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3.2.3. Monofluorides 
The ground state configurations of the lanthanide monofluorides may be assumed to arise 
from either of the two superconfigurations (SC): 

I [R 4f" l  o~2p ~42p 2 OR6s,6p or II [R 4f n+l] O22p ~42p I OR6s,6p- 

SCF/CISD results for the spectroscopic constants of the lanthanide monofluorides in 
these SCs have been obtained with PPs that treat the 4f shell as part of the core (Dolg 
1989, 1995, Dolg and Stoll 1989, Dolg et al. 1989c). The CISD values are compared 
to experimental data in table 31. Improved results for CeF and YbF from calculations 
that combine the PP approach for the valence subconfiguration with LFT for the open 
4f shell are also available (Dolg et al. 1992b, 1993a). Using the best results for LaF 
and LuF as well as EuF and YbF as basis for a linear interpolation the binding energies 
displayed in fig. 10 are obtained. The ground states of the monofluorides may be predicted 
to arise from SC I for LaF-NdF, GdF-TmF and LuF as well as from SC II for PmF- 
EuF and YbE The trend of these binding energies is in reasonable agreement with the 
available experimental values. Gotkis (1991) used a simple electronic structure model 
based on experimental data to explain the ground-state configuration of the lanthanide 
monohalides and their cations. According to his findings the lanthanide monofluorides 
belong to the following two structural groups: those with a R ÷ 4fn6s z cation (LaF, GdF- 
TmF, LuF) and those with a R ÷ 4fn+%s 1 cation (PrF-EuF, YbF) bound to the F- anion. 
This would roughly agree with the predictions from the PP SCF/CISD calculations when 
the binding energies of the SC II are shifted by about 0.5 eV. In addition, Gotkis claims 
that for CeF probably a Ce ÷ 4f15d16s 1 cation is appropriate. Using his model he also 
explained the nonmonotonic trend in the molecular ionization energies. The ground stal;es 
of the cations should arise from R 2+ 4fn6s 1, R 2÷ 4fn5d 1 or R 2÷ 4f n+l cations as well as 
a F- anion. According to his findings TbF, HoF and ErF rearrange their core structure 
from 4f n to 4f "+1 upon ionization, whereas the other molecules keep their 4f occupation 
unchanged. For the discussion of the other halides we refer to the original paper. Finally, 
we want to add here that we disagree with the comment of Gotkis (1991) that "in case 
of lanthanide compounds, present quantum calculations are largely empirical, and their 
results are predetermined to a large extent by a subjective idea adopted at the outset of 
the computation". These comments are certainly much more appropriate for a strict ionic 
model based on pure atomic configurations as advocated by Gotkis. Unfortunately Gotkis 
did not cite a single quantum-chemical calculation available in 1991 in order to prove his 
statement. 

Dolg et al. (1992b) investigated YbF using a Yb 42+ JAr 3d 1°] core PP for Yb and 
large basis sets including up to four g functions on Yb. The results of these PP 
SCF/MRCI calculations in the AS coupling scheme are summarized in table 32. The 
spectroscopic constants of the X 2E+ ground state are in excellent agreement with the 
experimental values. Spin-orbit interaction was also included by means of the Columbus 
DGCI code (A.H.H. Chang and Pitzer 1989). The g2= ½ lowest excited state (58% 2Z+, 
42% 21-[) of the 4f13o2~4o2 SC is located 6099 cm -1 above the 4f14o2~401 X 2~+ ~"2----1 2 
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Table 31 
Binding energies De, bond lengths R e, vibrational frequencies m~ and dipole moments #~ for the lanthanide 
monofluorides from configuration interaction calculations including the Langhoff-Davidson size-consistency 

correction in comparison with experimental data a 

Molecule n(4f) b Method ~ D e (eV) R e (A) me (cm-l) /~e (D) 
calc. exp. d calc. exp. d calc. exp. d talc. 

LaF 0 a, c 5.45 6.23 2.181 2.027 528 570 3.19 

b, c 5.77 2.183 543 3.14 

b, d 6.02 2.118 571 2.07 

>~0 b, e 6.55 2.022 582 1.11 

CeF 1 a, c 5.48 2.159 532 3.13 

PrF 2 a, c 4.95 2.145 535 3.11 

3 a, c 4.99 2.252 488 3.47 

NdF 4 a, c 4.98 5.90 2.242 493 3.47 

PmF 5 a, c 4.94 2.229 496 3.51 

SmF 6 a, c 4.91 5.49 2.216 498 3.51 

EuF 7 a, c 4.89 5.45 2.206 502 3.50 

b, c 4.51 2.208 429 4.22 

b, d 5.02 2.138 472 3.31 

/>7 b, e 5.35 2.092 479 2.88 

GdF 7 a, c 5.73 6.11 2.079 548 6.97 

TbF 8 a, c 5.75 2.067 1.960 542 616 6.75 

DyF 9 a, c 4.91 5.49 2.059 544 6.56 

HoF 10 a, c 4.87 5.60 2.049 1.940 545 615 6.36 

ErF 11 a, c 5.09 5.86 2.041 545 6.22 

TmF 12 a, c 4.41 2.033 544 6.05 

13 a, c 4.72 5.28 2.148 520 3.69 

YbF 14 a, c 4.67 4.83 2.146 2.016 516 502 3.72 

b, c 4.20 2.140 437 4.42 

b, d 4.70 2.067 478 3.56 

b, e 4.99 2.052 495 2.03 

LuF 14 a, c 6.18 (5.93) 2.018 1.917 546 612 2.61 

b, c 6.76 2.007 532 2.95 

b, d 7.04 1.936 598 2.07 

b, e 7.28 1.930 599 3.45 

a Data from Dolg and Stoll (1989) and Dolg (1995). 
b n(4f), the 4f  occupation number modeled by the lanthanide pseudopotential. 
c (a) nonrelativistic pseudopotential; 
(b) quasirelativistic pseudopotential; 
(c) basis sets: R (7s6p5d)/[5s4p3d], F (9s6p)/[4s3p]; 
(d) basis sets: R (7s6p5d2f)/[5s4p3d2f], F (9s6p2d)/[4s3p2d]; 
(e) basis sets: R (8s7p6d6f), F (13s7p4d3f2g). 
d Only a selection of the experimental data summarized by Dolg and Stoll (1989) has been reproduced; the 
binding energies De have been derived from the dissociation energies D O by adding an estimate for the zero-point 
vibration energy (0.03 eV). 
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Fig. 10. Binding energies for the low-lying superconfigurations (SC) (I, 4f"o2n402; II, 4fn+lo2•40J) of 
the lanthanide monofluorides. Extrapolated theoretical values for pseudopotential configuration interaction 
calculations based on the b, e entries in table 31. 

Table 32 
Molecular constants for the 4f~4o:n4o I X 2Z+ ground state and the 4f1302j~402 A 2E+ excited state of YbF a 

State Method Basis b R e (A,) D e (eV) co e (cm -1) #e (D) 

X 2Z+ MRCI (SCF) 0g 2.043 (2.067) 5.00 (4.00) 504 (492) 3.40 (3.60) 

4g 2.045 (2.071) 4.90 (3.91) 492 (481) 3.55 (3.73) 

exp. c 2.016 4.834.89 502 

A2Z + MRCI (SCF) 0g 1.927 (1.941) 4.56 (5.25) 652 (619) 1.65 (1.84) 

4g 1.917 (1.941) 3.62 (5.22) 639 (611) 1.71 (1.89) 

a From Dolg et al. (1992b). 
Yb: (12sl lp9d8f)/[9s8p6d5f] augmented with n g functions, quasirelativistic Yb 42+ [Ar3d I°] core PP; H: 

(9s6p 1 d)/14s3 p I d]. 
c Experimental data taken from Huber and Herzberg (1979), Barrow and Chojinicki (1975), Yokozeki and 
Menzinger (1976). 

g round state, when  the best  A S - c o u p l e d  M R C I  results were correc ted  for sp in -orb i t  

effects der ived f rom D G C I  calculations.  We note that the correlat ion contr ibution to this 

energy separat ion is 0.69 eV and 1.60 eV without  and wi th  g funct ions on Yb, respectively. 

Moreover ,  wi thout  any corre la t ion effects the ground state would  be  predicted to arise 

f rom the 4f13o2o 2 SC. For  a discussion o f  higher  exci ted states we refer  to the original  

paper. F r o m  E S R  spectroscopy Van Zee  et al. (1978) deduced that bonding  in YbF  is 
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Table 33 
Binding energies Do, bond lengths Re, vibrational frequencies ~o e and dipole moments/t~ for the ground states 
of selected lanthanide monofluorides from relativistically corrected density-functional studies in comparison 

with experimental data a 

Molecule D~ (eV) R e (it) o) e (cm -1) /z e (D) 
calc. exp. calc. exp. calc. exp. calc. 

LaF 6.38 6.23 2.07 2.027 594 570 2.18 

GdF 5.85 6.11 1.96 613 1.18 

YbF 5.18 4.83 2.07 2.016 489 502 3.64 

LuF 7.26 (5.93) 1.95 1.917 586 612 2.11 

a Calculations from Wang and Schwarz (1995). 
Only a selection of the experimental data summarized by Dolg and Stoll (1989) has been reproduced; the 
binding energies D~ have been derived from the dissociation energies D O by adding an estimate for the zero- 
point vibration energy. 

essentially that o f  an ion pair Yb+F - and only 2% of  the spin density is on E It was 
deduced that 80% of  the unpaired electron density is in the Yb 6s orbital. This agrees quite 
well with the results of  a SCF Mulliken population analysis, where 99% of  the unpaired 
electron is assigned to Yb (Yb s 84%, p 15%, F p 1%). The singly occupied orbital 
is strongly polarized away from F and contributes with -4 .4  D to the total SCF dipole 
moment of  3.7D. The doubly occupied bonding o orbital is localized on F (Yb s 1%, 
p 1%, d 3%, F s 95%). 

