial integrals (4/Ir n ]4[) and (4[ [r" [5d) are not affected 
to any large extent by the environment of the lanthanide ion, the only way in 
which 192 as defined by Eq. (13b) can be altered without a corresponding change 
in at least f24 is through the A 1~ crystal field parameters (which occur only in the 
expression for 192). In his original paper (6) and in subsequent work (46) Judd 
decided that A 1~ crystal field parameters were not admissable in the expression 
for f22 since their presence would imply a non-vanishing electric field at the lan- 
thanide ion nucleus and hence that the ion was not in equilibrium with its sur- 
roundings which is a basic requirement in a static perturbation model. In a later 
paper (78), however, Judd re-examined the possibility of including A 1~ in the 
expression for 19z and decided that since the electrons of the lanthanide ion can 
also produce (under the influence of the perturbation) a non-zero electric field 
at the nucleus which exactly cancels out that produced by the crystal field, 
Alp could be included in the lattice sum without going against the spirit of the 
model. Other authors (79, 80) have given arguments both theoretical and practical 
for including A 1~ in the crystal field expansion. Only certain point groups permit 
A 1~ crystal field parameters. They are Cs, C1, Ca, C8, C4, C6, C2v, C3v, C4, and 
C6v and so only in complexes belonging to these point groups would hypersensi- 
tivity be predicted. 

In order to test this theory we must know the accurate site symmetry of a 
lanthanide ion in a complex or crystal host and observe whether or not hyper- 
sensitivity is exhibited. A group of examples of ions doped into hosts where the 
nearest neighbours are all oxide ions appear to conform to the theory (Table 1). 
192 for Nd 8+ in YA103(D3h) and Yttrium aluminium garnet (Dza or D2) is either 
similar to or less than that for the aquo ion while in YzO3(Cz) it is very much 
greater than the aquo ion value. The Nd(N03)9 ion (Ca) is also very hypersensitive 
(81) while 19z for both Eu 3+ and Tm 3+ ethylsulphates (C3h) are lower than the 
values for the corresponding aquo ions. 

There are, however, exceptions to the theory, the most striking being the 
gaseous trihalides LnX3 (X=Br ,  and I). NdBr8 and NdI~ have been shown 
(82) to have D3h symmetry in the gas phase by electron diffraction techniques 
and yet have the largest f2z values known for any complexes of Nd(III). The 
'octahedral' hexahalide ions have, in some cases, hypersensitive transitions which 
are stronger than in the aquo ions. Although presumably distorted to some extent 
it is unlikely that the symmetry would be so low as to contain Ylm harmonics. 
Finally Pap#allardo has noted (83) that the Stark splitting pattern of the very 
hypersensitive transition of Holmium tris(methylcyclopentadienyl) is not com- 
patible with any of the symmetries containing A lp in their crystal field expansion. 

It is obvious then that although this theory can probably account for some 
aspects of hypersensitivity it cannot be the whole explanation. 
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5.3. Vibronic Mechanism 

An assessment of the importance of a vibronic versus a static mechanism for the 
/2~ parameters in general has been given above and it can only be stressed again 
that  all the direct experimental evidence points to a vibronic mechanism being 
unimportant at least for molecular complexes. I t  has been shown for several 
complexes that  the intensity of the 5D2-- 7F 0 transition of Eu(III) when exhibiting 
hypersensitivity is largely static (48, 57, 60) and that  when the complex possesses 
a centre of inversion it is very nearly zero (59). Little vibronic structure has been 
found in the 4 K spectra of the hypersensitive bands of [(C~Hs)sPH]3NdCI~ (54), 
Tm(methylcyclopentadienyl)3 (83) and Er(cyclopentadienyl)8 THF (84). Krupke 
has interpreted (35) the variation of the /22 parameters of Ln 3+ in the Y203 
host as implying that they contain little contribution from a vibronic perturbation 
in contrast to /24 and /26 and a similar conclusion was reached (42) for the f22 
parameter of Tm ethylsulphate. 

Jergensen and Judd (46) considered the possibility of vibrations which could 
contribute to D2 but not to/24 or X26 (the analogue of A 1~ in the static model) 
and produced the equation 

~2z(VIB) ~ [ ha~ ] N(70,")2 [ 4~2 m z I ~ (2J + 1) -1 × 10 -16 cm z (19) 

where as is the Bohr radius, Q' is the radius of the vibrating complex and e" the 
amplitude of vibration. N is a dimensionless geometric factor depending on the 
structure of the complex and is about 10. 

Taking the very reasonable values of 4A for O' and 0.08 A for Q" they calculated 
a value of [22 (vibronic) which was about two orders of magnitude too small. 
Eq. (19) has been used by Gruen et al. (33) to calculate values of/22 for gaseous 
NdBr3 and NdI3 which are of the same order of magnitude as the experimental 
ones. Their choice of values for q' and q" has, however, been criticised (60b) 
and in particular, because the Nd-I bond is longer than that  of Nd-Br (82), appli- 
cation of this vibronic formula must lead to the conclusion that D2 for NdIa is 
smaller than that  for NdBra which is contrary to experiment. 

The presence of strong hypersensitive transitions in the spectra of the octa- 
hedral' hexahalides has been claimed (75) as evidence that/22 for these complexes 
is largely vibronic, but it seems more likely (based on the 4 K crystal spectrum of 
[(C~Hs)sPH]aNdC16) that  a small distortion from pure octahedral symmetry is 
present. This conclusion was also reached by Ryan and Jorgensen (52) on the basis 
that  the pure electronic lines in the spectrum of the Pr(III) complexes has signif- 
icant intensity. A vibronic mechanism has also been invoked (85) to rationalise 
the changes in the spectrum of an aqueous solution of Nd a+ nitrate when it is 
heated to 620 K. Again no concrete evidence is presented and the spectra suggest 
that  three different hydrates (with presumably different symmetries) are formed 
at various temperatures. 

5.4. The Inclusion of Covalency 

Both static and vibronic intensity can be increased if a significant amount of 
covalency is postulated. The nephelauxetic ratio has long been regarded (86) 
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as a measure of covalency and the fact that  the intensity of the hypersensitive 
band of Nd 3+ can be correlated with this ratio has been considered (75) an indica- 
tion that  covalency is important. From Eq. (10) it can be seen that the inclusion of 
covalency can affect both (4/Ir t lnl} and (/II C(t) I1 l}. The former cannot be respon- 
sible for hypersensitivity since any perturbation of the 4[ radial function would 
affect all the X2a parameters. I t  has, however, been argued (75) that  the angular 
part  of the 4 / funct ion  can also be modified by covalency and that  this can pre- 
ferentially affect 92. 

The ligand wave functions may be written (87) as a sum of (renormalised) 
radial functions multiplied by spherical harmonics with origin at the central 
metal ion. 

~ligands = ~ ~ ~ Ykm with k odd. 
k m 

The metal function is now written as a sum of the original 4/functions and the 
ligand functions weighted by mixing coefficients related to the nephelauxetic 
ratio. 

~metal  = (1 - b)~ 14/} - b~ [q~ligands}. 

The matrix element (/]IC(t) [l) of Eq. (10) is now replaced by 

( 1  - b)~(] 11 c( )ll z) - b½(#ligands II C(t) ll z). 

The relevant term which can affect the value of s9~ is then 

- E   (Y mllC<t>II;)" 
k 

The authors then argue (75) that if 4 / -  5d mixing only occurs then ~92 and to 
a lesser extent ~9a will be affected while X26 should be unaffected by the environ- 
ment. It  seems clear, however, that if 4 / -  ng mixing is included then t?6 ought 
also to be sensitive according to this mechanism. There is little evidence that  
transitions involving ~94 are hypersensitive, for example the intensity of the 
(5G, 2G)5~-518 transition of Ho a+ is dominated by/ .(4)  and seems little affected 
by the environment. 

5.5. Pure Quadrupole Radiation 

As discussed in Section 2 .8 / -~ / t r ans i t i ons  can occur by the absorption of qua- 
drupole (and hexadecapole and 64-pole) radiation. The expression for the electric 
quadrupole oscillator strength has already been given Eq. (18). The selection 
rules on quadrupole transitions are those on F(2) i.e. I/ 'JI ~ 2 ,  ]AL!<2 and 
A S = 0 and so quadrupole radiation is presumably absorbed during hypersensitive 
transitions. The values of P calculated by considering this mechanism are, how- 
ever, between 10 a and 105 times less than the experimental values. Two further 
points argue against hypersensitive transitions being electric quadrupole: the 
fact that in no case where the selection rules on the Stark transitions of a lantha- 
nide spectrum have been determined have quadrupole selection rules been found 
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(19) and the fact that Eq. (18b) implies that ~22 should be proportional to a 2, 
which is not experimentally found (26). 

Jorgensen and Judd pointed out (46) that an enhancement of the quadrupole 
oscillator strength could be obtained if the (4[ [rZ]4[) radial integral was modified 
by co-valency. As in the previous section the 4] radial wavefunction is replaced by 

(1 - b)~ 141) - b~ I~ligands) 

Taking reasonable values of b, the oscillator strength could be increased by 
a factor of about 100 but it is still left smaller than the experimental value. It 
is perhaps interesting in this connection to note that Pappalardo had reported 
(84) a correlation between the (large) oscillator strengths of the hypersensitive 
bands of Nd(ItI) and Er(III) cyclopentadienyl complexes and a large splitting 
of the J = 3/2 levels, which is directly proportional to (4[ [r 2 [4]). The problems 
of selection rules and frequency dependence, however, remain. 

5.6. Inhomogeneous Dielectric 

This is the mechanism finally proposed (46) by Jorgensen and Judd to account 
for hypersensitivity. They noted that the electric quadrupole operator which is 
normally written 

. 2 /~ (2 )~  e(2/3)t , 

should more properly be 

where 
l 

represents the variation of the electric field across the ion and is normally con- 
sidered to be insignificant (i.e. is taken as unity). It was argued, however, that 
were the electric field variation not negligible, due to the presence around the ion 
of dipoles induced in the surroundings by the radiation field, then the quadrupole 
oscillator strength could be greatly enhanced. Taking as a model a cubic array 
of ions in which one ion had a polarisabihty twice that of the others they found 
that the oscillator strength could be enhanced thus: 

~22 (inhomogenous dielectric) ~ ~22 (quadrupole) 225 the - 1)z aG (20) 
1 6 ~  4 n2(n 2 + 2) 2 R8a 2 

where n is the refractive index of the medium and R is the distance from the 
lanthanide ion to the unique and a to the non-unique surrounding ions. The 
expression for L22 is now frequency independent, removing one of the major 
obstacles to a quadrupole mechanism, although it would appear that transitions 
between Stark components should stiU obey quadrupole selection rules. 
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With n = 1.5 and R = a  the oscillator strength of the 4G5/2~-410/~ transition 
of Nd 3+ was calculated and the value obtained was only thir ty time less than 
experiment compared to about 104 for a pure quadrupole mechanism. The cal- 
culated value could now be increased to match the experimental one by the 
inclusion of covalency. 

This theory has been criticised by several authors (24, 33, 75, 78, 88, 89); in 
many cases without justification. The name 'inhomogeneous dielectric' has led 
to the mistaken belief (24, 88) that it predicts that hypersensitivity cannot occur 
in the solid state. Any system in which the lanthanide ion is not at a centre of 
inversion can, according to the model, give rise to hypersensitivity. One paper 
(89) discounts the theory on the basis of the observation that  the oscillator strength 
of tlle hypersensitive bands of some fl-diketone complexes did not vary regularly 
with the polarisability of the solvent with no evidence that  the solvent was co- 
ordinating. Finally it has been discounted (33) because of the incorrect conclusion 
that  it could not account for the hypersensitivity of the gaseous LnX3 (which 
have become test cases for theories of hypersensitivity). The authors (33) in this 
case evaluated Eq. (20), using the value of 1.001 for the refractive index. This is 
clearly inappropriate since it is the bulk refractive index of the gas, and the 
refractive index intended in the relationship is an approximation to the polaris- 
ability of the ligands, or solvent molecules for a solvated Ln 3+ ion. We feel that  
the inhomogeneous dielectric theory has not been disproved but because the 
authors' have not derived a formula which can be applied to a real system it is 
not clear what the degree of enhancement of quadrupole intensity would be in 
any particular case. 

5.7. Dynamic Coupling Mechanism 

This is the most recent mechanism proposed (90, 91) to account for hypersen- 
sitivity. In the Judd-Ofelt theory the ligands surrounding the lanthanide ion are 
considered only inasmuch as their ground state field produces the perturbation 
required to mix excited configurations into the 4] N configurations. However 
the ligand wave-functions are also perturbed by the metal ion. If we write the 
metal ground and excited functions as [M0) and [Ma) and those of the ligand as 
IL0) and ]Lb) and represent the total system of (lanthanide ion and ligand) 
by simple product functions, i.e. [MoL0), we may write (92) the first order per- 
turbed ground and excited states [A) and ]B) as: 

IA) = [MoLo) - ~ (Ea + Eb) -1 (MaL~ JVIMoLo ) IM~,Lb) 
b 

I B) : IM~Lo) + ~. (Ea - Eb) -1 (MoLb IV[MaLo)]MoLb) 
b 

where the energies of the ]Ma)-*- IMo) and ILb)*- IL0) transitions are given by 
Ea and Eb and the summation runs over all transitions of the ligand which are 
electric dipole allowed. 
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The/+~/ t ransi t ion thus aquires a first order electric dipole transition moment 
which is given by: 

e<A [O(q 1) [B> = e "Y 2Eo(E 2 - E2a)-I<MoMa [VILoLb><Lo ID (1) ILo> (21) 
b 

The electric dipole moments <L0 ]D(1) [Lb> located on the ligand are correlated 
coulombically with the charge distribution at the lanthanide ion caused by the 
/+~/transition. This correlation is given by the matrix element <MoMa IV[ LoLb> 
where the potential V represents the coulombic interaction of the charge distribu- 
tions on metal and ligand. This matrix element can be evaluated by expanding 
the transitional charge distributions MoMa and LoLb as multipole series centred 
on their respective co-ordinate origins. The leading multipole of each is retained; 
an electric dipole for the ligand charge distribution and an electric quadrupole 
for the meta l  The perturbation matrix element now becomes (93): 

<MoMa [V[LoLb> : 
e 2 (22) 
/~4 ~" ~ (-- 1)q+m [ Bq'm]½ C~-~)-m<M° { D~) I Ma)<L° I D(al) I Lb) 

q 

where R is the metal-ligand bond distance and Bq, m is a numerical factor depend- 
ing on the particular components q and m which interact. 

If we restrict our consideration to N perturbers (ligands) L each at a common 
distance R from the lanthanide ion we have 

N 

e<A ID(qX)lB} = Re4 ~ ~ (-1)m+q[Bq'm] ½ "~(s)'J-q-m \,v~/a/rO I*'mtn(Z)' 
L = 1 q,m (23) 

{ Z  2Ebeu<L°lD(ql)lL°>2 } ( E  o 2 - E a 2) 

The content of the curly brackets is just the diagonal element of the polaris- 
ability tensor aqq at the frequency of the transition, and, if we restrict ourselves 
to isotropic ligands, may be equated to the average polarisability ~. Finally if 
we revert to the more normal S, L, J ,  M notation (i.e. IM0> goes to [4/~[S L] J M>] 
and sum over the q components of the dipole and m components of the quadrupole 
operators and sum over M and M' as is appropriate for isotropic solution the 
oscillator strength becomes: 

[8 ~ m c] a ~92(dynamic) <ff o~[ S L] J li U(~)ll /N~'[ S' L'] j,>2 P(dynamic) = X [ ~ j  

× (2J + 1) -1 (24 a) 

where 

V} ~(dynamic)  = ( ~--g)(-~8)</1{C(2)1{/} 2 <4/[r214/>9' ~ [Bq ,m] C(-~)-m 
q , m  L=I 

(24b) 
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The dynamic coupling mechanism, then, gives a contribution to ~92 and only 
t22 in addition to that  from the Judd-Ofelt mechanism and so is clearly a possible 
explanation of hypersensitivity. It predicts that  hypersensitivity should be 
exhibited if the point group of the lanthanide contains the Y3m spherical harmonic 
in the expansion of its point potential. The appropriate point groups are all those 
containing the Ylm harmonic as discussed in Section 5.2 above (Ca, C1, C2, C3, 
C4, C6, C2v, C3v, C4v and C6v) and in addition C5, C7, C8, Chv, Coov, C3h, D2, D3, 
D4, Dh, D¢, D2a, Dzh, $4, T and Ta. Thus we have the possibility of hypersensitiv- 
i ty for the D3~ trihalides. The theory has been applied quantitatively to NdBr3 
and NdI3. Depending on the value~ of radial integrals and polarisabilities used 
~92 for NdBr3 is calculated in the range 100--170 x 10 -20 cm 2 and for NdI3 
between 140--230 × 10 -2° cm 2, so not only are the calculated values close to 
experiment but ~92 for the tri-iodide is predicted to be larger than that for the 
tribromide as is found experimentally. Various properties of hypersensitivity 
can be accounted for in terms of the polarisability which occurs in Eq. (24b). 
For example the order of polarisabilities is 

I - >  B r - >  C I - >  H 2 0 >  F-  

and ary] > alkyl which is the order of hypersensitive intensity; polarisability 
is a function of frequency and of covalency and can probably be correlated with 
the pKa of the corresponding acid. The extreme sensitivity to environment can 
be rationalised both by the polarisability and by the presence of the R-S factor 
in Eq. (24b). 

The principal difference between the dynamic coupling and inhomogeneous 
dielectric theories is that in the latter dipoles are induced in the ligands by the 
radiation field and are to some extent random and mutually cancelling while 
in the former the dipoles are induced by the charge distribution caused by the 
].o-/transition and so are correlated to give maximum effect. Although the dy- 
namic coupling theory must of course be subjected to more test it does seem at the 
present to be the most able to account both qualitatively and quantitatively for 
hypersensitivity. 

5.8. Conclusion 

It  is felt on the basis of the evidence reviewed above that the Judd, the inhomo- 
geneous dielectric and the dynamic coupling theories may all be considered to some 
extent to account for hypersensitivity. Unfortunately only in the case of the last 
named have quantitative calculations been carried out and it is not yet certain 
what the relative quantitative contributions to the phenomenon are in any real 
case. 

6. The Exceptional Behaviour of Praseodymium(III) 

The phenomenological application of the Judd-Ofelt theory works less well for 
complexes of Pr(III) than for those of the other lanthanides. This is evidenced 
both by the much larger RMS values obtained and by the difficulty experienced 
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(17) when trying to fit both the aFa, 3F4~-3H4 and aP2,1,0116~-3H4 transition 
groups with the same phenomenological parameters. The Judd-0felt parameters 
for a number of compounds of Pr(III) are collected in Table 3. The $22 parameters 
are, in many of the cases, meaningless since only the 3F2+ 3H4 transition has a 
significant/~(2) matrix element and it has not been included in the data set of any 
of the compounds measured in aqueous solution. The parameters in the first row 
of Table 2 have been obtained by extrapolation from those for the other lantha- 
nide aquo ions. A comparison of the values of ~2x for at least all the aqueous 
solutions with the extrapolated values shows that Q6 is always considerably 
larger than would be expected if the smooth variation of $26 with number of / 
electrons were continued from Nd 3+ to Pr 3+. Table 4 lists the oscillator strengths 

Table 3. Judd-Ofelt parameters for compounds of Pr(III) 

~Q,~( × 1020) cm 2 2 4 6 RMS Ref. 
( × 108) 

Extrapolated from g2~ of the 1.2 5.1 9.0 
other Ln 8+ aquo ions 

Pr 3+ aquo (excluding 5.8 4- 2.5 32.1 4- 3.0 1.3 (17) 
aFa, 4 ~- 3H4) 

Pr a+ aquo (including 13.5 4- 5.3 25.1 4- 7.1 3.7 (17) 
aF3, 4 -(- 3/-/4) 

Pr (~-picotinate) 7.0 4- 2.5 39.5 :t: 3.0 1.3 (23) 

[PrWloO35] 7- 5.1 4- 2.1 37.3 4- 2.5 1.1 (24) 

[Pr(PrWllO39)~] 11- 7.8 4- 6.2 72.5 4- 7.5 3.3 (24) 

[Pr(P2W17061)2] 17- 5.9 + 3.5 67.1 ~ 4.2 1.8 (24) 

Pr(NO3)3 in ethyl acetate 8.5 4- 3.1 13.7 4- 4.1 3.7 (16) 

Pr(NO3)3 in LiNOa/KNO3 6.4 4- 1.1 6.5 4- 1.5 1.4 (16) 

Pr 3+ in Y2Os 19.8 4- 0.1 4.9 4- 0.1 0.1 (35) 

Pr 3+ in LaF3 1.8 4- 0.8 4.8 4- 0.5 1.3 (35) 

32 .84-72  

--241.5 4- 115 

46 4- 72 

--27,2 4- 60 

--79.9 4- 180 

13.6 ± 102 

1.8 4- 10.3 

8.7 4- 0.4 

17.2 4- 0.2 

0.12 4- 0.9 

Table 4. Observed and calculated oscillator strengths (× 106) of Pr(III) transitions 

Transition Pobserv~ Pcalculatea a) /gealet t la tedb)  Pealculated e) 

3P  2 ~- 3H 4 14.96 4.5 14.6 12.5 

aP1, 116 7.54 4.1 7.3 4.1 

3P 0 2.51 2.6 3.0 6.9 

1D~ 3.03 1.3 4.5 2.2 

IG a 0.30 0.4 1.3 0.7 

aFs, 3F 4 12.58 12.1 41.1 14.1 

a) From ~Q~ extrapolated from ~Qx for the other lanthanide(III) aquo ions. 
~) By solving Eq. (13a) excluding the aF3,4 ~- 3H4 transitions. 
c) By solving Eq. (13a) including the 3F3, 4 ~- 3H 4 transitions. 
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of the various transitions of the Pr z+ aquo ion along with the oscillator strengths 
calculated a) from the extrapolated values of t2~ b) from the values obtained by 
Carnall et al. (17) by excluding and e) including the ZFz, ZF4~-3H4 transitions. 
The extrapolated parameters reproduce quite well the intensities of the 8P0, 
1G4 and 3Fz,4 transitions while underestimating those of the zP2,1, 116 and 1D2 
groups. Conversely if those transitions are fitted (calculation b) then 1G4, 3F8, 4 
and to a lesser extent SPo are overestimated. Attempting to fit all transitions 
with the same parameters (calculation c) leads to poor agreement in almost all 
cases. All the non-aqueous complexes listed in Table 2 have been treated by 
method (c) and good agreement between calculated and experimental oscillator 
strengths is found only for Pr 3+ in LaFs (35). 

It is possibly significant that the 3P2*-3H4 and 1Dg.~3H4 transitions have 
been found (71) to exhibit hypersensitivity (although this word should be really 
be reserved for transitions obeying quadrupole selection rules as discussed in 
Section 5). Figure 5 shows the spectrum of an aqueous solution of Kll[Pr(PWll  
Osg) 2] and of Pr s÷ perchlorate for comparison. The same enhancement of intensity 

25 
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2/+ 2'2 ~:) 18 16LK. 
Fig. 5. The aqueous solution spectra of [Pr(PWllO39)2] 11- (broken line) and Pr 3+ perchlorate 
(full line) [from (Ref. 712)] 

obtains in several other heteropolycomplexes (24, 71) and in some fl-diketone 
complexes of Pr(III) (27). The 3P2~-3H4 transition has about half the uqao ion 
intensity in the KNOz-LiNOz melt (76) and the entire 3P2,1,0 116-,-3H4 and 
iDa*- ZH4 groups of transitions are absent (33) from the spectrum of PrBrz and 
Prlz, although the ZFz, a~-ZH4 transition is present with much the same intensity 
as in the aquo ion. It has been claimed (9,/) that the Ilr*--ZH4 transition is hyper- 
sensitive. 
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The theory commonly (17, 95) put forward to explain the anomalous behaviour 
of Pr 3+ is that the approximation made in the Judd-Ofelt theory that the perturb- 
ing configurations are degenerate and of much higher energy than the /.,-,-] 
transition being considered is not valid. The first 4/-+5d absorption of Pr 3+ in a 
CaFz host is located at about 45,000 cm -1 while that of any of the other lanthani- 
des (except Tb a+) is at least 10,000 cm -1 to higher energy. The Tb 3+ ion has a 
4]~5d transition at essentially the same energy as that of Pr 3+ but arguments 
have been advanced (17) as to why the breakdown of the approximation is less 
serious for Tb a+. 

The breakdown of this approximation for Pr 3+ affects two aspects of the Judd- 
Ofelt theory. Firstly it makes the closure argument rather more dubious and sec- 
ondly it makes the cancellation of the 'odd' parts of the intensity expression 
less exact. This may result in a significant contribution from 

O (IN[S L] J II U<  ll s' L'] J') 

with 2 odd. In fact for the ~P2,1,0 ~- 3H4 multiplet only the 2 = 5  reduced matrix 
elements are non-zero and have values of ,~0.283 for 3P2~- 3H4, ~0.502 for 3P1 ~- 
all4 and zero for 3Po~-3H4. It is possible, then, that £2s can contribute to the 
intensity of at least the 3P2~- ~H4 and 8Pl~- 3Ha transitions. This cannot be the 
whole explanation, however, since the greatest discrepancy between the observed 
and extrapolated intensity is for the 3P2 ~-3H4 transition while the/'<5) reduced 
matrix element for 3Pl~- 3H4 is larger. It is also difficult to explain the observed 
hypersensitivity by this method. The exceptional behaviour of Pr(III) and in 
particular its hypersensitivity remain one of the major problems in lanthanide 
intensity theory. 

7. The  5Do ~ 7Fo Transit ions 0£ E u r o p i u m  (III) 

The 5Do.o-7Fo, 5Do--,-TF3, and 5Do+TF5 and 5D3~TFo transitions of Eu(III) 
are all strictly forbidden within the framework of the first order perturbation 
treatment of the Judd-Ofelt theory. All three do occur, usually with extremely 
low intensity, in the spectra of certain compounds and this is usually explained 
as due to 'J-mixing' i.e. the wave functions of J #  0 states are mixed into the 
J = 0  state by the even parity terms of the crystal field. For example for the 
5Do+~TFo transition the total (second order) perturbation expression would be 

~ (/-,V[TF] 0 IV even [/N[7F]J) (IN[7F]J IV°rid [ ~") Qp" [D~ 1~ [/N[5D] O~ 
J K 

The J = 0-~J = 3 or 5 transitions are usually very weak, having oscillator 
strengths an order of magnitude less than the magnetic dipole allowed 5Dl~- 7Fo 
or 5Do-,-TF1 transitions and can be easily accounted for by the 'J-mixing' mechan- 
ism. The J = 0-~J  = 0 transitions can, however, be quite intense. In Eu(III) 
doped into Sr2TiO4 for example the 5Do-~TF0 intensity is 1.65 times the 5D0-~TF1 
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intensity (79, 96) and other cases are reported in the same paper where the inten- 
sity ratio between these two transitions is 0.72 and 0.25. Two attempts to calculate 
the intensity of a J = 0 + J  = 0 transition have been published; in the case of 
EuAiOa (Czv) it was concluded that  J-mixing could (97) account for the observed 
intensity while for several alkali europium tungstate compounds (e.g. NaEu(WO4) z, 
$4) it was decided (48) that  it could not. 

I t  was noted (96) that a J = 0 + J  = 0 transition had large intensity only 
when the site symmetry of the Eu 8+ ion was one of those which had A 1~ terms 
in its crystal field expansion. For example the transition has not been observed 
in Eu:BazGdNbO6 (Oh), Eu: Gd2Ti207 (D3~), Eu a+ ethylsulphate (Cab) or Eu: 
YVOa (Dza) while it occurs very strongly in Eu: Sr2TiO4 (C4v) Eu: Gd20a ($6 
and C2v) and Eu:Ba3Gd2WO9 (Csv). The authors also found (96) that  the largest 
J = 0 -~J  -- 0 intensity occurred in those compounds where a large value of the 
Alp crystal field parameters would be expected from the crystal structure. They 
then argued that J = 0 - ~ J  = 0 transitions could have finite intensity if A 1~ 
crystal field terms were included in the expansion through the equation. 

7"/:2 mt:: ] 
P = z 3 t, no</N [SL]011 (o ll/ ¢ 

where 

~0 = ~ Alp -w(1,1) 
P 

Wybourne has however argued (98) that  since U(°) is a scalar and the functions 
[/No~[SL]J) are orthonormal the reduced matrix element is zero and so that no 
intensity can come from this mechanism. This argument depends upon the closure 
procedure being valid and this has now been challenged (99). I t  is rather important 
to have this controversy resolved since potentially the presence or absence of the 
J =0~-~J-~0  line in a Eu(III) spectra could be diagnostic of the importance of 
the A ap terms of the crystal field expansion of the Eu a+ ion. 

8. S t ruc tu ra l  Imp l i ca t i ons  

The splitting by the ligand field of J-states into Stark components and the 
selection rules between these components have long been used to determine the 
site symmetry of lanthanide ions and, in favourable cases, their co-ordination 
geometry. The fluorescence of Eu(III) has probably been used in this way to a 
greater extent than the spectrum of any other lanthanide ion. The nephelauxetic 
ratio can also give some structural information in that one can often distinguish 
between co-ordination by, say, nitrogen, oxygen or sulphur by means of it. 

It  is natural, then, that  attempts should have been made to relate the intensity 
o f /~+]  transitions, and particularly of the hypersensitive transitions, to the co- 
ordination environment of the lanthanide ion. Thus the intensity of the hyper- 
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sensitive transition of Nd 3+ has been used (100) to help distinguish between inner 
and outer sphere complexes of that ion and it has been shown empirically (101) 
(with reference to the potential use of Nd 3+ as a probe for enzyme sites) that one 
can distinguish between the binding of simple carboxyl and a-aminocarboxyl 
ligands. Much work on the relationship between the intensity, and more commonly 
the shape, of the hypersensitive bands of Nd 3+, Ho 8+ and Er 3+ and the co-ordina- 
tion of the lanthanide ion has been performed by Karraker (102, 103, 104, 105). 
He has suggested (102), for example, by comparison of the shapes and intensities 
of the hypersensitive bands with those of complexes of known co-ordination 
number that the tris acetylacetonates of these lanthanides each contain one 
molecule of co-ordinated water. By the same method he has deduced (103) the 
co-ordination numbers of the hydrated lanthanide acetates and has proposed 
(104) that the Nd 3+ ion is nine co-ordinate in dilute aqueous solution but becomes 
eight co-ordinate in the presence of large concentrations of CI- ion. 