Shortly before this article was completed a relativistically corrected density-functional 
(Snijders and Baerends 1978, Snijders et al. 1979) study of  selected lanthanide 
monofluorides became available (Wang and Schwarz 1995). The results for the ground 
states obtained with a gradient correction for the exchange potential (Becke 1988) 
as well as correlation contributions due to Vosko et al. (1980) with self-interaction 
correction according to Stoll et al. (1978, 1980) are listed in table 33. For YbF the 
results (Re = 2.07 ]~, De = 5.18 eV, ~oe = 489 cm -1) are in good agreement with the best 
PP CI results (Re = 2.045 ,~, De = 4.90 eV, We =492 cm -1) and available experimental data 
(Re = 2.016 ,~, De =4.83-4.89 eV, me = 502 cm-l). 

3.2.4. Dimers 
Van Zee et al. (1994) investigated the Gd2 dimer with ESR spectroscopy and found a 
total spin o f  S=9, i.e. 18 unpaired spins are ferromagnetically coupled. The ground 
state was assigned to be a 19Z state. The authors suggest that Gd2 might be the 
diatomic molecule with the highest spin multiplicity. These experimental findings are 
essentially in agreement with the results o f  earlier PP SCF/CISD calculations that 
include a 4 f  7 subconfiguration into the Gd PP core (Dolg et al. 1992a). In these 

7 7 2 1 1 2 studies a [4f ][4f ]OgOuOg~ u ground-state superconfiguration was predicted. In view 

of  the large energy difference of  more than 30000cm -l between the Gd 3+ 4f  7 8S7/2 
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ground state and the first excited state it seems to be likely that the 7 unpaired spins 
within each of the 4f shells are coupled to yield a high-spin S = 7 state on each 
center. The valence substate was calculated to be a 5E u state, i.e., the 4 unpaired 
electrons in the valence orbitals are also coupled to yield a high-spin state. It is 
impossible, however, to predict the coupling between the two 4f shells and the 
valence shell with the superconfiguration-based PP approach, although the high-spin 
possibility seems to be plausible. Calculations which include the Gd 4f orbitals explicitly 
in the valence space and also account for spin-orbit interaction as well as electron 
correlation effects would be required for improved theoretical investigations on Gd2. 
Although the calculation of the ferromagnetically coupled 19]~ state is probably feasible, 
difficulties might arise for states with lower spin multiplicities due to the large number 
of determinants required to set up the zeroth-order wavefunction for a subsequent 
MRCI treatment. 

Dolg et al. (1992a) used PPs for a fixed 4f occupation number, SCF/CISD/CEPA 
as well as SCF and subsequent correlation energy functional calculations to investigate 
the lowest superconfigurations of the homonuclear dimers R2. The study is limited by 
the fact that only SCs with equal 4f occupation on both metals could be considered. 

0 0 2 1 1 2 For La2 a (4 f ) (4f  ) O g O u O g ~  u 5 Z  u ground state (La 5do°'515d~°'886sol416po°'°86pzt°'12) 
was found in agreement with experimental and theoretical evidence for the lighter 
homologues Sc2 and Y2. For Lu2 all SC with significant contributions of 5dzt orbitals 
were found to be rather high in energy probably due to a relativistic destabilization, 

14 14 2 2 2 1 + ground state (Lu 5do°456solS26po °73) was obtained. and a ( 4 f ) ( 4 f  )Og(luOg ~ g  

Therefore, the experimentally observed rather large difference in the binding energies 
(La 2.52+0.22eV, Lu 1.43±0.34eV, Connor 1986) may be explained in terms of a 
double and a single bond for La2 and Lu2, respectively. Probably due to the lack of 
higher angular momentum basis functions and a multi-reference correlation treatment 
the calculated CISD results, i.e. 1.17eV and 0.55eV, are only in modest agreement 
with the experimental values. In contrast to these relatively strong bonds Eu2 and 
Yb2 have a (4fn+l)(4fn+l)oEo2u ground-state configuration (n=6, 13 for Eu, Yb) and 
form only a weak van der Waals bond. The ground state of Yb2 may be assumed 

1 + to be Eg, whereas for Eu2 one might consider S=0-7,  i.e. all possibilities between 
antiferromagnetic and ferromagnetic coupling of two 4f 7 8S7/2 cores. In analogy 
to the l ~  ground state of the van der Waals dimer Mn2 (Kirkwood et al. 1991) 

5 5 2 2 which arises from a (3d)(3d )OgO u configuration, a 1E~ ground state seems to be 
most likely. 

The calculated CISD binding energies (Eu2 0.04 eV, Yb2 0.05 eV) are in reasonable 
agreement with the experimental values (Eu2 0.30i0.17 eV, Y b  2 0.174-0.18 eV, Connor 
1986). The binding energies of the lanthanide dimers calculated at the SCF level and 
using the correlation energy functionals of Perdew (1986) and Hu and Langreth (1985) 
are shown in fig. 11. The calculated bond lengths and vibrational constants of the dimers 
R2 are predictions. The assignments for the ground state SCs should be regarded as 
preliminary. 
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Fig. 11. Binding energies of the 
homonuclear lanthanide dimers. HL 
and P denote SCF values corrected 
with correlation contributions calcu- 
lated with the functionals of Hu and 
Langreth (1985) and Perdew (1986), 
respectively. Data taken from Dolg et 
al. (1992a). 

3.2.5. Rare gas compounds 
Quantum chemistry appears to be currently one of the best ways to study helium chemistry 
(Frenking and Cremer 1990), especially for neutral species like HeLiH (Kaufman and 
Sachs 1969) or HeBeO (Koch et al. 1986). A large number of stable or metastable 
charged species HeX n+ are known either from mass spectroscopy or from calculations 
(Hotokka et al. 1984, Koch et al. 1987, Frenking and Cremer 1990). Dolg et al. (1991c) 
investigated the triply charged molecular cations RHe 3+ (R = La, Eu, Gd, Yb, Lu) using 
quasirelativistic PPs at the SCF, CEPA, CASSCF and MRCI level. The existence of these 
compounds has been suggested by Jorgensen (1988, 1989) and Jorgensen and Frenking 
(1990). The ground states arise from a R 3+ 4f n He ls 2 SC (R=La, Gd, Lu) (Mulliken 
population R 2"98+ He °'°2+) or a R 2+ 4f n+l He + ls I SC (R=Eu, Yb) (Mulliken population 
R z°°+ He~'°°+). This is due to the fact that for the first group of atoms the third ionization 
potential (IP3 = 19.18eV, La, 20.63+0.10eV ,Gd, 20.96eV ,Lu, Martin et al. 1978) is 
significantly smaller than the first ionization potential of helium (IPI = 24.59 eV, Moore 
1949), whereas for the second group (IP3 = 24.924-0.10 eV, Eu, 25.054-0.03 eV, Yb, Martin 
et al. 1978) it is somewhat larger. The La, Gd and Lu compounds have been found to 
be stable with respect to a decay in R 3+ and He (binding energies 0.24 eV, 0.31 eV and 
0.39 eV), whereas the molecules formed by Eu and Yb seem to be metastable (binding 
energies -0.03 eV and -0.08 eV) and may dissociate into R 2+ and He + (estimated barrier 
heights 0.30 eV and 0.38 eV). 

3.2.6. Miscellaneous diatomics 
The high bond stabilities in LaAu and LuAu have been studied by Schwerdtfeger and 
Dolg (1991) using relativistic as well as nonrelativistic ab initio PPs and correlation 
treatments like Moller-Plesset perturbation theory up to fourth order (MPn, n = 2, 3, 4), 
configuration interaction with single and double substitutions (CISD) and coupled electron 
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Table 34 
Binding energies De, bond lengths Re, vibrational frequencies co~ and dipole moments #~ from CEPA-1 and 

MRCI pseudopotential calculations for the ~ ground states of LaAu and LuAu a 

Molecule De b (eV) Re (/~) foe (cm-l) /~e (D) 
CEPA ~ MRCI c CEPA ~ MRCI c CEPA c MRCI c CEPA c MRCI c 

LaAu 3.04 2.99 2.737 2.743 154 151 2.57 2.55 
LuAu 3.66 3.47 2.635 2.632 148 149 2.56 1.68 

a From Dolg 1995. 
b The experimental dissociation energies are 3.45 eV (LaAu) and 3.41 eV (LuAu) (Huber and Herzberg 1979). 