Until the mechanism responsible for hypersensitivity is fully elucidated, 
however, all such correlations must remain empirical and it must be admitted 
that little meaningful structural information has yet been obtained from the 
intensities of hypersensitive transitions. Each of the Judd, inhomogeneous 
dielectric and dynamic coupling theories of hypersensitivity do in principle enable 
structural assignments to be made since by each can ~22 be calculated from a 
geometric model. In this connection one can cite the compound NdI4Cs; recently 
obtained (106) in the gas phase. The oscillator strength of the hypersensitive 
transition of this molecule is (106) about half that of NdIs. The two most likely 
geometries are a distorted tetrahedron (C3v) or a distorted square plane (C2v). 
Calculation of the oscillator strength expected for each of these geometries by the 
dynamic coupling theory suggests that unless the bond lengths are very much 
larger than in NdI~ the distorted tetrahedron is ruled out because in this case 
the oscillator strength is predicted to be greater than that for NdIs. 

One interesting case of structural assignment via the intensities of the non- 
hypersensitive transitions has been expected. The plot of ~26 for the lanthanide 
aquo ions against that for the [LnWlo035] 7- series, which is known to be iso- 
structural (107), is linear (25) and this has been interpreted as suggesting that the 
aquo ions also are isostructural (at least from Nd 3+ to Era+). Recent conductance 
measurements on the lanthanide perchlorates support (108) this assignment. 

9. Concluding Remarks 

In the subject of the intensities of forbidden transitions, as in many other subjects 
in Chemistry and Physics, theory has developed somewhat faster than experiment. 
It is sad to think that, during the 1960's when so much fine experimental work 
was done on the energy levels of ions in crystals, in virtually no case were the 
intensities of the transitions measured. However the situation has, as I hope this 
review has shown, improved in recent years and although of course no theory can 
ever be proved, the Judd-Ofelt theory can at least be accepted as a good working 
hypothesis from which to plan further experiments. Although little use has yet 
been made of lanthanide intensities in structural predictions this perhaps will 
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come when the mechanisms of hypersensi t ivi ty have been more thoroughly  elu- 
cidated. In  this connection the author  is informed tha t  Professor R. W.  Schwartz, 

of the Louisiana State Univers i ty  is initiating a s tudy  of the absorption and mag- 
netic circular dichroism spectra  of single crystals of octahedral  Cs~NaLnC16 
which should help our unders tanding of this problem. The interest generated in 
lanthanide spectral intensities has perhaps to some extent  been responsible for 
the recent renewal of interest in the intensities of t ransi t ion metal  spectra. The 
dynamic  coupling mechanism is now being applied to the intensities of D3 com- 
plexes of Co(III) (lo9) and to te trahedral  complexes of Co(II) and Ni(II)  (110). 

To look to the future, the author  sees the main directions of research bo th  
experimental  and theoretical being the explanation of hypersensi t ivi ty and of the 
peculiar spectral behaviour  of Pr(III), and the calculation of Ae~ parameters  and 
so ~9a by  more realistic methods  than  the point  charge crystal-field model. The 
author  would finally like to ment ion tha t  a review on lanthanide intensities and in 
particular hypersensi t ivi ty is being prepared by  Professors G. R. Choppin, D. E. 

Henrie and R. L. Fellows. 
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I. I n t r o d u c t i o n  

Since the publication of the Review on Spectra and Energy Transfer of Rare 
Earths in Inorganic Glasses (1), a great amount of experimental data has been 
accumulated on radiative and nonradiative relaxations of ions in glasses as well 
as on energy transfer from ions in which the absorption is allowed, to the rare 
earth ions. 

At the same time, an increased activity has been observed in the field of 
similar phenomena of Rare Earth Ions in crystals and described in three excellent 
reviews published recently (2, 3, 4). 

As a result of these works, we now have a much better understanding of the 
important questions such as ion lattice interaction and cooperative effects which 
are essential to elucidation of luminescence quantum yields. 

Recently, there has been also a tremendous growth in the utilization of rare 
earth activated materials. These include not only phosphors, but also quantum 
electronic devices such as quantum counters, infrared to visible upconverters 
and lasers, the latter being of special interest in connection with nuclear fusion. 

Because of these implications to glasses, it appears of interest to correlate 
experimental data with the theoretical approach of radiative transitions. To this 
end, a most useful approach is condensed in the Judd-Ofelt  theory. 

An important feature of the Judd-Ofelt  theory (5, 6) is that once a set of three 
intensity parameters for a specific rare earth ion in a given host has been obtained, 
they can be used to calculate absorption and emission probabilities between 
any IN levels of the system. This includes transitions such as excited state ab- 
sorption which are difficult to measure experimentally. 

Three main processes are active in the relaxation of rare earth ions from an 
excited level which may be populated either by radiative absorption or via 
energy transfer. These are: 

1. Radiative decay 

2. Nonradiative decay where the excitation energy is converted into vibrational 
quanta of the surroundings 

3. Nonradiative transfer of energy between ions with possible degradation of 
excitation. 

We shall summarize first the main features of the first two theories of these 
phenomena, then discuss our experimental data in view of these theories, so that 
deduction can be performed for new systems. The third part will be discussed in 
the near future. 

Radiative Transition Probabilities: Optical line spectra of triply ionized rare 
earth ions originate from transitions between levels of the 4] N. The positions of 
these levels arise from a combination of the Coulomb interaction among the 
electrons, the spin orbit coupling and the crystalline electric field. The electro- 
static interaction yields terms 2S+lL with separations of the order 10 4 cm -1. 
The spin orbit interaction then splits these terms into J states with typical split- 
tings of 10 3 cm -1. Finally, the J degeneracy of the free ion states is partially or 
fully removed by the crystalline Stark field, the width of a Stark manifold usually 
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extending over several hundred cm -1. In glasses, the amount of splitting is of the 
order of magnitude of inhomogeneous broadening as a result of the multiplicity 
of sites. 

The free ion states obtained by diagonalizing the combined electrostatic and 
spin-orbit energy matrices are linear combinations of RusseU-Saunders states of 
the form, 

] / N [ y S L ] J >  = E c(~,SL) l / ~ T S L J >  

In this intermediate coupling scheme the total angular momentum J is a good 
quantum number, but the spin and orbital momentum numbers S and L are not 
(this is denoted by the brackets) ; ~ includes whatever other quantum numbers are 
required to specify the states. 

The rate of relaxation of an excited J state is governed by the combination 
of probabilities for radiative (A) and nonradiative (W) processes. The lifetime 
Za of an excited state a is given by, 

l = E Aab + E (1) 

b b 

where the summations are for transitions terminating on all final states b. 
The radiative probability A includes both purely electronic and phonon as- 

sisted transitions. The nonradiative probability W includes relaxation by multi- 
phonon emisison, and effective energy transfer rates arising from ion-ion inter- 
actions. The radiative quantum efficiency ~a is defined by, 

Aab 
b 

- ~  ~ Aab 
~a = Z A ~  + .f W ~  

b b 
(2) 

From the knowledge of any two of the quantities Va, */, ~ A  and ~Wab, the 
other two quantities may be determined. 

Meaningful ab initio calculations of either electric dipole radiative or non- 
radiative decay rates are still beyond our present capabilities. Therefore they all 
involve experiment and phenomenological treatment. 

In order to measure quantum yields, reliable standards of fluorescence are 
required. These have been measured in our laboratories for Rare Earth Ions 
(RE) and are summarized in Ref. (7). 

II. Magnetic Dipole and Electric Quadrupole Transitions 

The symmetry properties of the crystal field were invoked in early spectroscopic 
studies to account for the selection rules in the radiative transitions. With the 
availability of good energy level assignments, calculations of oscillator strengths 
for magnetic transitions and electric quadrupole transitions could be made. 
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Magnetic-dipole transitions (MD) in the trivalent rare earths are parity 
allowed between states of ]rr. The selection rules for such transitions are 

A I = A S = A L = O  and [AJ[~<I(O-*/-~O) 

in the Russell-Saunders limit. 
The line strength for MD transitions is given by, 

SMD(aJ'b ' --- $z IN I L (3) , J ) I < [),SL] J I + 2 S [ l/1~ [~,' S' L'] J' > 12 

where/~ = eh/2mc. 
The matrix elements of magnetic-dipole operator ~ + 2-S between SLJ states 

may be calculated by formulae given by Wybourne (8) and have been tabulated 
for transitions from the ground state by Carnall et al. (9). 

The spontaneous emission probability for magnetic dipole transitions is 
calculated using Eq. (3) and the usual formula for spontaneous emission probabil- 
ity given by, 

A(aJ • bJ') 64 z~ v 3 ZMD 
' 3(2 J + 1) hc 3 SMD(aJ  ; bJ') (4) 

where X is the local field correction for magnetic transitions, 

X~tD = n 3 (n being the refractive index). 

Electric quadrupole transitions are also parity allowed between states ]N. 
The selection rules for such transitions are A S = O; I zJ L I, [A J I ~< 2. Possible 
enhancement mechanisms for quadrupole transitions have been considered by 
Jorgensen and Judd (10). 

In glasses, the contribution of magnetic dipole and electric quadrupole to the 
transitions between various ]1~ multiplets compared to the forced electric dipole 
transitions is relatively weak because the rare earth ion is situated at a low 
symmetry site in a vitreous medium (I). 

III .  Fo rced  Electric Dipo le  Transi t ions 

The selection rules for electric dipole transitions are A l = 4-1 A S = 0  [ALl 
and [AJ[~<2/for R E / = 3 .  

Transitions between/1~ levels involve no change in parity and are forbidden 
by the Laporte rule. They become allowed if odd harmonics in the static or 
dynamic crystal field admix states of opposite parity into the 4] level. In the 
Judd (5) O/elt (6) theory the electric dipole matrix element for the ~th component 
of polarization can be expressed as 

<~°alPo[~°b > =  X Y(t,q,o)</NvSLJJ, IUo+d~[/~"S'L'J'J~ > (S) 
q~t~ e v e n  
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where the energy denominator ( E n ' t " -  E4f)av, the crystal field parameters 
A~ odd and the interconfigurational radial integrals f R O / )  R(n ' / ' ) r  k dr (n'l' 
is the index for the next excited configuration) are all incorporated into the 
phenomenological parameters Y(t, q, Q). The number and type of the component 
Aq k which enter the Y(t, q, O) can be determined from group theory. [See Ref. (1)]. 

Application of this approach to the intensities of transitions between various 
Stark levels is dependent upon the availability of reliable crystal field eigenstates. 
When ions reside at low symmetry the states cannot be calculated and the inten- 
sity parameters have to be obtained from experimental data. 

In an intermediate coupling scheme the line strength S for ED transitions 
reduces to a simple expression containing three intensity parameters given by, 

SED(aJ; bJ') = SED(aJ" bJ') 

=e2 E ~?a[</z~[rSL]Jl[U(a)[[/~[r'S'L']J'>[2 
~t=2,4,6 

(6) 

The free ion states obtained by diagonallzing the combined electrostatic and 
spin orbit energy matrices are linear combinations of the Russell-Saunders states 
of the form 

It  N [7SL] J > = ~ c(TSL)[ p 7SLJ > 
~BL 

and the matrix elements of U(a) can be derived as described by Wybourne (8) 
using tabulated doubly reduced matrix elements of Nielson and Koster and 3/ '  
and 6/" symbols (11). The oscillator strength p and the absorption cross section 
a for a transition of frequency v are related to S by 

and 

p(aJ;  bJ') = [8 :z2 mvl3(2J + 1) he 2] S(aJ; bJ') (7) 

f (~(v) dv = ~2(,~2 + 2)2 P (8) 
9 m c n  

The oscillator strength of a transition between state <P~JI and state 
I/1~ ~o' J '  > in an isotropic medium is given by (9). 

P 2 J- ~-- 1 z'a I < / ' s  V' J [ I U~ [ l/N ~v' J '  > [2 (9) 
~=2,4,6 

TA 
A common form of (9) is with Tx = 

2 J + 1 
- - -  as follows: 

p = ~  Z T z I < p ~ J I I U ~ I I p t J ' > [ 2  (lO) 
),=2,4,6 

where a (cm -1) is the baricenter of the absorption band. 
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Experimentally, p is obtained from the absorption spectrum by 

p = 4.318 × 10 -9 Se(a) da  (11) 

The quanti ty T~ contains the sum of odd terms due to the static crystal 
field and the vibronic perturbation, the energy denominators which are the differ- 
ence between the 4 / a n d  the next excited configuration, and the interconfigura- 
tional radial integrals f R(4/) R (n' l') r k dr. 

For calculation of spontaneous emission probability the connection between 
Aeo and the measured calculated line strength is important. 

64n4v3Z S(aJ: bJ') (12) 
A(aJ; bJ') 3(2 J + 1) he3 

This may be obtained from the relation: 

Aea - 8~2e2v2X P - 8x~e2a~X P 
m c  3 m c  

8~2e2 aanu ~-~ (13) 
. . . .  3 + Z . ,  ** < J IIU( )II1"¢ J'> l 

Z=2,4,6 

where v is the frequency of the transition in sec -1, Z is the field correction for 

n(n~ + 2)2 and n is the refractive index. electric dipole transition Z - 9 

The standard method of calculating the T~ parameters (12) is to calculate 
the eigenvectors of the Rare Earth ion in a condensed system by diagonalizing the 
complete energy matrices using parameters which minimize the deviation between 
the centers of gravity of the observed and "free ion" electronic energy levels. The 
U ~ reduced matrix elements are taken from tables of Nielson and Koster (77) and 
transformed from L~S basic states to the physical (intermediate) coupling scheme, 
then squared and substituted into Eq. (10) for the oscillator strength. 

As previously mentioned, the Tx so obtained are the values which minimize 
the RMS (root mean square) deviation between the observed oscillator strengths 
and those calculated by means of Eq. (10). 

Matrix elements of the tensor operator llUXil for intermediate coupling have 
been tabulated for many ions and transitions. References to these calculations 
may be found in Ref. (2) (Table V--l). Although somewhat different sets of 
intermediate coupled eigenstates may have been used, the resulting values exhibit 
only small differences and hence values obtained for one host may generally be 
used for other hosts. This point has been discussed by Reis]eld et al. (13) and 
Riseberg and Weber (2). 

I t  should be noted that  the intensity parameters /24 of Eq. (6) and the zx 
parameters of Eq. (10) are related by, 

Q~. 3h n~ vX = 9.0 X 10 -12 n~ - -  Z ' , , I  

8~2mc g X 

Since they are used interchangably by various authors, attention must be 
drawn to the different forms. 
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IV.  I n t ens i t y  Pa ramete r s  of  T r iva l en t  Rare  E a r t h  I o n s  in Glasses 

As stated in the Introduction, knowledge of the intensity parameters and the 
availability of the matrix elements of intraconfigurational transitions of a given 
R.E. ion in its host are required for the calculation of specific radiative transition 
probabilities. 

In view of this, intensity parameters were obtained from the experimentally 
measured oscillator strengths for a variety of rare earth ions in various oxide glasses 
in this laboratory and recently also by Weber and Krupke for Nd 3+ in various 
oxide glasses. 

In order to test the amount of sensitivity of the calculated matrix elements to 
a given host, matrix elements for various R.E. ions in several hosts were examined. 
These included Pr 3+ (9, 72, 14), Tm 3+ (9, 72, 15), Eu 3+ (76, 77), Sm 3+ (9), and 
Er 3+ (5, 6, 18, 19). 

The ion for which the greatest amount of data on the reduced matrix elements 
are available is Er a+. Matrix elements for Er 3+ in various hosts are presented in 
Table 1. 

This table reveals that  the average difference between the reduced matrix 
elements of Er 3+ in various hosts is about 4-15~/o, which does not exceed the 
maximum experimental error for the values used to determine Ta. 

a) Intensity Parameters of Europium 

The most extensive study of intensity parameters in glasses was performed on 
Eu 3+. The dependence of T~ of Eu a+ as a function of the glass network forming 
ions is described in Ref. (13), and as a function of glass modifying ions in Ref. 
(20). 

For this calculation, reduced matrix elements were used from the works of 
Carnall et al. (9, 12) for aqueous solutions. The dependence of tile parameters on 
glass network former and glass network modifier is presented in Table 2. From 
the results it can be seen that  the intensity parameters are intimately bound with 
the nature of the ligand field surrounding the R.E. ion. 

In the Judd-Ofett  theory, the parity forbidden/--/ transitions become allowed 
as electric dipole by admixing of configurations of opposite parity. The admixture 
may not necessarily be due to the pure 5d or 5g level of the R.E. 

Recently, evidence has been given for the existence of covalent bonding of 
R E  ion embedded in glass matrices with its surrounding oxygens (1, 21, 22). 

When such bonding exists the molecular orbitals composed of R E  and ligand 
wave functions will have no definite parity when the ion is positioned at a site 
lacking a center of symmetry. In such a case, the forbidden/--]  transitions be- 
come possible. The amount of covalency can be inferred from the position of the 
charge transfer band. Quantitatively, this fact can be expressed by the nephel- 
auxetic parameter fl and the optical electronegativity gopt of a given ligand (glass). 
Tile nephelauxetic parameter of a glass (J) is defined according to Jorgensen (23) 
as  

fl a s - a (14) 
al  
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R. Reisfe ld  

where a is the wavenumber of maximum absorption of the ion in a given medium 
and o I the maximum absorption wavenumber of the free ion. 

The optical electronegativity Xopt can be calculated from the maxima of 
charge transfer band (24) by the equation, 

= 3 0  k K  [Zop,(z)  - Zunoo (M)] 

where Zuneor is the electronegativity of the probe cation (for example Eua+). 
The energies of the 5d and charge transfer states of RE ions in a glass were 

shown to be dependent on the glass network former in which this ion is situated 
(1). This energy dependence is expressed quantitatively by the values of Zopt 
and/5 as shown above. 

As seen from Table 2, the increase in covalency is accompanied by increase of 
Tx parameters of Eu a+. However, it should be noted that the covalency is not the 
sole factor influencing the Ta parameters. These parameters increase also when 
the monovalent cation Na + is replaced by divalent cations in the phosphate glass 
(Table 2). As inferred from the charge transfer spectra of Eu a+, 4[--5d spectra of 
Tb a+ and 1S0--aP1 spectra of Pb ++ (Table 3) which are insensitive to the change 
of the glass modifying cation (contrary to the glass-forming cation), there is no 
change of the electronegativity of the glass and of the covalency of the Eu a+ 
ion with the glass when changing the modifying cation. This is presented in Fig. 1. 

From this we conclude that the nephelauxetic effect which is caused by the 
lowering of the excited state of the ion by the surrounding crystal field, is influ- 
enced mainly by the symmetric part of the crystal field. The change in the Ta 
parameters in the absence of the nephelauxetic effect shows that the non-symmetric 
part of the field has a major influence on the parameters. The different modifier 
ions are responsible for the distortion of the oxygens around the R E ions lowering 
the site symmetry and increasing the probability for [--[ transitions. 

This physical picture can be interpreted by the theory of Judd-Ofelt in the 
following way: 

The explicit expression for the Ta is given by: 

Ta = Z [8 oz= m/3 h] (22 + 1) Y IA~,~ [ =~=(t, 2) 
t,~o 

(IS) 

In Eq. (15) the At,~ (t, odd) are the odd parity terms in the crystal field 
expansion depending on the site symmetry of the ion in a given matrix. The 
quantity ~(t, 2) contains integrals involving the radial parts of the 4[ 1~ wave 
functions and the excited opposite-parity electronic state wave functions. The 
energy difference between these two states appears in the denominator of 3(t, 2). 

~(t, 2) is a measure of the symmetric part of the crystal field (amount of 
covaiency) and is the same for all the glasses with the same network modifier, 
depending only on the network former. 

~ parameter varies by the same amount with change of network former, as 
with change of network modifier. Hence, the E(t, 2) quantity which is not depend- 
ent on the network modifier is not the factor causing the change in the za's. As 
may be seen from Eq. (15), the remaining quantity responsible for the magnitude 
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3+ 
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0 0 0 ~ O i  t t I I 
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phosphate phosphoric phosphate germanate 
phosphate phosphate borate 

GLASS COMPOSITION 

Fig. 1. Nephelauxetic parameter and optical electronegativity of various glasses as u function 
of glass composition 

of the ,x parameter are the asymmetric terms in the crystal field expansion, the 
At~ (4 odd). These remaining quantities arise, therefore, from the distortion of the 
cube surrounding the RE ions. 

b) Samarium 

The intensity parameters of Sm3+ in glasses were obtained from the experimen- 
tally measured oscillator strengths and matrix elements of Carnall et al. (72). 
I t  was shown by Reis/eld et al. (73) that the oscillator strengths of Sm a+ may be 
arranged in two groups, one referring to transitions up to 10,700 cm -1 and the 
second to transitions in the energy range 17,600--32,800 cm -1. ~ parameters were 
calculated separately for these two regions. I t  was found that  the parameters 
obtained for the high energy region may be higher by  a factor of 30 in the param- 
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eter re. For  example, the values obtained for the Sm 3+ ion in borate  glass are 
as follows: 

energy range in cm -1 ~2 ~4 r6 

low energy: 4520--10700 3.14 X 10 .9 6.00 X 10 -9 

high energy: 17600--32700 99.6 × 10 -9 7.2 × 10 -9 

0.54 × 10 -9 

4.79 × 10 -9 

This is not  surprising since Eqs. (9) and (15) apply to the case where t h e / •  
splittings are small compared to t h e / - - d  energy gap and therefore, it is incorrect 
to use oscillator s trengths of transit ions which are about  10,000 cm -1 for calcu- 
lations of vx parameters  b y  means of the Judd-Ofel t  Theory.  

The ~ parameters  of Sm 3+ in various glasses are presented in Table 4. 

Table 4. vx Parameters for Sm a+ in various matrices 

Matrix Energy range Number of v2(cm) va(cm) vg(cm) 
(cm -1) data points 

Phosphate low 4525--10,600 7 6.06 X 10 -9 4.17 × 10 -9 8.04 × 10 -9 

Borate low 4520--10,700 8 3.14 × 10 -9 6.0 X 10-9 0.54 × 10 -9 

Germanate low 6000--1000 6 5.92 × 10 -9 4.96 X 10 -9 4.24 × 10 -9 

The da ta  of Sm 3+ in germanate  glasses are taken from the work of Reis/eld, 
Bornstein and Boehm (25). 

Samarium was also studied in arsenic borax glasses (26). No absorption could 
be measured in the glasses because the host glass is opaque in the major  par t  of 
the spectral range. The fluorescence of Sm 3+ in the glasses increases with the 
amount  of As203 while the fluorescent lifetime of the 4G5/2 level decreases in the 
same order. This m a y  be seen in Fig. 2. These phenomena  m a y  be explained by  
the increase of populat ion of the excited states of Sm 8+ in glasses containing 
As203 as a result of intermixing of these electronic levels of Sm 3+ with the molec- 
ular  orbitais of As203. 

c) Erbium 

In tens i ty  parameters  of Er  3+ in borate,  phosphate,  germanate  and tellurite 
glasses were obtained by  Reis/dd and Eckstein, (27, 28). The results are presented 
in Table 5. The reduced matr ix  elements, UCX~ in these calculations between inter- 
mediate  coupled states of E r  3+ were evaluated by  Weber (19). 

In  Ref. (29) radiat ive transit ion probabilities and quan tum efficiencies of 
visible fluorescence of the 4S3/2 and 4F9/2 levels were measured by  the com- 
parat ive method  and from measured decay times and the radiat ive transi t ion 
probabilities of Eq. (12). 
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Fig. 2. (a) Relative fluorescence and (b) decay time of the 4G51 ~ level of Sm 3+ as a function of 
As2Oa contained in arsenic borax glasses 

Table 5. Values of vz for Er 3+ in various glasses 

Tx × 10 9 Borate glass Phosphate glass Germanate glass Tellurite glass 

$2 16.25 + 0.81 13.98 -4- 0.66 13.31 :k 0.49 19.29 zk 0.37 

v4 5.24 :k 1.30 5.27 ± 1.07 2.17 :k 0.78 3.38 ± 0.46 

T6 3.20 + 0.66 1.92 -4- 0.54 0.97 + 0.40 2.81 + 0.20 

In  order to estimate the val idi ty of such an approach,  some of the results are 
presented below: 

Table 6 presents the measured oscillator s trengths of Er  3+ in germanate  and 
tellurite glasses, calculated by  formula 

P = 4.318 × 10 -ge(a)  da (16) 

For  comparison, the oscillator strengths calculated by  using Eq. (13) with the 
above z~ parameters  and the mat r ix  elements U(X), are also included in Table 6. 
The degree of the fit is expressed by  the root  mean square deviation (RMS) be- 
tween the observed and calculated P-values. The matr ix  elements for a given 
t ransi t ion of Er  3+ were evaluated by  Weber for Er :  LaFa  (19). 

The calculated radiat ive transit ion probabilities for various levels of Er  ~+ 
are tabula ted  in Table 7. Probabilities for electric dipole emission and tota l  
radiat ive lifetime, predicted for all transitions from 4Sa/~ and aFg/~ levels are also 
presented. The spontaneous emission probabilities, the total  radiative lifetimes and 
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Table 6. Oscillator strength of Er 3+ 

S' L' J '  Spectral region 

(cm -1) 

P >< 10 6 germanate P X 10 6 Tellurite 

Experimental Calculated Experimental Calculated 

411312 6360-- 6730 1.10 0.83 2.55 2.02 

411113 9900--10400 0.29 0.49 1.09 0.50 

4 1 9 / 2  12400--12550 0.21 0.32 0.70 0.51 

4 F 9 / 2  15100--15400 1.00 1.55 3.02 2.93 

4 S 3 / 2  17800--18800 1.09 1.00 2.12 2.02 

2 H 1 1 / 2  19100--19300 10.96 12.90 17.68 18.92 

4 F 7 1 2  20000--20500 0.93 1.19 2.64 3.10 

4 F 5 / 2 ~  21800--22600 0.32 0.47 1.32 1.19 
4F312J 

2 H 9 / 2  24450--24550 0.43 0.39 1.04 1.08 

4Gl112  25700--26550 22.41 21.59 -- 32.00 

RMS deviation × 107 2.33 1.36 

the measured lifetimes are also included in Table 7. Since the dipolar spontaneous 
emission probabil i ty is proport ional  to v 3, only the higher f requency transitions 
were considered. 

The fluorescent lifetimes of the 4S3/2 state, measured for a tellurite glass con- 
taining 0.5 wt .% Er  3+ and for a germanate  glass containing 2 wt .% are included 
in Table 7, also. Bo th  lifetimes decrease with increasing Er  3+ content.  For  example, 
in tellurite glasses the decrease is from 34.7 #s for 0.5 wt .% Er  +3 to 11.9 #s for 3.0 
wt.~/o Er  3+. The dependence of lifetimes on concentrat ion arises also from ion- 
ion interaction, according to the scheme, 

4Gll/2 ) 4F7/2 -~- 4115/2 ) 4113/2 

2Hll/2, 4S3/2 ~ 419/2 ~-* 4115/2 ~ 4113/2. 

The apparent  qua n t um  efficiency (AQE) of the fluorescent transitions 
4Sa/2-,-4115/2 at various excitation wavelengths were measured by  a method  
described in detail in (7). In  Table 8, the AQE ' s  of the 4S8/2-~ 4115/2 and 
4F9/2 -~ 4115/2 transitions in tellurite and germanate  glasses are presented. The 
probabilities of populat ing the fluorescent level via excitation to upper  electronic 
levels, calculated by  the following equation, [see Ref. (30)] : 

Q(A) = P(A) Q(4Sa/2 or 4F9/2) (17) 
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Table 8. Apparent quantum efficiencies (AQE) of Er 433/2 and 4F9/2 emissions and probability 
of populating the 43a/2 and 4F9/2, (P(A)), levels via excitation to upper sdected levels in 
germanate and tellurite glasses 

Excited AQE P(A) Emissions 
from level germanate tellurite germanate tellurite 

4S8/2 

43312 0.0200 0.317 1.000 1.000 

2Hn/2 0.0121 0.296 0.636 0.933 

4F7/2 0.0066 0,122 0.346 0.325 

4F512 ' 312 0.0067 0.103 0.351 0.326 

2H912 0.0097 0.200 0.523 0.631 

4G11/2 0.0044 0.100 0.228 0.318 

2G712 0.0097 -- 0.247 -- 

4F9/2 

4F912 0.0023 0.0127 1.000 1.000 

4Sa/2 0.0021 0.0076 0.950 0.600 

2Hl1/2 0.0010 0.0076 0.420 0.600 

4F7/2 0.0009 0.0114 0.410 0.900 

4F512,312 -- 0.0056 - 0.440 

~Ho/2 -- 0.0058 -- 0.463 

4Gl1/2 0.0010 0.0028 0.130 0.220 

2G712 - -  0.0032 -- 0.255 

are  also inc luded in Table  8. I n  Eq.  (17) the  Q(A) is the  a p p a r e n t  f luorescent  
efficiency de t e rmined  upon  exc i ta t ion  of level A, Q(4Sa/2 or 4F9/2 ) is the  appa ren t  
f luorescent  efficiency ca lcu la ted  when 43a/2 or 4F9/= are exc i ted  d i rec t ly  and  
P(A) is the  p robab i l i t y  t ha t  an exci ted  ion in i t ia l ly  in s ta te  A will be conver ted  to  
the  4S8/2 or 4F912 levels. 