CEPA, coupled electron-pair pseudopotential calculations; 
MRCI, multi-reference configuration interaction pseudopotential calculations. 
Relativistic pseudopotentials with 11 (La, Lu) and 19 (Au) valence electrons; 
basis sets: La, Lu (8s7p6d6flg), Au (9s8p7d5flg). 

pair approximations (CEPA-1/2). 1E+ ground states have been assumed for both molecules 
and spin-orbit contributions have been estimated from the available experimental data 
for the separated atoms. Among the gaseous diatomic intermetallic group-11 (Cu, Ag, 
Au) compounds those containing gold have the highest binding energy, except for the 
series AuCu, AuAg and Au2. The high stability of  the metal-gold bond was empirically 
explained using the Pauling model, 

D(A - B) = ½ [D(A2) + D(B2)] + Q[EN(A) - EN(B)] 2, (55) 

with the relativistic increase of the dissociation energy (Do) of Au2 (first term; 
Cu2 2.03 eV, Ag2 1.66 eV, Au2 2.30 eV) and of the electronegativity (EN) of Au (second 
term; Cu 1.9, Ag 2.1, Au 2.4). Among metal-gold diatomics, the lanthanide-gold 
compounds LaAu, CeAu and LuAu have the highest values. High relativistic contributions 
to binding energies are therefore expected for these molecules. Schwerdtfeger and Dolg 
obtained at the CEPA-1 level 56.7kcal/mol and 71.4kcal/mol for LaAu and LuAu, 
respectively. The relativistic contribution for LaAu is 28.7 kcal/mol (51%), that for LuAu 
even 48.8 kcal/mol (68%). The experimental dissociation energies are 80-4-5 kcal/mol and 
7 9 i 4  kcal/mol (Huber and Herzberg 1979). The reason for the significant discrepancy for 
LaAu is due to the limited basis sets: recent CEPA-1 calculations using large uncontracted 
basis sets yield binding energies of  70.1 kcal/mol and 84.4 kcal/mol for LaAu and LuAu, 
respectively (table 34) (Dolg 1995). Interestingly the nonrelativistic value for the 
lanthanide contraction (0.169A) is higher than the relativistic value (0.117A). The 
relativistic bond-length contractions are 0.413 A and 0.361 ,~, respectively. The Mulliken 
charges on Au are very similar for both molecules, i.e. -0.80 (-0.41) for LaAu and 
-0.83 (-0.44) for LuAu from relativistic (nonrelativistic) SCF calculations, however the 
corresponding dipole moments +2.44 (+3.76) and +2.38 (+0.59) indicate a dramatic 
change in the molecular charge distribution due to relativistic effects (a positive sign of 
the dipole moment corresponds to Rr+Au ~- polarity; unfortunately, in the original paper 
the signs of  the LaAu dipole moments have been reversed). 
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3.3. Polyatomic molecules 

3.3.1. Hydrides 
The results of HF- and DHF-OCE calculations for the tetrahedral molecules Cell4 
and ThH4 were compared by Pyykk6 and Desclaux (1978). For both molecules small 
relativistic bond-length expansions were found. By comparison to HfH4 and 104EH4 the 
values of the lanthanide and actinide contraction were established to be 0,19 A and 0.30 A, 
respectively (cf. also sect. 1.3). The lanthanide contraction was found to result for 86% 
from a nonrelativistic shell-structure effect and only for 14% from relativity. Results of 
similar calculations are available for YbH2 (Pyykk/5 1979a). 

Lohr and Jia (1986) performed nonrelativistic SCF calculations on LaH3 using basis 
sets between minimal and valence double-zeta quality. The molecule was found to have 
a C3v equilibrium structure with a H-La-H bond angle of 115 °, however the inversion 
barrier for a D3h transition state was calculated to be only 239 cm -1 . 

DiBella et al. (1993) also investigated LaH3 with SCF, CASSCF and CISD calculations 
using a relativistic effective core potential from Hay and Wadt (1985b) for La. They 
obtained a C3v equilibrium structure with a H-La-H bond angle of 113 °. In good 
agreement with the all-electron work of Lohr and Jia (1986) the optimized planar 
D3h structure was found to be 0.97 kcal/mol (339cm -1) higher in energy. 

3.3.2. Oxides 
DeKock et al. (1990) investigated the equilibrium structure of CeO2 besides other AB2 
molecules using the quasirelativistic HFS method of the Amsterdam group (Ziegler et al. 
1989). The bent structure (calc. Re = 1.82 ]~, ~be ~< 132°; exp. ~be = 146-t-2 °, Gabelnick et al. 
1974) is explained by the predominance of sd over sp and sf hybridization in agreement 
with earlier AB2 molecular models of Walsh (1953) and Hayes (1966) for s and p as well 
as s, p and d orbitals, respectively. The explanation of the bent structure via a d-orbital 
participation is also in line with the conclusions reached by Wadt (1981) and Pyykk6 
et al. (1989) in their theoretical studies of the heavier homologue ThO2. Although the 
4f-orbital population in CeO2 was found to be 1.3, the core-like nature of the 4f shell 
prevents an active role in bonding and a possible linear molecule. The electric multipole 
expansion method was shown to be unable to obtain the correct bent structure for CeO2. 

The gas-phase reactivity with respect to activation of saturated and unsaturated 
hydrocarbon substrates, thermochemistry and electronic structure of CeO~ has been 
studied experimentally using Fourier-transform ion cyclotron mass spectrometry as well 
as theoretically using quasirelativistic density-functional and ab initio pseudopotential 
calculations (Heinemann et al. 1996). In contrast to CeO2, which is found to be bent 
(O-Ce-O bond angle 132 °) and linear in relativistic and nonrelativistic calculations, 
respectively, the cation CeO~ is calculated to be linear at all levels of theory. 
The calculated vertical ionization potentials, i.e. 9.02 eV from density-functional and 
9.24eV from pseudopotential configuration interaction calculations, are in excellent 
agreement with the experimental value of 9.40~0.15eV. Relativity is found both to 
lengthen and to strengthen the Ce--O bonds. 
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3.3.3. Halides 

Numerous theoretical studies exist for the trihalides of the lanthanides. A few studies also 
treat the di- or tetrahalides. Self-consistent-charge extended Hiickel calculations for all 
lanthanide trihalides RX3 (R = La-Lu, X = F, CI, Br, I) have been carried out by Myers 
et al. (1978). The f shell was assumed to be core-like and not explicitly included in 
the calculations. In qualitative agreement with most of the experimental evidence all 
molecules were found to be pyramidal with X-R-X angles of 91-92 ° (X=F), 101- 
105 ° (C1), 99-104 ° (Br) and 114-119 ° (I). The pyramidal geometries are mainly due to a 
better interaction between the R 5dz 2 and the X p orbitals with a concomitant enhanced 
covalency evidenced by a reduced positive charge on the metal when going from D3h 
to C3v symmetry. Bender and Davidson (1980) applied the semiempirical Wolfsberg- 
Helmholz molecular orbital method (Wolfsberg and Helmholz 1952) (energetic reference 
data from experiment, atomic orbitals from nonrelativistic calculations) to study orbital 
energies, charge distribution and f ~  d transition energies of the lanthanide trihalides 
RX3 (R = Ce-Lu, X =F, C1, Br, I). A planar D3h equilibrium structure and fixed bond 
lengths estimated from atomic radii were assumed. Pyykk6 and Lohr (1981) however 
found in agreement with experimental data a pyramidal C3v structure for the triiodides 
RI3 (R = La, Gd, Lu) using his quasirelativistic extended Hiickel method. For fixed bond 
lengths the I-R-I  bond angles increase from 100 ° to 106 ° for La to Lu. Li et al. 
(1983) used an INDO approach to investigate the electronic structure of the trifluorides 
RF3 (R = Ce, Nd, Sm, Gd, Tb, Tm, Yb) assuming an idealized planar D3h structure 
and fixed bond lengths taken from experiment. The authors discuss orbital energies 
and the results of a Mulliken population analysis. Covalent bonding between R and 
F was found to be due mainly to the R 5d and F 2p orbitals, to a lesser extent 
to the R 6s and 6p orbitals. The authors state that the R 4f orbitals almost do not 
participate in chemical bonding. The photoelectron spectra of some gaseous lanthanide 
trihalides [LaC13, RBr3 (R=La, Ce, Nd, Lu), RI3 (R=La, Ce, Nd, Er, Lu)] have been 
measured and assigned with the help of relativistic discrete variational Dirac-Hartree- 
Fock-Slater calculations by Rug~id et al. (1983). Ellis and Goodman (1984) also used the 
discrete-variational Dirac-Hartree-Fock-Slater method to calculate one-electron energies 
as well as charge and magnetization densities of LaC13 and other selected molecules RX3 
(R=La, Ce, Lu, X=Br,  I) at their experimental geometries. The theoretical one-particle 
energies compare well with gas-phase photoelectron spectra. Lohr and Jia (1986) report 
results of quasirelativistic extended Hiickel calculations for selected lanthanide trihalides 
RX3 (R = La, Nd, Gd, Lu, X = F, C1, Br, I) with fixed geometries taken from experiment. 
The authors compare orbital energies to experimental ionization potentials. They also 
present results of nonrelativistic all-electron SCF calculations for LaX3 (X = F, C1) using 
essentially minimal basis sets. LaF3 was found to be pyramidal with a bond angle of 112 ° 
and a low inversion barrier of 921 cm -1, whereas LaC13 was calculated to be planar. 