A p a r t  f rom the  AQE' s ,  the  to ta l  q u a n t u m  efficiencies (,/) of E r  4Sa/~ and  
4F9/2 fluorescences were de te rmined .  Fo r  these  de te rmina t ions  r ad i a t i ve  t ran-  
s i t ion probabi l i t i es  from 4S8/2 or 4F9/2 to  411312 , 4Ii1/2, and  41912 are needed in 
add i t i on  to  the  measured  in tensi t ies  of 4Sa/2 and  4F9/2 + 4115/2 t rans i t ions .  The  
r ad i a t i ve  p robab i l i t y  of the  measured  4S3/2 -,- 411512 and  4F9/2 -+ 411512 t rans i t ions  
can be ca lcu la ted  using the formula  [Ref. (7)]: 

assuming  t h a t :  

Aed = 2.880 X 10 -9 g~ n 2 v 2 f e(v) d r ,  
gu 

(lS) 

and  

A(4115/2 

A(411512 

' 438/2) = A(4Sa/2 ~ 4115/2 ) 

, 41;9/2) = A(4Fg/2 , 4115/2) 
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where gz and gu are the degeneracies of the lower and upper states respectively, 
n is the index of refraction (1.65 for germanate and 2.15 for tellurite glasses) and 
e(v) is the extinction coefficient as a function of wave number. Using the calculated 
values of transition probabilities A (4S3/2-~ q15/2) and A(4Fg/2-~ 4Ils/2), ob- 
tained from the absorption spectra, and the predicted radiative transition prob- 
abilities from 4S812 or 4F9/2 to all terminal levels (see Table 8), the total 
radiative probability was found. The total quantum yield of the emitting level 
was determined from the relation: 

= A , I / A ~  e (19) 7, Q, ~ r r 

where Qi is the AQE of the radiative transition from level i to the ground level, 
g, and Air is the radiative transition rate from i to g. 

The total quantum efficiency can also be calculated from the measured and 
predicted total radiative lifetimes. In all the calculations of ~(4S3/2) the effect of 
thermalization of 2Hll/2 must be taken into account (37). Since the radiative 
transition rate of 2Hll/2 is significantly different than that of aS8/2, the effective 
decay time will be different from the predicted lifetime of 4S3/2 and in the absence 
of any nonradiative transitions to other lower levels, it is given by: 

"felt1 = ~ g' A,{exp - (E,--Es)/kT}/~ g,{exp - (E,--Es)/kT}, (20) 
i i 

where A, is the total spontaneous emission probability from level i to all lower 
levels and g, is the level degeneracy. The total quantum efficiencies of 4S3/~, as 
obtained by the two methods, for Er-doped tellurite and germanate glasses, are 
presented in Table 9. 

d) Thulium 

In Ref. (32) calculations of radiative transitions for the states 3Po, 116, 1D2, 
and 1G4 of Tm ~+, using the intermediate coupling scheme described by Weber 
(79), were performed. The matrix elements of the unit tensor operator U(x) 
between 3Po, 1Is, 1D2, 1G4 and all the next lower lying states were calculated 
using the eigenstates of Tm 3+, calculated by Krupke and Gruber (15) in an inter- 
mediate coupling. A set of U(~) values for ~----2, 4, 6 are given in Table 10. 

The spontaneous emission probabilities for electric-electric dipole transitions 
from the aP0, 1Is, 1D2, and 1G4 levels of Tm 3+ in different glasses were calculated 
using the above matrix elements and the intensity parameters, zx, obtained from 
the experimentally measured absorption spectra by the relationship given in 
Eq. (13). The Tx values for Tm 3+ in different glasses are tabulated in Table 11. 

The probabilities for magnetic-dipole transitions were not considered since 
they are generally small. The spontaneous transition from Tm 3+ zP0, lI~, 1D2 
and 1G4 levels to all lower levels, the total spontaneous emission probabilities, 
the predicted radiative lifetimes and the measured lifetimes are summarized in 
Table 12. 
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R. Reisfeld 

Table 10. a) Squared reduced matrix elements of Tm 3+ 

(SL) J IS' L'] J '  [u(2)] 2 [u(4)] 2 [u(6)] 2 

3p 0 3H 6 0. 0. 0.0761 

3H4 0. 0.2757 0. 

3H5 0. 0. 0. 

3F 4 0. 0.0195 0. 

3F3 0. 0. 0. 

3F 2 0.3601 0. 0. 

1G4 0. 0.0513 0. 

1D2 0.0278 0. 0. 

1I s 0. 0. 0.0230 

1I 6 aHs 0.01154 0.04229 0.01460 

3H 4 0.0646 0.5224 0.4096 

3H 5 0.0010 0.0022 0.0061 

3F 4 0.0728 0.3376 0.1069 

3F:~ 0. 0.0030 0.0080 

aF 2 0. 0.0411 0.3528 

1G4 0.2050 1.2013 0.6050 

ID 2 3H s 0. 0.3133 0.0934 

ZH4 0.5680 0.0928 0.0230 

~H5 0. 0.0011 0.0193 

3F 4 0.1248 0.0096 0.2280 

3F3 0.1633 0.0687 0. 

aF2 0.0643 0.3065 0. 

1G4 0.1874 0.1799 0.0022 

1G 4 3H 6 0.0464 0.0747 0.0100 

3H4 0.0020 0.0182 0.0693 

3H 5 0.0773 0.0078 0.5633 

3F4 0.1645 0.0052 0.4114 

3F 3 0.0117 0.0808 0.3253 

3F2 0.0095 0.0784 0.0432 

a) The author is very grateful to Mr. John A. Caird from the Center for Laser Studies, Univer- 
sity of Southern California, Los Angeles, for providing the matrix elements which were also 
obtained by him. 

Table 11. Values of za for Tm ~+ in various glasses 

x~ × 10 9 Borate glass Phosphate glass Germanate glass Tellurite glass 

x2 8.65 + 1.92 8.81 + 1.13 5.75 ± 1.64 9.04 + 1.25 

"r4 4.44 i 0.81 4.32 i 0.35 2.24 i 0.69 4.70 -4- 0.53 

'r6 2.65 -[- 0.59 1.06 ! 0.27 1.16 i 0.50 2.58 =[= 0.38 
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The oscillator strengths of Tm a÷ and Er  a+ in T, B and P are higher than in 
G glasses. Since most of the transitions are of electric-dipole nature (with the 
exception of Tm a+ 3H6-~ all5 and Er 8+ 4115/2-~ 4113/2 , ~K15/2), these results 
imply that  the non-symmetric component of the electric field acting on the rare 
earth in the T, B and P glasses is stronger than in G glasses. 

Fluorescence was observed from the 3Po, 116, 1De and 1G4 levels of thulium 
in borate, phosphate and germanate and from 1D2 and 1G4 levels only in Tm a+ 
doped tellurite glasses. The fluorescence from the 2Hl1/2, 4S3/2 levels of Er 3+ 
was very intense in tellurite and much weaker in the germanate glasses. 

The fluorescence of Tm 3+ in tellurite glass can be observed also by direct 
excitation of the tellurite matrix in the range 350--420 nm, as can be seen from the 
excitation spectra of the ~--455 nm (1D2 -~ 3H4)  and of the ~-,655 n m  (1G4 --~ 3H4)  

emissions of thulium presented in Fig. 3. The appearance of the broad band in 
the range 350-420 nm, in addition to the ,-,360 nm (1D2) band of Tm 3+, in the 
excitation spectra implies existence of energy transfer from the tellurite matrix 
to the thulium ions. No such band was observed in the excitation spectrum of 
Er  3+ doped tellurite glass. 

Temperature dependence o/ visible fluorescence o/ Tm 3+ doped B, P, G and T 
glasses (Borate, phosphate, germanate and tellurite). 

rv 
O 
3 
la- 

tlJ 
IX 

EMiSSiON AT 
-455nm 

I D2__~3 H 4 ' ' ~  

1 D 

EMISSION AT 
~655nm 

II 
IL 
TI 

I 

I 
I 
I 

I 
! 

270 355 435 515 A,nm 

Fig. 3. Excitation spectra of 1D2 -~ 3H4 (~455 nm) and 1G 4 -+ 3H 4 (~-~655 nm) emiss ions  of 
Tm s+ in teUurite glass 
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d) Thulium 

The fluorescence of thulium doped tellurite glass at 80 K and 300 K, due to the 
1D2-~ 3H4 (,~455 nm) transition excited into the 1D2 level and due to the 
1G4 -~ all4 (,--655 nm) transition at 1G4 excitation are presented in Fig. 4. The 
increase of the N455 nm emission of thulium at low temperatures is by a factor 
of about 10, while the increase in the ,~655 nm emission is by a factor of about 
1.5 only, compared to the intensities at room temperature. These differences 
arise from the temperature dependence of the absorption edge of the tellufite host 
and the self absorption of the ~-~455 nm light by the matrix, while at ,--655 nm 
the self absorption is negligible at all temperatures. 

I 1D 

oL j 
(J 

o 

450 

! 

, , I , i [ i 

I 
Emission Spectra of Tm 3÷ in 

Tellurite Glasses 

I 
- - 8 0  K 

......... 300 K 1G~3H~ 

Excited at  IO 2 

470 490 

Excited at  IG 4 

J 
620 640 

x(nm) 
660 680 

Fig. 4. Fluorescence spectra of Tm 3+ in tellurite glass at 80 K and 300 K due to the 1D2 -~ 3H4 
transition excited into the 1D 2 level and due to the 1G 4 - ~  3 H  4 transition at 1G4 excitation 

The dependence of the 1D2 -~ 3H4 emission intensity excited at 1D2 (,--360 
nm) as a function of temperature for the B, P, G and T glasses is presented in 
Fig. 5 and that of the 1G4 -~ 3H4 fluorescence is presented in Fig. 6. From Fig. 5 
we see that  there is only a mild decrease of the 1D2 -~ 3H4 fluorescence in B, P 
and G glasses between 80 K and 280 K, but a very strong decrease in this fluores- 
cence of Tm 3+ in the tellurite. From the calculated multiphonon relaxation rates, 
which will be presented in the next chapter, we conclude that  the strong decrease 
of the Tm 3+ 1D2-*-8H4 fluorescence with increase of temperature cannot be 
explained by  multiphonon relaxation only, and must result from radiation trapp- 
ing of the 1D2 -~ 3H4. In order to test this assumption the absorption spectra of 
the four undoped glasses as a function of temperature were measured. The ab- 
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sorption spectra at room temperature  are presented in Fig. 7. In general, the ab- 
sorption edge of glasses is shifted to longer wave lengths  as the temperature  in- 
creases. This is especially significant in T glasses and to some extent  in G 
glasses. 
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>~05 +_  
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-l/+0 -60 0 60 140 
+ . . . . . . .  . . . .  

Tm(1Dz--2H4) excited at 1D 2 -360 nm 

. .Q  . . . . . . . . . . .  q l l  

c0 • ' ~ " ~  . . . . . . . . . . . . . .  " o  . . . .  ° .t, . . . . . . . . . . . .  ".. . . . . . . . .  • . ........................ +........; . . . . .  ,. 
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Fig. 5. Dependence of the 1Dg--~ 3H 4 ( ~ 4 5 5  nm) emission intensity of Tm 3+ excited at 
1D a ( ~ 3 6 0  nm) level on temperature for different glass media 
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Fig. 6. Dependence of 1G 4 -~ aH 4 (~655  nm) emission of Tm a+ excited at 1G 4 ( ~ 4 7 0  nm) 
level on temperature in different glass media 
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Fig. 7. Absorption edge of different glasses at room temperature 

The difference in the temperature dependence of the fluorescence from the 
1D2 and the 1G4 levels in T glasses, as shown in Figs. 5 and 6 respectively, may 
also be explained by the fact that (in spite of the similar energy gap between these 
and the next lower levels), the T matrix absorbs the 1D2-,-~Ha (,~455 nm) 
fluorescence, but not the 1G4-~ 3H4 (,-,655 nm) fluorescence. Hence, in the 
first case the temperature dependence of fluorescence is mainly due to the matrix 
absorption, while in the latter, we observe only a small multiphonon relaxation 
rate. The multiphonon relaxation from 1D2 and 1G4 levels should be of the same 
order of magnitude, since the energy gaps and the orbit-lattice coupling constant 
are similar in both cases. 

The increase in fluorescence in the temperature range 280--440 K, as seen in 
Fig. 6 for B and P glasses and to a lesser extent for G glasses, may be explained by 
two alternative ways: 

1. From the experimental fact that the transparency of the glass matrix in- 
creases in this range, permitting more rare earth centers to be excited (non- 
radiative transition would decrease the fluorescence with increasing temperature). 
This was also the explanation given by Wanmaker and Brit (33) for the enhanced 
brightness of Tb 3+ 5D4 -~ 7F~ fluorescence with increase of temperature. In Fig. 5, 
this effect is seen to a lesser extent for borate glasses only. Again the transparency 
of B glasses is higher in the 280-400 K temperature range at 360 nm, whereas 
the transparency of the P and G glasses in this range of wavelength and temper- 
ature is practically unaltered and that of T glasses even decreases; 

2. By the energy transfer from borate glasses to Tm 3+. This assumption is 
drawn from the fact that the undoped borate glass exhibits an intrinsic broad 
fluorescence in the range of 600--700 nm with an excitation broad band peaking 
at 400 nm. The origin of this fluorescence is yet unknown (see Fig. 8). On addition 
of Tm 3+ and with increase of temperature this fluorescence is diminished, implying 
an energy transfer from borate to Tm a+. 
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Fig. 8. Emission spectrum of undoped borate glass at 300 K ( - - - )  and 413 K ( ~ )  

The fluorescent quantum efficiencies of Tm a+ and Er 3+ at 80 K and 300 K in 
different glass media were determined by the use of two alternative methods: 

a) From the calculated transition probabilities and the measured decay times, 
using the relationship: 

A,j 
- -  zmeas ~ A I j  (21) 

where ~l is the quantum yield of the emitting level, i ,  ~ A,j-- is the total probability 
for radiative decay from level i to all lower states ~ W,j denotes the probability 
for nonradiative decay and zm , s  - -  is the measured lifetime of level i. The A,j -- 
probabilities for electric dipole emissions -- were calculated by use of zz values 
(Table 5) and matrix elements U(z) according to Eq. (13) The branching ratios 
fl,j for emission from state i to state/" given by equation, 

fl~j = A,j/~ Aij (22) 
J 

for Tm 3+ emissions from 1D2 and for Er 3+ emissions from 4S3/2 and 4F9/2 in 
different glass hosts are tabulated in Table 13. 

b) The ~ can be calculated also by a comparison with a fluorescent standard 
as described in (1), using 0.1 wt.% Tb ~+ doped borate glass for determination of 
¢~ of the Er 8+ 4S8/2 (~550 nm) and Tm a+ 1D2 (,~360 nm) levels while for the 
determination of the quantum efficiency of the Er 3+ 4F912 (,-~660 nm) level 
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Table 13. Branching ratio, fl, of radiative transition from Tm 1D 2 and Er 2Hl1/2, 483/2 and 
4F9i 2 levels in different glasses 

Ion Excited Terminal 
level level 

Branching ratio of transition in: 

Borate Phosphate Germanate Tellurite 

Tm3+ IS 2 aH 6 0.3301 0.3067 0.2748 0.3305 

all4 0.5355 0.5658 0.5924 0.5360 

all5 0.0040 0.0019 0.0028 0.0038 

aF2 0.0347 0.0359 0.0326 0.0350 

aF3 0.0357 0.0378 0.0387 0.0359 

3F 4 0.0542 0.0458 0.0527 0.0530 

1G 4 0.0058 0.0061 0.0060 0.0058 

Er3+ 2Hl1/2 

483/2 

4Ii~2 1.0000 1.0000 

4115/2 0.6710 0.7080 

411312 0.2700 0.2500 

4Ii112 0.0230 0.0190 

419[2 0.0360 0.0230 

4F9/2 

4F9/2 4115/2 0.7170 0.8220 

4113/2 0.2190 0.1280 

4Ii1/2 0.0550 0.0470 

419/2 0.0090 0.0030 

0.2 wt.% Eu a+ doped phosphate glass was used. The standards were chosen in 
such a way that  the excitation and emission wavelengths of the standards and 
Tm a+ or Er 3+ corresponded. 

The quantum yields measured by method (a) and/or (b) are summarized in 
Table 9. As can be seen the quantum efficiencies are lowest in the borate glass, 
higher in phosphate and germanate and the highest in teUurite glasses. 

Since, as seen from Tables 13, the radiative transition probabilities of Tm a+, 
and (29), the radiative transition probabilities of Er a+ do not differ significantly 
in the different glass hosts, the differences in the observed quantum efficiencies 
should be due to the different non-radiative losses, namely different multiphonon 
relaxation rates. 

e) Holmium 

The radiative transition probabilities of Ho 3+ in calibo glass, phosphate glass and 
tellurite glass have been obtained recently by Reis/eld and Hormodaly (34). The 
absorption spectra were measured in the visible and near I R part of the spectrum 
in tellufite glasses and in U V visible and I R part of the spectrum in phosphate 
and calibo glass. The oscillator strengths of Ho 3+ in the glasses together with 
those of Ho a+ in YAI03 (35) are presented in Table 14. A set of Judd-Ofelt intensity 
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Table  14. Osci l la tor  s t r e n g t h  of Ho 3+ 

Osci l la tor  s t r e n g t h  X 106 

Assignments(35)  W a v e n u m b e r  (cm -1) P h o s p h a t e  Calibo Te l lu r i t e  YAIO3(35) 

5I 8 -.- 5I 7 

5I 6 

5I 5 

5I 4 

5F 5 

5S 2 
5F 4 

5F 3 

5F 2 

3Ks 

5G 6 

5G 5 

5G 4 

2K 7 

3H 6 
3H 5 
5G 2 

3L 9 

5G 3 

aK6 
3F 4 

3L3 

3M10 

5D 4 
3G 3 
3H 4 
3F 2 
1L 8 
3G 5 

3P 2 
3L 7 
3I 7 
3F 4 

3I 5 
3M 9 

3I 6 

3D 1 

5D 1 
3P 1 

5D 3 

3F 4 
5D 4 

4717--  5555 -- 1.544 1.952 1.28 

8064--  9090 0.632 0.932 0.999 0.64 

10638--11627 -- 0.245 0.240 0.12 

. . . . .  0.04 

14880--16129 2.650 3.686 4.554 2.17 

17857--19230 3.937 4.991 5.932 2.70 

20000--21276 1.333 1.718 1.850 0.65 

21052--21739 1.4182 1.341 0.998 1.09 

21276--22988 20.470 26.504 41.270 7.45 

23255--25000 2.828 3.591 --  2.10 

25064--26666 0.514 1.039 --  0.51 

26666--28238 5.964 7.4264 -- 2.52 

28238--29412 1.3091 1.502 --  0.49 

29412--30769 1.391 1.375 --  0.54 

33333--35088 4.810 0.18 

35088--37037 3.050 4.15 

37735--38910 0.798 0.15 

39215--40485 

40485-41666 

0.538 

4.981 
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parameters was obtained from the observed oscillator strengths and Eq. (10), 
using a least-squares fitting procedure. Since magnetic dipole transitions make 
large contributions to the sI8-517 oscillator strengths, this value was deleted in 
fitting the electric dipole parameters. The Uta) matrix elements for Ho 8+ in LaFa 
were evaluated by Weber and Matsinger (35), using the "free ion" radial parameters 
of Caspers et al. (36). As mentioned earlier the matrix elements exhibit only small 
variations with host lattice, therefore, matrix elements of Ho 3+ in LaF3 were 
used for the glasses. The electric dipole intensity parameters /2 of Ho 3+ in the 
glasses and YA108 are presented in Table 15. 

Table 15. Intensity parameters of Ho s+ 

Host Q2(I0-2° cm 2) ~24(10 -2° cm 2) ~6(10 -2° cm 2) 

Phosphate glass 5.60 2.72 1.87 

Calibo glass 6.83 3.15 2.53 

Tellurite glass 6.92 2.81 1.42 

YA103(35) 1.82 2.38 1.53 

Weak visible fluorescence of Ho 3+ has been observed in phosphate glasses 
arising from the (5S2, 5F4) and 5F~ to the terminal 5Is level. The intensity of this 
fluorescence was higher by two orders of magnitude in the tellurite glass because 
of smaller multiphonon relaxation (see Chapter IVa on Er3+). 

-~ Radiative transition probabilities from the emitting (5S2, 5F4) and 5F5 levels 
to all terminal levels were calculated using the intensity parameters and matrix 
elements between the corresponding levels. 

The total radiative lifetime z for 5S2 and 5F4 excited states which are in ther- 
mal equilibrium, was calculated using the formula, 

1 ~ ~ ga exp(-- A Ea]k T) Aab 

v*ll -- X ga exp(-- A Ea/k T) (23) 
a 

where a are the 5F4 and sS2 emitting levels and b are all terminating levels. 
A Ea is the energy difference between the 5F4 and 5S2 states (50 cm-1). 

The branching ratio 

fl A~b (24) 
7 A~b 

which takes the form in the case of thermalization, 

g~ exp(- A Edk T) 
a (25) fl = 2 2gaexp(-- AEa/kT) Aa~ 

a b  
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Table 16. Calculated branching ratios for emission from excited states of Ho 8+ 

Branching ratio t5 

Initial state Final state Tellurite Calibo Phosphate 

5F 5 518 0.765 0.764 0.798 

5I 7 0.194 0.189 0.198 

5I 6 0.038 0.043 0.042 

5I 4 0.003 0.003 0.003 

5I 4 0.00002 0.00002 0.00002 

5S2 5I 8 0.534 0.538 0.536 

517 0.364 0.367 0.366 

516 0.068 0.063 0.065 

515 0.016 0.015 0.016 

514 0.016 0.015 0.016 

5F 5 0.00002 0.00013 0.00015 

5F 4 518 0.780 0.814 0.800 

517 O. 108 0.084 0.094 

516 0.071 0.061 0.065 

515 0.031 0.033 0.032 

514 0.005 0.0051 0.005 

5F 5 0.0035 0.0023 0.00254 

was also calculated and is presented in Table 16. I t  is interesting to note that  the 
branching ratios of HoZ+ in various glasses and in YAI03 are very similar, sug- 
gesting a similar spectral distribution of the fluorescence in various hosts. This is 
completely different from Eu z+ in which both the branching ratios and spectral 
distribution of fluorescence are strongly host dependent. Quantum efficiencies 
of fluorescence from the 5F5 and 5S2 level in tellurite glasses were measured by the 
comparative method using Tb 3+ doped glass as a standard (7), and by taking the 
ratio of the measured lifetime to the effective lifetime. The results obtained by the 
two methods did not differ by more than 15%. The quantum efficiency of this 
fluorescence in tellurite glasses is about 10 per cent. As mentioned above, the 
quantum efficiency in phosphate glasses is about 0.1 per cent due to high multi- 
phonon relaxation. 

f) Dysprosium and Praseodymium 

The radiative transition probabilities of Dy 3+ and pr~+ are being calculated at 
present and will be published soon. The intensity parameters of Dy z+ and Pr 3+ 
in tellurite glasses are presented in Table 17. The matrix elements U x used for 
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TaMe 17. Values of vz for Pr 3+ and Dy 3+ in 
tellurite glass 

v~ × 109 pr3+ (14) Dy3+ (16) 

v2 6.48 20.12 

v4 15.27 2.74 

~ 20.98 5.55 

calculations of Dy 3+ were taken from the work of Carnall et al. (16) in aqueous 
solution and for Pr 3+, from Ref. (14). 

I t  should be noted that  in Pr 8+, z2 sometimes assumes negative values. A 
similar result was found by Weber for Pr 3+ in YAIO3 (37). Weber suggests that  
the reason for such behaviour in Pr a+ may be due to the proximity of the 5d 
band of Pr 3+ to 4[ and of strong ]--d admixing (74). 

g) Neodymium 

Large neodymium glass laser systems capable of delivering multikilojoule sub- 
nanosecond pulses are being designed at the Lawrence Livermore Laboratory 
for fusion applications. In this connection, data characterizing the spectral 
properties of neodymium doped glasses such as: absorption spectra, luminescence 
emission, radiative lifetimes, quantum efficiencies of fluorescence, induced 
emission cross sections, excited state absorption are being measured at present by 
several workers (38, 39, 40). A method for calculating induced -- emission cross 
sections in neodymium laser glasses based on absorption measurements has been 
demonstrated by Krupke (,t0). 

In these calculations, first transition probabilities for emission between excited 
J manifolds of Nd a+ ions in glasses are performed by means of Eq. (13) using 
experimentally obtained intensity parameters. 

The induced -- emission cross section ap of the 4F3/2-~ 4Ill/2 fluorescence 
transition at 1.06/, which is important for the laser design is obtained from the 
transition probabilities in the following way: 

If N is the difference in total population in the 4Fa/2 and 4Ill/2 J-manifolds 
then a0, the induced emission cross section gives the maximum spectral growth 
rate of intensity, 

I(x) = I0 exp (~o Nx) (26) 

The induced-emission cross section is related to the radiative transition prob- 
ability by, 

42Q A(4Fa/2). (411112) 
8 ~ ¢~2 

(27) 
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where ~l=l/v, ,l 5 is the wavelength of the fluorescence peak and Avert is the 
effective fluorescence linewidth determined by numerical integration of the 
fluorescence line shape (41) and ~ is the Nd a+ ion concentration in the glass. 

Intensity parameters have been calculated for a series of Nd a+ in alkali alkaline- 
earth silicate glasses in which 1) the alkali oxide was varied 2) alkaline earth 
oxide was varied (38). Also the influence of the glass formers on the intensity 
parameters is studied (38). The data of these parameters are given in Note added 
in proof and Tables 23--25. 

h) Conclusions 

It can be seen from the preceding sections that the Judd-Ofelt model is able to 
predict with satisfactory accuracy (to within 5--10%) the observed electric 
dipole absorption intensities in a large number of RE in different glasses. It is 
possible to calculate correctly the radiative transition probabilities and branch- 
ing ratios of RE in glasses using this model. 

On the basis of the results presented above, it is believed that the radiative 
transition probabilities in many new glasses can be obtained and their validity 
as lasers predicted. Another factor influencing the radiative quantum yields will 
be discussed in the following chapter. 

V. Nonradia t ive  Relaxations 

Nonradiative relaxation between various J states of rare earth ions may occur by 
the simultaneous emission of several phonons which conserve the energy of the 
transitions. These multiphonon processes M P arise from the interaction of the 
electronic levels of the RE with the vibrations of the host lattice. The lattice 
vibrations are quantized as phonons having excitation energies determined by the 
masses of the constituent ions and the binding energies between the ions. The 
M P mechanism by which a non-resonant energy transfer between a donor and an 
acceptor ion may occur was first formulated by Orbach (d2) and developed quanti- 
tatively by Miyakawa and Dexter (43) and Soules and Duke (44). The theory of 
MP relaxation was further developed by Font and his group (45). K id  (46) treated 
the problem by applying the time dependent perturbation theory in higher orders. 
Multiphonon processes involve a combination of crystal field theory and lattice 
dynamics and because of the tremendous difficulties in the rigorous calculation, 
suitable approximations are made in all quantitative calculations. The greatest 
difficulty in a rigorous solution arises from the lack of detailed information regard- 
ing the frequency, polarization, symmetry and propagation properties of the 
vibrations and the strength of the ion-phonon coupling constants. Riseberg and 
Moos (,t7) treated the problem of multiphonon relaxation phenomenologically. 
This treatment explained successfully the experimental data of relaxation in 
crystals obtained by Weber and other authors (31). 

Since the phenomenological model provides a satisfactory description of the 
experimental results in glasses, as well, we shall summarize the essential factors 
of this approach below. An extensive description of Riseberg-Moos approach 
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and its application to the experimental data in crystals may be found in the review 
by Riseberg and Weber (2). 

In what follows we shall summarize the basic assumption for the derivation 
of the formulae which were used in calculation of multiphonon transition rates in 
glasses. 

The isolated RE ion can interact with its crystal field which varies with time 
because of lattice vibration. The interaction Hamiltonian (47) may be written as: 

H = V 0 + ~ V , Q , + I / 2  Z V ~ I Q * Q I + . . .  (28) 

V0 is the interaction with the static field. The remaining terms, involving the 
normal coordinates Qi represent the interaction with the vibrating lattice. 

The expression for W~) (the transition rate between two electronic levels), 
involving the emission of p phonons may be obtained either using the pth-order 
time dependent perturbation theory for the second term in Eq. (28) or the pth 
term in the Hamiltonian can be used, in the first order perturbation theory. 

The phenomenological approach (47) using both mechanisms predicts that the 
M P transition rate has the form: 

W(~) ---- W0 H (n, + 1) ~i (29) 

Here, p, is the number of phonons emitted with energy hco, so that ~p, = p. 
W0 is the transition rate for spontaneous decay at T = OK and ni is the Bose- 
Einstein occupation probability, 

n~ = [e~/kr  _ 1]-1 (30) 

The 1 in the parenthesis of (30) represents the spontaneous emission of phonons 
and nl, the emission stimulated by thermal phonons. I f / I  E is the energy gap be- 
tween two electronic levels, a number Pi of phonons, of energy hco, is required for 
conservation of energy, and hence the order of the process is determined by the 
condition, 

EP,  h~ = dE (31) 

The critical feature in the temperature dependence of W(P) is the order of 
the process, which governs the relaxation. It was found in practice that phonons 
of single frequency may be inserted in Eq. (31) for transitions in several crystals 
(43, 44, 45). However, this is not always the case (20, 49). 

In practice, one does not observe the MP transition rate between two single 
discrete levels. In reality, decay occurs between groups of Stark levels of two J 
multiplets. If levels of the upper multiplet are designated by the subscript a and 
levels of the lower multiplet by the subscript b, then the total decay rate from one 
of the upper levels is ~ Wao. Since the levels within the multiplet are in thermal 

b 
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equilibrium, the combined rate is a Boltzmann average from the separate levels 
given by, 

E E ga Wab(T) exp(-- A E/k T) 
W = a b (32) 

ga exp(-- A E/k T) 
a 

where Wab is an individual decay rate from upper multiplet level a, to lower 
multiplet b, ga is the degeneracy and A E is the energy separation of the a t~ level 
from the upper level of the upper multiplet. A similar expression exists for the 
temperature dependence of the total radiative rate, where Wab is replaced by 
(Wab + Aab). 

The intrinsic temperature dependence of the multiphonon rate Wab is ex- 
pressed as follows: (using the single frequency model): 

exp(h~/kT) ]P* = W0 [1--exp (--ho)/kT)]-~, W (T) : W0 e x ~  % 1 (33) 

The significance of equation (33) is in the possibility of establishing the order 
of the mnltiphonon decay process and the energies of the dominant phonons in- 
volved. 

The dependence of the multiphonon rates on the energy gap, given by Miya- 
kawa and Dexter (d3) is of the form: 

W ~  = W ° exp (--eAE) (34) 

where W ° is the transition probability extrapolated to zero energy gap, A E is 
the energy gap between two successive electronic levels and e is expressed by, 

= ()~(.0) -1  ln[p[g(n + 1)] -1  (3s) 

where g is the electron phonon coupling constant. 
Equation (34) is obtained under assumption that  the electron-phonon coupling 

is weak (which is the case for rare earth ions), and that  the occupation number n 
is not much greater than unity. 