Culberson et al. (1987) used their INDO/1 method to investigate equilibrium structures 
and ionization potentials of selected lanthanide halides RXn (n = 2, 3, 4). The overall 
accuracy for bond lengths is usually better than 0.05 A, the values calculated for the 
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Table 35 
Comparison of bond lengths R~, bond angles Oe and ionization potentials IP for selected lanthanide halides 

calculated with INDO/1 method in comparison with available experimental data a 

Molecule Re (A) O. (") IP (eV) 
INDO/1 b exp. c INDO/1 b exp. ~ INDO/1 b exp. c 

EuCl  2 2.576 143.3 1304-15 5.3 
YbCI  2 2.400 120.2 1264-5 3.2 
CeFa 2.204 2.180 106.8 8.4 8.0 
CeC13 2.570 2.569 115.6 111.6 10.0 9.8 
CeBr 3 2.668 2.722 115.8 115.0 9.6 9.5 
CeI 3 2.844 2.927 119.8 9.9 
GdC13 2.154 2.489 110.0 113.0 17 .7  15.5-16.5 
LuF 3 2.045 2.020 107.4 19.0 
LuCI 3 2.415 2.417 108.2 111.5 18.6 (17.4-18.7) ° 
LuBr 3 2.528 2.561 108.6 114.0 17.8 (16.8-18.4) d 
Lul 3 2.726 2.771 115.6 114.5 17.7 (16.2-18.1) o 
CeF 4 2.099 2.040 109.5 109.5 

a Data from Culberson et al. (1987). 
b INDO/1, intermediate neglect of differential overlap calculations. 
c Experimental values from DeKock et al. (1972), Krasnov et al. (1978), Popenko et al. (1978), Ru~ri6 et al. 
(1983), Beattie et al. (1983). 
0 Estimated values, from Krasnov et al. (1976). 

fluorides being too large, those for the iodines too small. Bond angles agree usually with 
the experimental values within 5 ° for the trihalides, whereas the larger deviations for the 
dihalides are still within the experimental error bars. The function of  the energy depending 
on the out-of-plane angle is very flat and Culberson et al. estimate their bond angles 
converged to +3  ° . The experimental ionization potentials are reproduced with errors of  
a few tenths o f  an electron volt. It should be noted that the geometries of  CeC13 and 
LuC13 were used for the parametrisation of  the method and the excellent results for the 
trichlorides should be no surprise. The good performance of  the method for the other 
molecules studied by Culberson et al. indicates a satisfactory transferability of  the derived 
parameter sets. The authors emphasize that the inclusion of  f orbitals is essential to 
obtain the bent and pyramidal  structures o f  the di- and trihalides, respectively. In addition, 
the agreement for bond lengths is considerably improved when f orbitals are allowed to 
participate in chemical bonding. Part o f  the results of  this study are listed in table 35. 

PPs modeling di- and trivalent lanthanide atoms in molecules have been used by Dolg et 
al. (1989c, 199 l b) in PP SCF/CISD calculations to determine the equilibrium geometries 
and atomization energies of  all lanthanide trifluorides and other di- and trihalides (RX2, 
R = E u ,  Yb, X = F ,  CI, Br, I; RX3, R =La ,  Eu, Gd, Yb, Lu, X=C1,  Br, I). A selection 
of  the results is listed in table 36. LaF3 was found to be pyramidal (C3v) with a F -  
L a - F  bond angle of  116.6 °. Since the inversion barrier was lower than 0.01 eV all other 



ELECTRONIC STRUCTURE CALCULATIONS 687 

Table 36 
Bond lengths Re, bond angles Oe and atomization energies AEat for selected lanthanide halides from 
pseudopotential configuration interaction calculations including the Langhoff-Davidson size-consistency 

correction in comparison with experimental data a 

Molecule n(4f) b Re (A,) 0~ (o)a AEat (eV) 
calc. exp. ~ calc. exp. c calc. exp. c 

LaF 3 0 2.159 2.22 116.6 18.17 19.81 
LaC13 0 2.612 2.62 (120) 111.6 13.80 15.88 

LaBr 3 0 2.770 2.74 (120) 115.0 11.86 13.71 

La l  3 0 3.016 2.99 (120) 9.55 11.28 

EuF 2 7 2.170 129 1104-15 10.31 11.40 

EuCI 2 7 2.654 141 1304-15 7.53 9.11 

EuBr z 7 2.839 153 6.22 

EuI 2 7 3.083 161 6.49 6.76 

GdF 3 7 2.056 2.10 (120) 18.16 18.81 

GdC13 7 2.511 2.49 (120) 111.6 13.24 15.14 

GdBr 3 7 2.667 2.64 (120) 115.0 12.28 13.06 

GdI 3 7 2.903 2.84 (120) 8.96 10.33 

YbF z 14 2.100 138 140-4-15 9.85 

YbC12 14 2.586 159 1404-15 6.94 

YbBr 2 14 2.759 180 5.61 7.81 

YbI 2 14 2.989 180 4.08 

LuF3 14 1.965 2.02 (120) 18.21 18.44 

LuC13 14 2.428 2.42 (120) 111.5 13.15 15.10 

LuBr 3 14 2.584 2.56 (120) 114.0 11.15 12.80 

LuI 3 14 2.819 2.77 (120) 114.5 8.78 10.67 

a Data taken from Dolg et al. (1989c, 1991b). 
b n(4f) is the fixed 4f occupation number modeled by the lanthanide pseudopotential 
c Experimental values from Hastie et al. (1971), DeKock et al. (1972), Hariharan and Eick (1972a,b), Hariharan 
et al. (1972), Petzel and Greis (1972), Myers (1975), Myers and Graves (1977). 
d Bond angles in parentheses have been kept fixed. 

tr ihalides were  assumed to be  planar  (D3h). The  bond lengths o f  the trifluorides are too 

short  by up to 0.06 A, whereas  those o f  the tr i iodides are too long by up to the same 

amount.  For  the other  tr ihalides the agreement  wi th  exper imental  data is better. The  

trends in the exper imenta l  a tomizat ion energies are quite well  reproduced,  see, e.g., fig. 12 

for the trifluorides.  A higher  percentage o f  the exper imental  values is recovered  for the 

l ighter  hal ides than for the heavier  ones: 9 0 - 1 0 0 %  for the trifluorides vs, 6 7 - 8 7 %  for 

the tr i iodides.  In  ag reement  wi th  exper imental  evidence the difluorides and dichlorides 

o f  Eu and Yb  are found to be  bent  (C2v). Whereas  the agreement  be tween  the INDO/1 

and the PP C I S D  results is reasonable for EuClz,  larger deviat ions exist for YbC12. 

Exper imenta l  data for the bond  length are not  available, but  two different values have 

been  repor ted  for the bond  angle: 140±15  ° (DeKock  et al. 1972) and > 1 2 6 ± 5  ° (Beatt ie  
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Fig. 12. Atomization energies for 
the lanthanide trifluorides from pseu- 
dopotential configuration interaction 
calculations (calc.) in comparison to 
experimental data (exp.). Data taken 
from Dolg et al. (1989c, 1991b). 

et al. 1983). The first value is closer to the PP CISD result of 159 °, whereas the latter 
agrees better with the INDO/1 result of 120 °. For a more detailed discussion we refer to 
the original paper. The energy differences with respect to the linear geometry are rather 
small, i.e. 0.137 eV (EuF2), 0.062 eV (YbF2), 0.034 eV (EuC12) and 0.005 eV (YbC12). 
The dibromides and diiodides of Eu were predicted to be bent, whereas those of Yb 
should be linear. The energy gaps between the bent and linear equilibrium structures are 
even smaller: 0.015 eV (EuBr2) and 0.002 eV (EuI2). 

Among other triatomic molecules DeKock et al. (1990) investigated the equilibrium 
structure of YbC12 using the quasirelativistic Hartree-Fock-Slater approach developed 
by the Amsterdam group (Ziegler et al. 1989). The calculated bond length (2.40.~) and 
bond angle (120 °) agree perfectly with the INDO/1 results of Culberson et al. (1987) 
(2.40 ]~, 120.2°). These results are in poor agreement with the PP CISD values of Dolg 
et al. (1991b). The optimized linear structure is higher in energy by 1.8 kcal/mol, which 
is by a factor of 16 larger than the PP CISD result. Upon bending the molecule the 
population of the Yb p and f orbitals decreases, whereas that of the s and d orbitals 
increases. From these results the authors conclude that sd .hybridization favors bent 
structures, whereas sp and sf hybridization favor the linear geometry. These findings are 
in line with the models for AB2 molecules advocated earlier by Hayes (1966) (s, p and 
d orbitals) or Walsh (1953) (s and p orbitals), they contradict however the statement by 
Culberson et al. (1987) that the bent geometry of YbC12 is due to a small amount of 
p-orbital hybridization. The derived atomization energy of 6.68 eV agrees well with the 
PP CISD result of 6.94 eV 

DiBella et al. (1993) performed SCF, CASSCF and CISD calculations for LaF3 and 
LaC13. A relativistic effective-core potential of Hay and Wadt (1985b) was used for La, 
whereas F and C1 were treated at the all-electron level. LaF3 was found to be slightly 
pyramidal (F-La-F bond angle 118,5 °, inversion barrier 0.04kcal/mol), whereas LaC13 
was calculated to be planar. The increasing tendency towards a planar geometry in the 
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series LaH3, LaF3 and LaC13 was attributed to the different o and 3x donor capabilities 
of the ligands. Interaction of ligand o orbitals with the metal dxz, dyz orbitals is only 
possible for C3v symmetry, whereas ligand 3x orbitals can interact best in D3h geometry 
with orbitals on La. The increase of the zt donor capabilities from F- to CI- explains the 
calculated and experimentally observed equilibrium structures. 

3.3.4. Sandwich complexes 
The organometallic chemistry of f-block elements has attracted much attention from 
experimentalists and theoreticians during the last 25 years (Marks 1978, Marks and 
Fischer 1979, Marks and Ernst 1982). Di-~t-cyclooctatetraeneuranium(IV) U(CsHs)2 
(uranocene) was the first actinocene to be synthesized (Streitwieser and Miiller-Westerhoff 
1968). The synthesis of Di4x-cyclooctatetraenethorium(IV) Th(CsHs)2 (thorocene) was 
reported in the next year (Streitwieser and Yoshida 1969). Hodgson et al. (1973) published 
the preparation of lanthanide n-carbocyclic complexes of the formula K[Ln(CsHs)2] 
(Ln=Y, La, Ce, Pr, Nd, Sm, Gd, Tb), thus extending the field of organometallic 
sandwich compounds to the lanthanides. The thorocene homologue Ce(CsHs)2 (ce- 
rocene), presumably corresponding to di-n-cyclooctatetraenecerium(IV), was synthesized 
by Greco et al. (1976). 