The exponential dependence of Eq. (34) is only approximate, because both 
and W o depend on A E. 

The treatment of multiphonon relaxation using the adiabatic approximation 
by Fong et al. (45) predicts a more complicated dependence of WP on the energy 
gap. The treatment by Englman and Jortner (48) also predicts that  the non- 
radiative relaxation rate may not vary exponentially with temperature. 

In the phenomenological model the energy gap dependence of the multiphonon 
transition rate arises as a consequence of the convergence of the perturbation 
expansion (2). Considering a single frequency model the rate for the p t h  order 
process can be written phenomenologically as, 

W~ =AcoP (36) 
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zlE 
where A is a constant p = h~- and , is a coupling constant whose magnitude 

determines the rapidity of convergence of terms in the perturbation expansion. 
We see that the multiphonon relaxation probability in all approaches has an 

approximately exponential dependence on the energy gap between levels. 
Furthermore, it was shown by Miyakawa and Dexter (43) that in the case of 

weak coupling (small g), the relative contribution of higher order multiphonon 
processes will be more pronounced in optical absorption and emission (phonon 
side bands) spectra than in relaxation effects. 

The validity of the phenomenological approach depends on the extent to which 
the individual phonon modes and electronic states are statistically averaged out. 
The critical factor in the multiphonon process is the number of phonons required 
to conserve energy (the energy gap). Because of the large number of equivalent 
processes involving many states the symmetry properties of the electronic wave- 
function are generally unimportant. The phonon frequency ~oi should be close to 
the maximum frequency since such a process will involve the smallest number of 
phonons and smallest possible order of interaction. This is usually true in crystals 
and the experimental studies of the temperature dependence confirm that  the 
order of the process is often the lowest consistent with energy conservation and 
the cut off frequency of the phonon spectrum. If lower frequency modes are 
more numerous and strongly coupled, the dominant multiphonon process may 
occur in higher order. Recently, Reed and Moos (49) have found that in multipho- 
non relaxation of RE in YV04, YAIO~ and YP04 low frequency phonons are also 
involved in the multiphonon process in addition to high energy phonons. 

The mechanism of multiphonon relaxation of RE ions in glasses was studied 
during the last two years and the results of these studies are presented below. 

Multiphonon relaxation of Eu 3+, Er a+ and Tm 3+ in borate, phosphate, ger- 
manate and tellurite glasses at room temperature was studied by Reis]eld et al. 
(50). The purpose of this study was to predict and control quantum efficiencies 
from desired levels of the rare earth ions. 

This idea is first explained for Eu 3+ doped glasses. 

a) Europium 

Figure 9 presents part of the emission spectra of Eu 3+ in various glasses. The 
transitions appearing in the figure are from 5D3, 5D2 and 5D1 excited levels to 
the 7F manifold of the ground state. The emission from the 5D0 level to the 7F 
manifold is by one order of magnitude higher and is not presented in this figure. 
The assignment of the bands appearing in Fig. 9 are given in Table 18. As can be 
seen from this figure, the transitions from 5D8 and 5D2 to 7F manifold do not 
appear in borax and phosphate glasses. A notable increase in the emission intensity 
is observed in the order of borax < phosphate < germanate < tellurite. The 
relative areas under the fluorescence curves of ~D1 and 5D0 are given in Table 19. 

The decay times of the fluorescence from the 5D0 level of Eu 8+ were simple 
exponentials in all glasses. Their values are 2.83 msec in phosphate, 1.7 msec in 
germanate and 1.01 msec in tellurite. 
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B a n d  A s s i g n m e n t  

4 1 6  n m  5D 3 --~ 7 F  o 

4 3 0  n m ,  4 4 8  n m  n o t  d e f i n e d  

464 n m  5D 2 --~ ?F 0 

470 nm 5D 2 -~ 7F 1 

490 nm 5D 2 -*- 7F 2 

5 1 0  n m  5D 2 --~ 7 F  3 

5 2 7  n m  5D 1 .-~ 7 F  0 

5 3 6  n m  5D 1 ~ 7 F  1 

5 5 5  n m  5D 1 -o- 7F 2 

~) T h e  t r a n s i t i o n s  f r o m  5D 0 a r e  
n o t  p r e s e n t e d .  
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Table 19. Relative areas of the emission of Eu 3+ in various glasses 

Transition Borate Phosphate Germanate Tellurite 

5D o --*- 7F o 100 100 100 100 

SD 1 --~ 7F 2 -- 14.5 24.9 82.3 

5D 1 --~ 7F  1 2.5 21.3 35.0 176.2 

5D 1 --~ 7F 0 0.9 2.0 0.7 3.8 

The transition probability K10 from state 5D1 to 5Do of Eu 8+ was calculated 
using the following rate equations for depopulation of the system. 

d N 1  ( k l o  + klg) N1 (37) 
dt  

dNo = klo N1 - (k~g + kB~) No (38) 
dt  

The symbols in these equations have the following meanings: klg --  total 
transition probability from the SD1 level to the 7F ground multiplet; k0g --  
transition probability from the 5D0 level to the 7F multiplet; " r "  and " n r "  - -  

radiative and nonradiative transitions respectively; N1 and No -- the population 
of the levels 5D1 and SDo at a given time; k~  -~ 0 because of the high energy gap 
between the 5Do and 7F levels. 

Let  Jo  = f No  (t) dt 
(39) 

J1 = S N, (t) dt 

The time integrated luminescence intensity I of a state I?" > of the system 
is then given by: 

I~ = K~ Jy (40) 

which holds for continuous irradiation. K~ is the radiative transition probability 
from the/ ' - th  level (SD1 or 5Do) to the ground 7F multiplet. 

Integration of Eq. (37) and (38) using Eq. (39) gives: 

- N d 0 )  = - (klo + klg) J1 (41) 

- No(O) = k lo  J l  - k~a Jo (42) 

If the absorption is into level pDI > then No(0) = 0. 

klo  J1 --- k~e Jo (43) 
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From Eq. (31), 

J l  = I1 
klg 

and J 0 -  Io 
k~g 

Then, Eq. (43) becomes: 

11 = Io (44) klO kI-~ 

from which it follows that :  

Io klg (45) k l o  = -~1 

The numerical value of k~g can be calculated from the transition probability 
7F 0 -~ SD1 which was obtained from absorption and the relative areas (39) of all 
the transitions 5D1 -~ 7Ft 

k~g --  1 k(SD1 + W0) 1 + *~ISOD1 -~ 7F,) (46) 

where S is the area under the relevant transition. I t  is assumed in Eq. (46) that  
1 

k(TF 0 -~ 5D1) ----- k(5D1 -~ 7Fo). The value -- k(TFo -~ 5D1) is taken from 
•nat 

formula (47), which is valid for narrow level system. 

1 = 2.88 × 10-9n 2 g_~l < v > 2 f ~ ( v  ) dv (47) 
Z'nat gu 

where n is the refraction index, < v  >2  the squared average wavenumber of the 
absorption, gl, gu, the degeneracies of the lower and upper states, e(v) the extinc- 
tion coefficient as a function of wavenumber. 

The values of k[g were calculated using Eq. (46) in which only the transitions 
5D1-~ 7F0,1,2 were included. Other transitions were hidden under the emission 
bands of the 5D0 -~ 7F multiplet. 

The values so obtained for k~g were 53.7 sec -1 in phosphate, 70.48 sec - t  in 
germanate, and 57.05 sec -1 in tellurite. From these, the transition probabilities 
klo were obtained: 1.57 104 sec -1, 7.05 10 a sec -1 and 3.98 103 sec -1 for phosphate, 
germanate and tellufite respectivelyl). 

Weber (17) in his work on Eu 3+ doped LaFa, calculated tile radiative probabil- 
ities for all the transitions from 5D1 to 7F multiplet and obtained the ratio, 

k(5D1 -+ 7Fo,1,2,3,4,5,6) 130 

k(SD1 ~ 7Fo,1,2) 80 

1) Calcula t ions  of r ad ia t ive  t r a n s i t i o n  probabi l i t ies  in  E u  3+ are be ing  per fo rmed  in  th i s  
l a b o r a t o r y  (51). 
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It  may be expected that  a similar ratio will be obtained in the case of glasses. 
Therefore, the actual value of klrg should be greater by such a factor, increasing 
correspondingly the value of kl0. 

b) Thulium 

The electronic transitions 1G4 -~ 3H 4 (,~652 nm) and 3F2 -~ 3H6 (,~670 nm) of 
Tm 3+ in various glasses are presented in Fig. 10. The excitation was to the ZG4 
level and the emission spectra were corrected for the absorption of this level in 
the different media. Thus, this figure presents the relative quantum efficiencies. 
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Fig. 10. Emission spectra of Tm 3+ in various glasses normalized for the absorption Excited at 
ZG¢ (469 rim) 

I t  is evident from the figure that  the emission intensities increase in order similar 
to that  observed in Eu 3+. Using the experimentally obtained emission intensities 
from the 1G4 level and the absorption coefficients, the probability of relaxation 
from the higher 1D2 level to the next lower level 1G4 was calculated. The rate 
equations for such cases are similar to those developed by Nakazawa and Shionoya 
(52) and the present authors for depopulation of XD2 to 1G4 emitting levels of 
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Tm ~+ (53). The final equation used for calculation of the relaxation rate K24 
from 1Dz to 1G4 is 

K24 184 J4 B.._~4 . ___1 (48) 
I44 J2 B2 ~2 

Here, I represents the emission intensities, and the suffixes 2 and 4 mean the 
levels 1D2 and 1G4. The first suffix indicates the level excited and the second one 
the emitting level. B and J denote the absorption cross-section and the exciting 
photon flux, respectively. 32 is the measured lifetime of the 1D2 level. The values 
of K24 thus obtained for various glasses are presented in Table 20. 

c) Erbium 

Fig. 11 presents the relative spectral efficiencies of the 2H9/2 -~ 4I 15/3 ( ~  408 nm), 
2Hll/2-~ 4115/2 (~525 nm), 4S3/2-~ 4115/2 (,-~535, 546, 556 nm) and 4F9/2-~ 
4I 15/~ ("~660 nm) transitions of Er3+ in germanate and tellurite glasses. The spectra 
presented in this figure are corrected for the absorption of the 4Gll/2 '--~380 nm) 
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Fig. 11. The emission spectrum of Er a+ in germanate and tellurite glasses normalized for the 
absorption. Excited at  4Gl1/2 (379 nm) 
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Radiative and Non-Radiative Transitions of Rare Earth Ions in Glasses 

excited level in the two different media and corrected for the spectral distribution 
of the light source, response of the photomultiplier and monochromators. As can 
be seen, the fluorescent quantum efficiency in tellurite is much higher than in 
germanate glass. No fluorescence was observed for Er a+ doped borate glass and 
only very weak fluorescence was obtained for Er a+ in phosphate glass. 

d) Temperature Dependence of Erbium Fluorescence 

Fig. 12 presents the fluorescence spectra of Er a+ in tellurite at 80 K and 300 K 
in the range of 520--560 nm and of 650--680 nm under ~380  excitation. The 
increase at low temperature of the --,550 and the ,--660 nm emissions in tellurite 
is slightly higher than in the germanate and is by a factor of about 2 in respect 
to room temperature intensities. The peaks at --~525 nm and ---535 nm originate 
from rapid thermalization of the 2Hll/2 and the states of the 4S3/9. multiplets. 
These peaks disappear in the spectra of Er a+ in 80 K, but they grow in intensity 
with increase of temperature, while the intensity of the 550--560 nm peaks 
decreases. Figs. 13 and 14 present the dependence of the Er a+ (2H11/2, 4S3/2) 
4115/2 emissions in tellurite and germanate glasses, respectively. In the tellurite 
glasses the (2Hl1/2, 4S3/2 ) ~ 4115/2 emissions show a one step decrease above 
140 K due to (2Hl112, 4S3/2 ) ~ 4115/2 quenching, while in the germanate glasses, 
a two-step decrease is observed: tile mild decrease above 320 K in the germanate 

W 
> 

5 
# 

' 4S - - J  i ,, ~ I %  
I I  
I I  
I I  
I I  

I 
I 

I l l  
I l l  
I I L~, 
] 
II 
I!  
I! 
U 

%1 I 
, L 

"510 530 550 570a,nm 

Er 3÷ in tel lurite 
excited at 4Gly z 

(-  3 8 0  nm) 

300 K 

- - - - - -  8 0 K  

4 E -.41 

,~ ,.., 
# t 
, \ 

650 670 690 

Fig. 12. Fluorescence spectra of Er a+ in tellurite glass at 80 K and 300 K due to 2Hl112, 
4S312 ~ 411512 (~520--560 nm) and due to 4F9/2-+ 4115/2 (~-~650--680 nm) emissions at 
4Gl1/2 (~380 nm) excitation 
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Fig. 13. Dependence  of 2Hl1/2, 4S3/2 -+ 4115/2 emission of Er  3+ on t e m p e r a t u r e  in  teUurite 
glass 
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Fig. 14. Dependence  of ~Hll /2,  4S3/2 ~ 4115/2 emission of E r  3+ on t e m p e r a t u r e  in  g e r m a n a t e  
glass 

glasses can be ascribed to the increased transparency of the glass host, permitting 
more rare earth centers to be excited, as in the case of Tm a+ doped glasses. 

In all the calculations of W from the Er 3+ 4S3/2 level the effect of thermal- 
ization of the ~Hll/2 state must be taken into account. Since the radiative prob- 
abilities of 2Hll/9. are significantly different than that  of 4Ss/2 (29), assuming 
rapid thermalization, the radiative effective decay time, Zetr, will be given by: 

1 
- -  = ~ Aert ~ = ~ g~ A~ {e-(Ez-~'~)/k~'}/~ g~ {e-(]~l-E0/~') (49) 
"Cell [4 = 2Hl i /2 ,  ' 4S3/2] 

where A, is the total spontaneous emission probability from level i to all lower 
levels and gl is the level degeneracy. 
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Radiative and Non-Radiative Transitions of Rare Earth Ions in Glasses 

The values of W can be obtained for various temperatures from the temperature 
dependence of fluorescence intensities and its known value at one temperature 
from the following relation: 

11 = I0 n (T1) = Io X A,: (S0) 
XAij +EWi  

where I0 is proportional to the number of initially excited centers, I1 is the 
intensity at temperature T1 and ~W1 is the total nonradiative relaxation rate 
at temperature T1. Since ~Aij is temperature independent, from the ratio of 
In to I1 we obtain: 

11 
X U (E + E wl) - X a,j (sl) 

where In is intensity at temperature Tn. 
In the event that ~ A, 1 does depend on temperature because of thermalization 

of higher states with different radiative transition rates, as in the case of the 
Er a+ 4S3/2 level, Y. Atj at a temperature T1 is given by Eq. (49), and Eq. (50) 
becomes: 

( I ,  ~ . )  t E Aeff (T1) I1 ----- I0 ~-t + T1 = Io ~?total (T1) = I0( zmes T1 = I0 
\Teff ] E Ae:.: (TI) + X Well (TI) 

(52) 

( I* I' ) is the total emission intensity at temperature T1, I, Here, I1  = + 1 

is the emission intensity from the excited (4S312 state in case of Er a+) and Ij is 
the emission from the thermalized level j (~Hll/~ state in case of Era+). The & 
and/~j are the branching ratios of the measured transitions from i and / levels, 
as defined by Eq. (50) and Table 13. Now, the Eq. (51) takes a form: 

i, { ] E We// (Tn) = ~ E Aez (Tn) 1 + E W,:: (T1) - E AeII (Tn) 
X Aef.f (T1) 

(53) 

Since the measurements of intensities are more accurate with our experimen- 
tal set up than the life time measurements, the temperature dependence of life- 
times was studied only in the case of Er3+ in tellurite glass while in the remaining 
cases the temperature dependence of W was obtained from experimentally 
measured temperature dependent fluorescent intensities using Eq. (5t) or (53). 

e) Temperature Dependence of MP Relaxation Rates 

When only multiphonon losses are responsible for the temperature dependence 
of intensities, the dependence of W with temperature follows Eq. (30). In order 
to test this, In (W) was plotted versus y-= ln(1--e-t,~/kT) in Fig. 1S. A straight 
line was obtained for W vs. y in case of the Er a+ 4S3/2 excited level in tellufite 
glasses. The slope of this corresponds to 4 phonons, namely an energy gap of 
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WNR 

10 ~ 

10 5 

Er 3+ in gerrnanate WNR/, Er 3+ in tellurite 

\ I 
~ in WNR-_lnW(O)_ ptn(l_e) KT~  
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Fig. 15. P lo t  of In W versus  In (1 --  e-lO~/~T) of E r  3+ 4Sa/2 exci ted level in  g e r m a n a t e  and  
te l lur i te  glasses. 
® - -  ca lcu la ted  f rom the  measu red  l i fe t imes of 2Hll /2 ,  4S8/2 levels;  
[ ]  - -  ca lcula ted  f rom the  measured  emission in tens i t ies  f rom 2Hl1/2, 4S8/2 levels 

2700 cm -1, assuming that the wavenumber of tile high energy phonons is 675 
cm -1 consistent with the lowest order of relaxation. The energy gap between the 
baricenters of 4S3/2 and 4F9/2 levels is 2930 cm -1. Our experimental results cor- 
respond fairly well to the 4 phonon process. In germanate a straight line was 
obtained up to 313 K; at higher temperatures a deviation from linearity was ob- 
served. The slope corresponds to 3 phonons of Ge02 stretching frequencies match- 
ing the energy gaps. From these results for the 4S3/2 excited level of Er  3+, we see 
that  the MP relaxation is responsible for the nonradiative losses. I t  is therefore 
concluded that  the lowest order of multiphonon relaxation in which the most 
energetic phonons are involved is effective in glasses. 

The situation in Tm 3+ is much more complicated as additional factors such as 
energy transfer from tellurite and borate to Tm 3+ and absorption of emitted light 
by the tellurite were observed. Because of these comphcations we were not able 
to extract  experimentally the contribution of the multiphonon relaxation to tile 
temperature dependence of fluorescence in Tm a+. 

f) Dependence of Nonradiative Transition Probabilities on Energy Gap and Host 
Matrix 

The logarithmic MP relaxation rates, W, for Tm 3+ 1D2 -~ 1G4, Er  3+ 4S3/2 -* 4F9/2 
and 4F9/~-* 419/2 transitions in different glass matrices, measured at 80 K are 

zlE 
plotted versus energy gap A E and versus normalized energy gap ---- ho~ 

(where hco is the energy of the highest-energy glass phonons) in Fig. 16. In this 
figure we inserted also the values of spontaneous multiphonon relaxation rates for 
Er 3+ 4S3/2 --~ 4F9/2 and 4F9/2  -+ 419/2 transitions in MnF2 calculated by Flaherty 
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Fig. 16. Logarithmic plot of multiphonon relaxation rates, W, for different rare earths in various 
host matrices versus energy gap, z] E, and versus number of phonons matching the energy 
gap 

and DiBartolo (54). From Fig. 14, it is evident that  theW ~ WOK(3 E) values 
decrease as the energy gap increases. For a given energy gap, the most critical 
factor affecting the multiphonon relaxation is the energy of the host lattice 
phonons: the lower the phonon energy, the smaller are the nonradiative rates ob- 
tained. In addition, since almost a straight line is obtained when the W values 

AE 
for various hosts are plotted versus - -  -= number of phonons matching a given 

ha) 
energy gap, we conclude that the nonradiative relaxation is dominated by the 
number of phonons needed to match the energy gap. Were there any changes in 
the orbit-lattice coupling, they would be insignificant for the systems studied 
and within the experimental error. This result is consistent with the single fre- 
quency model and with the assumption that the multiphonon relaxation in glass 
is of the lowest order in which the contribution of the most energetic phonons is 
dominant. Hence, Eq. (54) represents the physical picture: 

= w ( o )  e - p .  (54) 

I t  should be noted that  the accuracies of the calculated nonradiative probabil- 
ities are dependent upon the experimental uncertainties in the lifetime measure- 
ments ( +  10%) and the error in evaluating the radiative transition probabilities. 
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It  was proposed earlier (7) that in oxide glasses, a rare earth ion is surrounded 
by eight non-bridging oxygens belonging to the corners of XO4 (X = B ,  P, Ge) 
glass forming tetrahedra or octahedra of TeO2, each polyhedron donating two 
oxygens. As a result, a distorted cube is formed surrounding the RE ion. 

In rare earth doped glasses there are two main groups of phonons: the high 
energy phonons arising from the X--O stretching frequencies and the low energy 
phonons arising from the Me O bond (Me = RE ~+, Na +, K +, etc.). In general, 
the highest energy phonons are considered to make the dominant contribution to 
the nonradiative relaxation, as the multiphonon relaxations occur by emitting 
the smallest number of phonons which match the energy gap between two suc- 
cessive electronic levels. Therefore, the X--O stretching frequencies with 
energies, as given in Table 21, are mainly responsible for the phonon assisted 

Table 21. Phonon energies of various oxidic glasses 

Glass Bond Phonon Energy (cm -1) 

Borate B--O 1340--1480 

Phosphate P--O 1200--1350 

Germanate Ge--O 975--800 

Tdlurite Te--O 750--600 

relaxation in glasses. The low energy phonons will become effective if the gap is 
not exactly matched by the higher energy phonons. From our experimental 
results, we have concluded that  the variation in the electron phonon coupling 
constant g in various glasses would not explain the observed enhancement in the 
emission intensities. As mentioned above, the relation between the radiative and 
nonradiative probabilities and quantum efficiencies ~7 of fluorescence is given by 

X A (SS) 

where A represents the radiative and W the nonradiative transition rates. 
As seen from the formula, a decrease in the nonradiative probabilities in cases 

where the radiative constants are similar, results in a higher quantum effi- 
ciency. Hence ~ is governed by  the energies of the phonons of the host matrix. 

In Eu3+, the energy gaps between the metastable levels from which fluores- 
cence may be observed are: 

5Do ~ 7Fo ~ 17,000 cm -1 

5D1 ~ 5Do ~-. 1,650 cm -1 

5D2 -*- 5Do ~. 2,600 cm -1 . 
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In phosphate and borate glasses, where one phonon of the X--O bond is 
needed for the matching of the energy gap between SD1 -~ 5D0, the nonradiative 
rate is high and the fluorescence from 5D1 level is very low. In germanate and 
tellurite glasses, the energy gap can be matched by 2--3 X--O phonons and 
fluorescence from SD1 and even 5D2 is observed with high intensity. 

In erbium, the energy gaps between two close lying electronic levels are 
about 1000--3000 cm -I.  As a consequence of the small energy gaps combined 
with the high phonon energies of borate and phosphate, rapid non-radiative de- 
population of the erbium levels situated between 32,000 and 10,000 cm -1 occurs, 
resulting in a very low emission intensity. In germanate and tellurite, which have 
smaller phonon energies than borate and phosphate, the nonradiative losses are 
smaller and intense fluorescence from 2H9/2, 2Hl l /2  , 4S3/2 and 4F9/2 is observed. 

In thulium, as in erbium, the emission intensities are the highest in the 
tellurite glasses. The energy gaps between the various electronic levels of thulium 
situated between 35,000 and 15,000 cm -1 are about 6,000 cm -1, which correspond 
to the energy of 4 phonons in borate, about 5 in phosphate, 7 in germanate and 
9--10 in tellurite glasses. This is consistent with the fact that  the observed fluores- 
cence is the highest in tellurite. 

From our experimental results, we see that the dependence of emission intensi- 
ties on the phonon energies is stronger when the energy gap, A E, between the 
emitting levels is smaller. For example, in the case of emission from Er 4S3t2 
(A E (4Sa/2 - 4F9/2) ,-~2650 cm-1), the fluorescence is higher by  a factor of 15 in 
the tellurite than in the germanate glass, while in the case of emission from 
Tm a+ 1G4 (AE (1G4-  3F2) ~6000  cm-1), the ratio of fluorescence in tellurite 
to germanate is only 1.3. 

The numerical values of nonradiative rate constant differ much less than 
the values of quantum efficiencies in various glasses. As seen from formula (2) 
the quantum efficiency depends on both the nonradiative and the radiative tran- 
sition rates. Therefore, the increase in the quantum efficiency is not always follow- 
ed by a similar increase in the multiphonon relaxation rate. 

In summary, we can see that  by incorporating the activator ion in the glass 
host of a proper phonon energy, it is possible to increase the quantum efficiency 
of emission and control the levels from which emission occurs. 

g) Fluorescence of RE in Beryllium Fluoride Glasses (FBG) 

The theory of multiphonon relaxation in glasses developed in the proceeding 
section can be tested also in nonoxide glasses such as BeF2 (with admixtures of 
KF, CaF2 and A1F3) (FBG). Luminescence of RE in BeF2 was summarized in a 
review by Kolobkov and Petrovskiy (55). The most outstanding feature in these 
systems is that  additional fluorescence bands to those observed in silicate and 
phosphate glass are observed. Strong fluorescence is observed from the 5D1 level 
of Eu 3+ similarly to the fluorescence observed in tellurite glasses. Also, relative 
fluorescence yield from the 5D3 level of Tb 8+ to that  of SD4 is high in [Ref. (56)], 
FBG. 

Ho 3+ in FBG exhibits visible fluorescence similarly to tellurite glasses. No 
quantitative calculation can be performed of the nonradiative relaxation rate; 
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FBG, because of lack of data  of the absolute absorption. However qualitatively 
it can be seen that  the existence of appreciable fluorescence from higher levels in 
the visible fluorescence indicates that  nonradiative relaxation rates are smaller 
than in silicate glasses and similar with tellurite glasses. Since the phonon energies 
of FBG are around 600 cm -1 [Ref. (56)] this result is not surprising. 

In  conclusion, we see that  the highest energy phonons are responsible for the 
nonradiative relaxation in glasses. This is in accordance with the MP relaxation 
theories, as described in the previous sections. By  incorporating the activator 
ion into the glass host having a suitable phonon energy it is possible to increase 
the quantum efficiency of emission and control the levels from which emission 
Occurs. 

Note added in proof. Extensive work on the influence of network formers and 
network modifiers on the intensity parameters of Nd 3+ in various glasses is being 
performed at present by  Dr. M. J .  Weber and his colleagues. 2) The following 
tables present the various parameters  of Nd 3+ as a function of glass network 
former and modifier. The author is deeply grateful to Dr. Weber for providing the 
tables. 

Table 23. Intensity parameters of Nd 3+ in 
alkali alkaline-earth silicate glasses 

Glass composition (mole %) 

SiO2 65 
BaO 20 

Li20 15 
Na20 

K20 

65 65 
20 20 

15 

15 

Nd 3+ intensity parameters (10 -20 cm 2) 

Q2 3.8 3.8 3.7 
~4 3.4 3.4 2.8 
~6 4.1 3.5 2.3 

Table 24. Intensity parameters of Nd 3+ in 
alkali alkaline-earth silicate glasses 

Glass composition (mole %) 

Si02 65 65 65 65 

K20 15 15 15 15 

MgO 20 

CaO 20 

SrO 20 

BaO 20 

2) Layne C. B., Lowdermilk W. H., Weber M. J. : to be published. 
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Table24(continued) 

Nd3+intensi typarameters(10-20cm 2) 

~2 S.l 4.6 3.8 3.7 

~4 4.1 3.6 3.3 2.8 

~6 2.8 2.9 2.7 2.3 

Table 25. Intensity parameters of Nd 3+ in alkali alkaline-earth 
glasses with 67 mole ~/o of network formers 

N d 3 + i n t e n s ~ y p a r a m e t e r s ( 1 0 - ~ c m  2) 

Glass: Borate Silicate Phosphate Germanate 

~2 4.1 4.0 2.7 S.8 

~4 3.4 3.3 5.3 3.3 

~6 4.3 2.5 5.4 2.9 
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This full and up-to-date account of 
the chemical and physical properties 
of electrons in polar, nonpolar, and 
dense fluids includes contributions 
from both theoretical and experi- 
mental chemists and physicists, 
thus clearly indicating the interdis- 
ciplinary nature of this field. 

Rare Earths 
70 figs. III, 253 pages. 1973 
(Structure and Bonding, Vol. 13) 
Cloth DM 78,-; US $33.60 
ISBN 3-540-06125-8 

The crystallographic behaviour of 
both mono- and polynuclear fluoro 
complexes of uranium and trans- 
uranium elements is thoroughly 
discussed by Dr. Penneman and his 
collaborators from the Los Alamos 
Laboratory. Binary silicates, as well 
as silicates containing additional 
alkali ions, are exhaustively reviewed 
by Dr. Felsche. 
Vitreous silicates and borate, phos- 
phate and germanate glasses are used 
by Dr. Reisfeld as matrices for tri- 
valent lanthanides showing narrow- 
line and broad-band emission and 
absorption spectra. The energy 
transfer from one optically excited 
ion to another is studied. 
Dr. J#rgensen treats the connections 
between the electron configurations 
and the behaviour of the individual 
lanthanides both in monatomic 

entities and in compounds, the 
refined spin-pairing energy theory, 
and points out that the previously 
insoluble problem of determining 
4f ionization energies was solved in 
1971 by photo-electron spectro- 
metry of the solids. 

H. RICKERT 

Einfiihrung in die Elektrochernie 
fester Stoffe 

64 Abb. XV, 223 Seiten. 1973 
Gebunden DM 46,-; US $19.80 
ISBN 3-540-06266-1 

Die Elektrochemie fester Stoffe ist 
in den letzten Jahren welt tiber das 
rein wissenschaftliche Interesse 
hinaus gewachsen und hat an Bedeu- 
tung und technischen Anwendungs- 
m6glichkeiten gewonnen. Wenige 
Stichworte gentigen, um das anzu- 
deuten: Galvanische Ketten mit 
festen Elektrolyten, Fehlordnungen 
in festen Stoffen, Transportvor- 
g~inge, Festk6rperreaktionen, Halb- 
leiter. Chemiker, Physiker, Metal- 
lurgen und Werkstoffwissenschaft- 
ler sowie vor allem auch Studenten 
finden hier Grundlagen und Bei- 
spiele einer modernen Forschungs- 
richtung verst~indlich dargestellt. 
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