The actinocenes were shown to be isostructural having Dsh symmetry. It was this high 
symmetry as well as the speculation on d and f orbital participation in metal-ring bonding 
which caused the interest of several theoreticians. Uranocene was originally expected 
to be an f-element analogue of d-element metallocenes like di4t-cyclopentadieneiron(II) 
Fe(CsHs)2 (ferrocene), where covalent ring-metal interactions result from the interaction 
of metal d orbitals with ligand 7t orbitals (Streitwieser and M~iller-Westerhoff 1968). The 
anionic lanthanocenes synthesized by Hodgson et al. (1973) were found to be more ionic 
than the actinocenes, i.e. they exhibit a lower metal-ring covalency. It was a surprising 
result, therefore, that based on several theoretical criteria cerocene shows a substantial 
covalency and an f-orbital contribution to metal-ring bonding comparable to uranocene 
(Rrsch 1984, Streitwieser et al. 1985). 

The accurate treatment of transition metal sandwich compounds is a considerable 
challenge for ab initio quantum chemistry. For example, it took about a decade and 
numerous large-scale calculations using different electron correlation methods until 
recently the metal-ring distance of ferrocene was obtained by Park and Almloef (1991) in 
satisfactory agreement with the experimental value. Studies on the lanthanide and actinide 
sandwich compounds appear to be even more complicated. This is due to the larger effects 
of relativity and electron correlation. 

Ortiz and Hoffmann (1985) used the extended Hfickel method to study the cyclopen- 
tadiene complexes Sm(cp) q+ (q=0, 1) and (SmH(cp)2), (n= 1,2) (cp=CsHs). Sm(cp)2 
was found to have an ordinary sandwich structure with a ring-metal-ring angle of 180°; 
distortions of the ring-metal-ring angle are not energetically costly, however. According 
to Ortiz and Hoffmann in their applications the 4f orbitals have no chemical importance 
with respect to the molecular structures. 
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Kaupp et al. (1993) studied the equilibrium structures of group-2 and lanthanide (II) 
metallocenes M(cp)2 (M = Ca, Sr, Ba, Sm, Eu, Yb) using quasirelativistic PPs for a fixed 
4f occupation at the SCF, MP2 and CISD levels. Experiments showed that the solvent- 
free permethylated metallocenes M(cp*)2 (cp *= C5(CH3)5) of these elements have ring- 
metal-ring bond angles of less than 180 °, i.e. they do not exhibit the idealized 'linear' 
Dsh or Dsd equilibrium structures, however they maintain the t/5 coordination of the metal 
to the rings. At the SCF level all molecules have a 'linear' structure, whereas in MP2 
calculations some of the molecules are found to have a 'bent' structure, e.g. ring-metal- 
ring angles of 164 °, 175 ° and 180 ° were found for the Sm, Eu and Yb compounds, 
respectively. The corresponding experimental values from X-ray spectroscopy of the 
solids or gas-phase electron diffraction range from 140 ° to 160 ° . The structure of the 
Sm compound is in disagreement with the EHT results of Ortiz and Hoffmann (1985). 
However, the bending potential curves are extremely shallow and the energies required 
for linearization (if any) are of the order of a few kJ/mol. These flat potentials should 
allow large-amplitude bending motions and explain the 'bent' gas-phase thermal average 
structures of these floppy molecules. 

Strittmatter and Bursten (1991) performed quasirelativistic Xa scattered-wave calcu- 
lations using the scalar Wood-Boring Hamiltonian (Boring and Wood 1979a,b) on the 
actinide complexes A(cp)3 (A = U, Np, Pu, Am, Cm, Bk, Cf) and compared the results 
to those for the related lanthanide compounds R(cp)3 (R = Ce, Pr, Nd, Sm, Gd, Dy). 
C3v symmetry was assumed. Due to their smaller radial extent the bonding ability of 
the 4f orbitals with the r/5-bonded ligands is only 60-70% of the actinide 5f-orbital 
interaction, however it is roughly the same for the lanthanide 5d and actinide 6d orbitals. 
In contrast to the actinide 7s orbital the lanthanide 6s orbital is found to have no influence 
in bonding. The semi-core 5p orbitals of the lanthanides were found to have a greater 
antibonding influence on the ligands than the 6p orbitals of the actinides. The orbital 
energies of the 4f and 5d metal orbitals of the compounds with early lanthanides resemble 
those of the 5f and 6d metal orbitals of the complexes with middle actinides, whereas the 
molecules with late lanthanides are similar to those with late actinides. This is consistent 
with the lanthanide-like behavior of the late actinide elements (Cotton and Wilkinson 
1988). 

The results of INDO calculations for the bis(cyclooctatetraene)cerium(III) anion with 
an idealized Dsh geometry were published by Clack and Warren (1976). The calculations 
indicated that the 4f orbitals are essentially localized at the formally Ce 3+ central ion, 
their overall ligand field splitting being less than 500 em -1. The 5d-orbital participation 
to the high-lying alg, elg and e2g ligand orbitals of ~ character was calculated to be 3%, 
27% and 29% indicating significant covalency. In earlier studies of this system Warren 
(1975) used the ligand field approach assuming D~h symmetry of the ligands. 

A single lanthanide (IV) metallocene, i.e. bis(cyclooctatetraene)cerium(IV) Ce(CsHs)2 
or cerocene, has been studied theoretically. R6sch and Streitwieser (1978,1983) reported 
the results of nonrelativistic and quasirelativistic scattered-wave Xa calculations taking 
into account the scalar relativistic effects for cerocene, thorocene and uranocene at fixed 
idealized Dsh geometries (fig. 13). The authors discuss the participation of metal d and f 
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Fig. 13. Idealized Dsh structure of cerocene. 
(H, white; C, grey; Ce, grey, small). 

orbitals to metal-ring bonding as well as the assignment of photoelectron and optical 
absorption spectra. Thereafter, the results of these calculations were discussed by Rrsch 
(1984) and additional experimental data on cerocene have been reported by Streitwieser et 
al. (1985). In the following we will focus mainly on cerocene and the heavier homologue 
thorocene. For information on uranocene as well as other actinocenes we refer the reader 
to the reviews by Pepper and Bursten (1991) and Balasubramanian (1994). Examples for 
ab initio studies are those of Boerrigter et al. (1988), A.H.H. Chang and Pitzer (1989) or 
A.H.H. Chang et al. (1994). 

Assuming a completely ionic model, i.e. M 4+ complexed by two CsH 2- ligands, 
the highest and next-highest occupied ligand orbitals have zt character and transform 
according to the e2u and e2g representations of the D8h point group. The metals have low- 
lying empty s (alg), p (a2u, elu), d (alg, elg, ezg) and f (azu, elu, e2u, e3u) orbitals. Therefore, 
the most important covalent contributions to metal-ring bonding may arise from metal 
d (ezg) and f (e2u) orbitals interacting with the ligand zt orbitals of the same symmetry. 
Since d and f orbitals are relativistically more destabilized for Th than for Ce, i.e. they 
are more diffuse and accessible for bonding, one expects larger covalent contributions for 
thorocene than for cerocene. Therefore, cerocene should be more ionic than thoroeene. 
In his Xa studies RSsch (1984) indeed found an increase in relativistic effects according 
to Ce < Th, however he concluded that for a roughly constant d-orbital covalency the 
f-orbital covalency increases as Th < Ce, whereas the ionicity is in the order Ce < Th. 
These findings obviously initiated further experimental work (Streitwieser et al. 1985) on 
cerocene. The authors note that the existence of ceroeene should be regarded as being 
remarkable: the compound combines a strong reducing agent (two C8H 2- rings) with 
a powerful oxidizing agent (Ce4+). Based on the product pattern of the hydrolysis, the 
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electronic absorption spectrum and the He I and He II photoelectron spectra Streitwieser 
et al. conclude that cerocene does not have the structure of a simple ionic cluster but 
shows substantial metal-ring covalency. This is in contrast to organolanthanide (II) or (III) 
compounds which are essentially ionic systems. 

Dolg et al. (1991d, 1995) reported results of large-scale state-averaged PP MCSCF, 
MRCI, ACPF and DGC1 calculations for the ground states and low-lying excited states 
of the bis(cyclooctatetraene)f-element sandwich complexes cerocene Ce(CsHs)2 and 
thorocene Th(CsHs)2. The initial motivation for these ab initio calculations was the 
original paper by Neumann and Fulde (1989) who claimed that for a single-determinant 
wavefunction cerocene rather corresponds to a compound of a formally trivalent cerium, 
i.e. a Ce 3+ central ion which is complexed by two CsH~ -5- rings. The Ce 3+ ion has an 
unpaired electron in an atomic-like 4f orbital, whereas the hole in the rt HOMO of the 
ligands is delocalized over both eight-membered rings. When cerocene is described by a 
multi-determinant configuration interaction wavefunction, admixture of the cen+(C8H~-)2 
configuration to the leading Ce3+(CsH~5-)2 configuration lets the 1Alg fall below the 
lowest triplet state, i.e. 3E2g. The resulting lAlg ground state corresponds to a Ce IH 
compound which would be a molecular analogue of a Kondo singlet state known from 
solid-state physics. According to Neumann and Fulde the small singlet-triplet separation 
would cause the magnetic susceptibility to show a Van-Vleck type paramagnetism up 
to temperatures of approximately 10 K. It should increase for temperatures above 10 K 
and transform into a typical Curie susceptibility above 30K. The specific heat should 
show a typical Schottky anomaly. In addition cerocene has a lower ionicity as well as 
a higher f-orbital contribution to metal-ring bonding than one would expect for a Ce TM 

compound. In contrast to cerocene the heavier homologue thorocene may be pictured as a 
Th TM compound, i.e. a Th 4+ closed-shell ion complexed by two aromatic CsH 2- ligands. 

The model for cerocene suggested by Neumann and Fulde (1989) is supported by 
large-scale PP SCF calculations with up to 574 basis functions. The PPs modeled fixed 
4f occupation numbers of 0 and 1 at cerium and the corresponding geometries were 
optimized (Dolg et al. 1991d). When estimates for electron correlation effects derived 
from correlation energy functional calculations or limited CEPA- 1 calculations are added, 
the 4f°~t 4 SC is found to be 0.84-1.84 eV and 1.86 eV higher in energy than the 4fl~t 3 SC, 
respectively. In MCSCF calculations treating the 4f shell explicitly the lowest state was 

I 3 found to be a 4f~u~te2 u 3E2g state when only the 4flrt 3 SC was considered. The highest 
state of this superconfiguration was the IAlg state with a term energy of 0.58 eV. Allowing 
the admixture of the 4f°~t 4 SC brings this state at a term energy o f - 0 . 5 6 e V  with 
respect to  3E2g (table 37). The mixing coefficients of the two SCs are 82.8% 4f~2uZt3e2u 

0 4 and 17.2% 4f Zte2 u. Spin-orbit interaction was calculated to reduce the singlet-triplet 
splitting by 0.09 eV, yielding a best estimate of 0.47 eV for the separation between the Alg 
ground state and the Elg and E2g excited states. It is seen from table 38 that the ground 
state is by more than 99% a singlet, whereas the first excited state has 79% triplet and 
21% singlet contributions. The results are in qualitative agreement with those of Neumann 
and Fulde (1989), however the quantitative agreement is poor. Neumann and Fulde 
estimated a 10 eV energy difference between the 4flj1; 3 and 4f°~ 4 SCs and obtained only 
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Table 37 
Results of MRCIS and MCSCF calculations for term energies T, of electronic states resulting from the 4f ~ ~zu 
and 4f°~42u superconfigurations of cerocene, and optimized cerium-ring distances d e and vibrational frequencies 

~o e for the A~g cerium-ring stretching mode a 

State T e (eV) d~ (,~) o9~ (cm -1) 
M R C I S b ,  c M C S C F b ,  d M C S C F  b 

1Alg -1.384 -0.561 -0.658 2.088 186 
3 E2g 0.000 0.000 0.000 2.138 195 
1E2g 0.028 0.031 0.020 2.139 196 
3Elg 0.060 0.061 0.063 2.139 196 
3 E3g 0.064 0.062 0.064 2.139 194 
iE~g 0.064 0.088 0.077 2.139 194 
1 E3g 0.066 0.081 0.070 2.139 194 
3Elg 0.131 0.092 0.080 2.143 193 
~Elg 0.137 0.121 0.088 2.143 194 
3 E3 ~ 0.145 0.093 0.081 2.143 193 
IE3g 0.167 0.142 0.114 2.144 194 
3Aig 0.348 0.210 0.225 2.150 196 
3B2g 0.357 0.219 0.234 2.150 196 
3Big 0.382 0.226 0.243 2.150 196 
3 Azg 0.384 0.235 0.252 2.151 195 
1Azg 0.384 0.251 0.252 2.151 196 
1 Big 0.385 0.254 0.255 2.151 196 
1 B2g 0.398 0.258 0.260 2.151 196 
I Alg (3.737) (6.630) 

a Reproduced from Dolg et al. (1991d, 1995). 
b MRCIS, single excitation multi-reference configuration interaction; 
MCSCF, multi-configuration self-consistent field calculations; all calculations are without spin-orbit coupling 
c Cerium-ring distance 2.08 A. 
e Cerium-ring distance 2.20 A. 

a 6 meV singlet- t r iple t  splitt ing between ground and first excited state which is two orders 

of  magn i tude  smaller  than that found in the ab initio calculations. In agreement  with the 
ab initio results a Kondo- type  behavior  of  cerocene is not  observed experimentally. 

Large-scale PP M R C I  and M R A C P F  calculations with 202 basis functions and up to 52 

correlated electrons in 173 molecular  orbitals yielded, after correction for sp in-orb i t  
effects, a s ingle t - t r ip le t  splitt ing o f  1.00 eV (Dolg et al. 1995), which is approximately 

twice as large as the previous M C S C F  result. The authors also discuss the interpretat ion 
o f  experimental  optical absorpt ion as well as photoelectron spectra, which are both 
consistent  with the assumpt ion that eerocene is actually better described as di-~t- 
cyclooctatetraenecerium(III) .  

Smaller  s ingle t - t r ip le t  split t ings and a possible Kondo analogue behavior  of  a molecule  
should be found  for systems where the l igand orbitals are more  extended and couple 
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Table 38 
Term energies of  electronic states resulting from the 4f~zt3,2 u and 4f°~2u superconfigurations of  cerocene from 
configuration interaction calculations with spin-orbit coupling, and contributions of  single-group adapted states 

to double-group adapted states a 

State T~ (eV) Contributions of  AS states b 

Alg -1.294 99 iAlg 
Elg 0.0 57 3E2g , 22 3Elg , 20 IEig, 1 IEl~ 

E2g 0.0 57 3E2~, 21 3Elg , 22 3E3g 
E3g 0.003 57 3E2g , 22 3Elg , 21 IE3g 
E2g 0.015 50 IE2g , 26 3Elg , 24 3E3g 

Elg 0.118 1 3E2g , 8 3Elg, 23 IElg , 40 3Elg , 23 IEig , 6 3Amg 
A2g 0.118 3 3Elg, 94 3Elg , 3 3Atg, 1 IAzg 

Alg 0.124 2 3Ejg, 94 3Elg , 4 3A2g 
E3g 0.127 1 3E3g , 1 1Eag , 49 IE3g , 46 3E3g , 3 3B2g , 1 3Big 

Big 0.129 3 3E3g , 93 3E3g , 3 3B2g, l IBlg 

B2g 0.130 1 3E3g , 95 3E3g, 1 3Big , 2 1B2g 

A2g 0.146 83 3Elg , 3 3Eig , 7 3Alg, 8 IA2g 
Eag 0.151 42 3E3g , 42 IE3g , 1 IE3g, 1 3E3g , 7 3B2g , 8 3Btg 

Big 0.154 83 3E3g , 3 3E3g, 6 3B2g , 8 tBlg 
B2g 0.156 86 3E3g , l 3E3g , 7 3Big, 6 IBlg 

Elg 0.162 2 3E2g , 39 3Eig, 18 IElg , 13 3Etg , 15 IElg , 4 3Alg , 9 3A2g 

Alg 0.177 93 3EIg , 3 3Elg, 3 3A2g 

E2g 0.224 43 3E2g , 28 3Elg , 29 3E3g 

Elg 0.226 41 3E2g , 23 3Eig , 30 IElg , 3 3Elg, 3 IElg 

E3g 0.227 43 3E2g , 28 3E3g , 29 IE3g 
E2g 0.237 50 IE2g , 25 3Elg , 25 3Eag 

Egg 0.323 100 3Elg 

E3g 0.333 48 IE3g , 52 3E3g 

E2g 0.338 100 3E3g 
Eig 0.341 2 1EIg , 43 3Elg , 54 JElg, 1 3A2g 

AEg 0.436 14 3Elg , 56 3Alg , 29 IA2g 
Elg 0.440 7 3Elg , 7 1Elg , 2 IElg, 57 3Alg , 27 3A2g 

E3g 0.441 7 3Eag , 7 lE3g, 52 3B2g , 34 3Big 

Big 0.445 14 3E3g , 54 3B2g , 32 1Big 

BEg 0,462 13 3E3g , 50 3E3g , 37 1Big 
Alg 0,507 4 3Elg , 2 3Elg , 93 3A2g 
Elg 0,546 2 3Elg , 3 IElg, 33 3Aig, 63 3A2g 
A2g 0.548 4 3Eig , 34 3Alg , 62 IA2g 
E3g 0.550 2 IE3g , 2 3E3g , 38 3B2g , 58 3Big 

Big 0.555 4 3E3g , 37 3B2g , 59 1Big 
B2g 0,566 3 3E3g , 42 mBig , 55 1B2g 

" Reproduced from Dolg et al. (1995). 
b Contributions are given when >~1%, in order of energy according to table 37. 
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® 

Fig. 14. Idealized D 4 structure of 
cerium-di-phthalocyanine (H, white; 
C, grey; N, black; Ce, grey, small). 
The ring-ring distance has been 
artificially increased for clarity. 

weaker to the f orbitals on cerium. It is supposed that such a system is di-~t- 
phthalocyaninecerium(III). Preliminary PP SCF calculations (Dolg 1995) including the 
4f shell in the core indicate that the ground-state SC indeed corresponds to a Ce 3+ 
central ion with a 4f I occupation and a singly occupied ligand orbital. The closed-shell 
configuration with a Ce 4+ ion is approximately 3 eV higher in energy. The staggered 
arrangement (Dah) of the rings was found to be more stable by approximately 1 eV 
than the eclipsed conformation Dad when the changes in the metal-ring distance were 
accounted for. However, in neither of these two symmetries is mixing of the highest 
occupied ligand orbital with a metal f orbital allowed due to symmetry reasons, i.e. 
a Kondo singlet state cannot be formed. Experimentally it is found that the rings are 
twisted by 38 ° (Haghighi et al. 1992). In a corresponding idealized D4 symmetry (fig. 14) 
the required mixing would be possible and a singlet ground state could be formed. 
Attempts are currently being made to investigate this by means of limited CI calculations, 
which is not a trivial task for a system of 113 atoms having a relatively low symmetry. 
There is also some experimental evidence that configuration interaction is important for 
this system (Isago and Shimoda 1992). 

The dimer of bisQ15-methylcyclopentadienyl)ytterbium chloride has been investigated 
with the INDO method (Li et al. 1987a). The weak interaction between the Yb atoms is 
due to chlorine bridges and not to a Yb-Yb bond. 

Recently a modified quasirelativistic extended H/ickel method was applied to in- 
vestigate the structure of bis(r/5-pentamethylcyclopentadienyl)samarium (Boudreaux and 
Baxter 1994). The authors were led to the conclusion that van der Waals forces play the 
dominant role for the ring-Sm-ring bond angle. 

3.3.5. Fullerene complexes 
Since the discovery of C60 (Kroto et al. 1985) empty fullerenes and fullerenes 
with encapsulated metal atoms have attracted much attention of theoreticians and 
experimentalists. We cannot even cite all important articles in this quickly expanding 
field and we merely concentrate on the few quantum-chemical studies of endohedral 
lanthanide-fullerene complexes. 
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Fig. 15. Structure of M~C2s. Atoms forming a 
tetrahedron are shown black. Coordinates taken 
from Rrsch et al. (1993). 

C28 appears to be the smallest experimentally important fullerene (Zhang et al. 1986) 
and forms endohedral complexes M@C28 of increasing stability with the tetravalent 
metals Ti, Zr and Hf  as well as with U (Chai et al. 1991). (The symbol @ in M@Cn 
is commonly used to indicate that the atom M is inside the Cn cage.) A tetrahedral 
symmetry has been proposed for the C28 cage (Guo et al. 1992). The trend in the 
relative stabilities might be explained by an increasing overlap between metal orbitals 
and cage orbitals for an increasing size of the endohedral atom. The metal-cage bonding 
could be achieved by bonds between the endohedral metal and either four cage carbons 
forming an tetrahedron (fig. 15) (sp 3, sd 3 or sf 3 hybridization at M) or six pairs of 
cage carbons with bond midpoints forming an octahedron (fig. 16) (sp3d 2 or sd2f 3 
hybridization at M) (R6seh et al. 1993). Symmetry considerations are helpful to estimate 
contributions to metal-ligand bonding in highly symmetric systems like complexes of 
arenes (M(CnHn)2, n = 5, 8) or fullerenes (M@Cn, n = 28, 60, 82). In case of a tetrahedral 
C28 cage the 8al and 14t2 orbitals are singly occupied and coupled to give a quintet state: 
The metal s and f orbitals can mix with these two cage orbitals, respectively. R6sch et al. 
(1993) quantitatively investigated the bonding for the example Ce@C28 using the scalar 
quasirelativistic extension (Knappe and Rrsch 1990, Rrseh and H~iberlen 1992, H~iberlen 
and Rrsch 1992) of the linear combination of Gaussian-type orbitals local density- 
functional (LCGTO-LDF) method (Dunlap and R6sch 1990). According to a Mulliken 
population analysis the three energetically highest occupied orbitals (l 3 ab 20t2 and 7tl) of 
the closed-shell ground state showed metal f-orbital contributions of roughly 10%. Lower- 
lying orbitals of t2 and e symmetry also show considerable metal d-orbital contributions 
of up to 18%. The mixing of metal s and p orbitals with cage orbitals is less important. 
Rrsch et al. conclude that the Ce atom forms strong bonds to both groups of cage carbons 
with tetrahedral and octahedral symmetry. In contrast to the small Ti atom which is at an 
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Fig. 16. Structure of M@C28. Pairs of atoms 
with the bond midpoints forming an octahedron 
are shown black. Coordinates taken from R6sch 
et al. (1993). 

off-center position bound to one of the tetrahedral cage-carbon atoms, Ce is large enough 
to stay in the center and form equally strong bonds to all four tetrahedral cage-carbon 
atoms. The authors also give some predictions concerning the photoelectron spectrum 
of Ce@C28. Ab initio PP SCF/DGCI calculations including spin-orbit coupling on the 
corresponding actinide complex U@C2s have recently been reported by A.H.H. Chang 
et al. (1994). 

Ros6n and W~istberg (1988, 1989) carried out density-functional calculations, using 
the discrete variational method and the self-consistent charge approximation, for La@Cq0 
( q = - l ,  0, +1) (fig. 17). The calculated ionization potentials and electron affinities are 
in rather good agreement with available experimental data. In the neutral system the 
lanthanum atom carries a charge of +2.85, i.e. formally all three valence electrons are 
transferred to the cage. To the authors' understanding relativistic effects have not been 
accounted for in this study. 

The restricted Hartree-Fock (RHF) effective-core potential calculations by A.H.H. 
Chang et al. (1991) on low-lying electronic states of M@C60 and M@C~0 (M = O, F, K, Ca, 
Mn, Cs, Ba, La, Eu, U) have already been reviewed by Balasubramanian (1994) in this 
Handbook. The calculations were carried out for an idealized icosahedral symmetry (Ih) 
with basis sets of in most cases valence double zeta quality. Spin-orbit coupling as well 
as electron correlation effects had to be neglected due to the size of the systems under 
study. La is found to lose two electrons from the 6s orbital to the cage lowest unoccupied 
orbital which has tlu symmetry and to keep one electron in a 5d (hg) orbital. Alternatively 
La might only lose one 6s electron to the hu cage orbital and promote the other into the 
La 5d (hg) orbital. For both possiblities only a configurational average over several quartet 
states could be calculated and, since almost identical energies were found, no assignment 
for the ground state configuration was possible. Nevertheless, both possibilities are in 
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Fig. 17. Structure of M@C60. 

disagreement with the earlier work by Ros6n and Wfistberg (1988, 1989), who found a 
t~u ground-state configuration. This was attributed by Chang et al. to a failure of local 
density-functional theory to give reliable term energies for cases where closely spaced 
orbitals have different occupations. Configurations with an occupied 4f or 6s orbital on 
La were calculated to have considerably higher energies. Chang et al. found that Eu loses 
two electrons essentially from the 6s orbital to the hu lowest unoccupied cage orbital. 
The Eu 2+ ion keeps a 4f 7 3 4 8 s (t2ugu) substate and together with the C62o t~u 3Tlg substate 
forms a l°Tlu ground state. The l°Tlg first excited state corresponds to the situation 
when only one electron is transferred from Eu to the C60 cage and is 0.62 eV higher 
in energy. All compounds considered by Chang et al. were calculated to be unbound 
with respect to C60 and M. The La compound is 1.8 eV and 3.0 eV more stable than the 
Eu and U complex, respectively. The ground-state configuration of the U complex results 
from a transfer of one U 7s electron to the tlu lowest unoccupied cage orbital and the 
other 7s electron to the 6d (hg) orbital. Since relativistic effects increase from La over 
Eu to U and significantly stabilize the metal s orbitals, which are occupied in the neutral 
atom but not in the complex, we assume that this order of relative stabilities is actually a 
relativistic effect. The trend is further enhanced by the relativistic destabilization of the 
metal d orbitals, whereas the cage orbitals remain unaffected. 

A.H.H. Chang et al. (1991) also considered the cations M@C~0. With the exception of 
the Mn compound, ionization occurs from cage hu orbitals, occupied with one or two 
electrons in the neutral species. The authors predict that the range of the chemically 
accessible M oxidation states is limited by the presence of the cage, i.e. formally 
La (II) instead of La (l id compounds are to be expected. With dissociation energies of 
- 1 . 7 0  eV and -2.27 eV, and ionization potentials of 4.81 eV and 4.74 eV, the Ba and Eu 
compounds are rather similar. 
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It has been experimentally observed that lanthanum-containing (endohedral) fullerenes 
La@Cn have a unique stability for n = 82, despite the fact that the cages with the magic 
numbers n = 60, 70 and 84 appear to be more stable and more abundant than that with 
n = 82 (Chai et al. 1991). La@C82 was found to be the only lanthanum-fullerene which 
is stable with respect to moisture and air. It was suggested that La formally donates 
two electrons to the cage to form a closed-shell C2~ cage isoelectronic with the stable 
C84 fullerene. A 5d 1 configuration was assumed for the encapsulated La 2+ ion. On the 
other hand the hyperfine structure observed in electron paramagnetic resonance (EPR) 
measurements (Johnson et al. 1992) suggest a La 3÷ ion and a C~2 cage. Nagase et al. 
(1993) therefore investigated the relative stabilities of C82 isomers and the electronic 
structure of LaC82 using the semiempirical Austin Model 1 (AM1) method (Dewar et al. 
1985) and ab initio unrestricted Hartree-Fock (UHF) self-consistent field calculations, 
respectively. The authors used the AM1 method to establish the relative stability of 
seven of the nine possible isomers of C82 which have no adjacent pentagons. They 
found a C2 structure to be the most stable and used the optimized geometry in their 
subsequent studies on the RC82 systems (Nagase et al. 1993, Nagase and Kobayashi 
1993, 1994). We note, however, that two other structures with C2 symmetry as well 
as two structures with Cs symmetry were found at energies higher by 12kcal/mol or 
less. The authors performed ab initio calculations using basis sets of double-zeta quality 
and the quasirelativistic large-core effective core potential of Hay and Wadt (1985a) for 
lanthanum. The most stable position of the lanthanum atom was found to be about 1.75 ,~ 
off the center of the cage, only 2.36-2.44 A away from six carbons of the cage forming 
a hexagon. This off-center position was found to be more stable by about 54 kcal/mol 
than the center position. At this energetically most favorable position the Mulliken 
charge on La is +2.7, supporting a formal La3+C3~ charge distribution. The authors 
found a local minimum about 1.35 ,~ from the center of the cage and about 40kcal/mol 
more stable than the center position. In this position lanthanum keeps one 5d orbital 
singly occupied and the formal charge distribution corresponds to La2+C~]. The position 
of La outside the cage (exahedral structure) above a cage hexagon was found to be 
only slightly more stable than the center position of the encapsulated La (endohedral 
structure). The ionization potential was calculated to be 7.1 eV and 5.4 eV for C82 and 
La@C82. This indicates that La@C82 is a good electron donor and together with good 
electron acceptors like empty fullerenes might form complexes of the type La@C~2C ~ 
in solution. 

The complex La@C82 was also investigated by Laasonen et al. (1992) using the Car- 
Parrinello method (Car and Parrinello 1985) which is based on local density-functional 
theory. The scalar relativistic effects were considered for the lanthanum central metal by 
use of the norm-conserving PP of Bachelet et al. (1982). C3v symmetry was assumed 
for the cage, although this isomer is not the most abundant. The authors found that in 
agreement with experimental data the central ion is essentially La 3+ and the unpaired 
electron is delocalized on the cage. The lanthanum ion is in a low-symmetry off-center 
position and coordinated to cage-carbon atoms. The high-symmetry center position is 
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about 3.5 eV higher in energy and the central ion is formally La 2÷, the unpaired electron 
remaining in a metal 5d orbital. 

In a related study Nagase and Kobayashi (1993) investigated the metallo-fullerenes 
RC82 with R = Sc, Y and La. The small-core effective-core potentials of Hay and Wadt 
(1985b) were applied for the metal atoms. The AM1 optimized C2 geometry of the cage 
was kept fixed. The UHF calculations for La@C82 led to a equilibrium geometry with La 

about 1.40.~ from the center of the cage. The Mulliken charge on the metal was +2.90, 
corresponding to a La3+C 32 charge distribution. Similar equilibrium structures with the 
metal in an off-center position and corresponding stabilization energies were found for 
Sc and Y, however the Mulliken charges on the metal were only +1.97 and +2.42. Based 
on these values and the nearly integral d-orbital populations of 1.07 for Se and 0.99 for Y 
Nagase and Kobayashi suggest that the formal charge distribution rather is Sc2+C22 and 
y2+C22. 

In a recent publication Nagase and Kobayashi (1994) compared Ce@C82 to the lighter 
homologues R@C82 (R = Sc, Y, La). The spin-unrestricted Hartree-Fock (UHF) method 
with basis sets of approximately valence double-zeta quality was applied for the fixed 
cage geometry mentioned above. The Ce atom was approximated with the quasirelativistic 
effective-core potential of Cundari and Stevens (1993) and spin-orbit coupling has been 
neglected. As for the other R@C82 systems previously investigated the cerium compound 
is significantly stabilized (40 kcal/mol), when the metal atom moves offthe center (1.3 ,~). 
Ce@Csz was found to have a closed-shell electronic ground state configuration in 
agreement with the experimental evidence that the compound is EPR silent. The Mulliken 
charge on Ce is calculated to be +1.81, i.e. formally a Ce2+C22 charge distribution is to 
be assumed similar to the Sc and Y homologues. The populations of the Ce 4f and 5d 
orbitals are 1.38 and 0.90, respectively. The results were essentially shown to be stable 
with respect to an extension of the cerium basis set. 

Nagase and Kobayashi (1994) also performed spin-polarized non-local density- 
functional calculations in the self-consistent Kohn-Sham formalism (Kohn and Sham 
1965) using the gradient corrections by Becke (1988) for the exchange functional and by 
Perdew (1986) for the correlation functional. Values for electron affinities and ionization 
potentials for R@C82 (R = Sc, Y, La, Ce) and Cn (n=60, 70, 76, 82) were calculated. 
For C60 the theoretical and experimental values agree within 0.2 eV for both the electron 
affinity and the ionization potential. No experimental information is available for the 
other systems. 

Preliminary studies on LuC82 again lead to a formal decription as Lu2+Cs 22 (Nagase and 
Kobayashi 1994). This may suggest that rare earths are mostly in the +2 oxidation state 
in the R@C82 molecules, probably with the exception of La@C82 where the metal has an 
oxidation state of +3. 

3.3.6. Hydrated lanthanide ions 
Kobayashi et al. (1987) carried out self-consistent-charge discrete-variational Xa molec- 
ular orbital calculations (Rosrn et al. 1976) for the hydrated Ce 3+ ion, i.e. [Ce(H20)9] 3+ 
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in the D3h point group. The complex has the structure of a tricapped trigonal prism. The 
ground state arises from a 4f 1 configuration on the Ce 3+ ion, whereas 5d I corresponds to 
the lowest excited configuration. A contraction of the 4f orbitals and an expansion of the 
5d orbitals compared to the free Ce 3+ ion have been observed in the complex. The 4f ~ 
ground-state configuration is found to be almost exclusively split by spin-orbit interaction 
into atomic-like 2F5/2 and 2F7/2 ion states (AE = 27- x~(4f), ~(4f)=600cm -1) and to a 
lesser extent by the ligand field yielding seven sublevels (3 x E1/2, 2xE3/2 and 2 x E5/2). 
For the 5d I excited configuration the ligand field splitting into the three components 
2A~, 2E' and ZE" is found to dominate over spin-orbit interaction (AE=~x~(5d),  
~(5d) = l l00cm -1) which further splits the three sublevels into five Kramers doublets 
(2xE1/% 2xE3/2 and 1 xEs/2). Experimentally five absorption and two emission bands 
are observed. The absorption bands may be assigned to the transitions from the 2F5/2 
ground state to the five sublevels arising from the 5d 1 excited configuration, whereas the 
emission bands are due to transitions from the lowest sublevel of the 5d 1 configuration 
to the 2F5/2 and 2F7/2 states. The spin-orbit averaged 4f -+5d  excitation energies 
(40600cm -I, 42500cm -1, 48000cm -1) derived by Kobayashi et al. (1987) using the 
transition state procedure are in excellent agreement with experimental data (39 200 cm -1, 
43 700 cm -1, 48 800 cm-l), despite the fact that relativistic effects have not been included 
in the calculation. The authors therefore performed relativistic Dirac-Hartree-Fock-Slater 
calculations on the free Ce 3÷ ion in order to get estimates for relativistic contributions. 
From their data we calculate that the spin-orbit averaged 2 F ~  2D excitation energy is 
reduced from 43 110 cm -x to 30 597 cm -1 by relativistic effects. Moreover, the latter value 
changed to 52 339 cm -I when the parameter a was taken to be 1.0 instead of 0.7 as used 
in the nonrelativistic work. The corresponding experimental value is 49 943 cm -1 (Martin 
et al. 1978). It is obvious from these data that for the nonrelativistic molecular results the 
good agreement with experiment is more or less accidental. 

Kotzian et al. (1991) and Kotzian and Rrsch (1992) applied their INDO/1 and 1NDO/S- 
CI methods to hydrated cerium(III), i.e. model complexes [Ce(H20)n] 3+ (n=8, 9), in 
order to rationalize the electronic structure and the electronic spectrum of these species. 
Besides the scalar relativistic effects spin-orbit coupling was also included in the 
INDO/S-CI studies. The spin-orbit splitting of the 4f l 2F and 5d 1 2D states of the free 
Ce 3+ ion was calculated as 2175 cm -1 and 2320cm -1 in excellent agreement with the 
experimental values of 2253 cm -1 and 2489 cm -1, respectively. The calculated energy 
separation between the 2F and 2D states of approximately 44 000 cm -1 (estimated from 
fig. 5 in Kotzian and Rrsch 1992) is somewhat lower than the experimental value of 
49943 cm -1 (Martin et al. 1978). 

A hypothetical [Ce(H20)I] 3+ model complex (C2v) was considered to study metal- 
ligand interaction. The 4f orbitals on cerium were found to remain almost pure 
atomic orbitals in the complex and the Mulliken population analysis yielded a nearly 
integral occupation number of 1.01 electrons. The bonding of H20 to the Ce 3+ ion was 
found to result for about 75% from a charge donation of the water lone pairs (2al, lb2) 
and a H-O bonding orbital ( lbl)  to the cerium 5dz2 (o), 5dx~ and 5dyz (st) orbitals. The 
other 25% contribution essentially comes from the charge transfer from the water lal 
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Table 39 
(band maxima) for the experimental and calculated 4f--* 5d spectra of ICe(H20)9] 3÷a 

State Experimental INDO/S-CI calculations 
crystal solution Kotzian et al. (1991) Kotzian and Rrsch (1992) 

Ev2 39060 39630 40228 40070 
E3n 41950 41970 42933 42870 
E~2 44740 45330 45670 45940 
El/2 47400 47620 48665 48820 
E3/2 50130 50000 50917 51000 

a Data from Kotzian et al. (1991) and Kotzian and R6sch (1992). 
All values are given in cm -~ . 

orbital into the cerium 6pz orbital. (The numbering of  the orbitals starts with the valence 
orbitals.) 

For the structure of  the enneahydrated complex a tricapped trigonal prism (D3h)was 
assumed. It is experimentally observed that all trivalent lanthanide ions can exist as 
enneahydrates with this structure in the solid state with trichlorosulfonate, ethylsulfate 
or bromate counterions. For the octahydrated complex a dodecahedron (D2d) and a 
quadratic antiprism (Dad) are the dominant experimentally observed structures. Besides 
these a cube (Dah) and a bicapped trigonal prism (C2v) were also considered. INDO/1 
calculations were performed to obtain estimates for some of the structural data. The 
electronic states arising from the ground 4f  I and excited 5d 1 superconfigurations 
were calculated using the INDO/S-CI method. The calculations showed that the five 
strong 4 f ~  5d bands observed experimentally in the region below 50000 cm -1 cannot 
be explained when octahydrated structures are assumed. The experimentally observed 
spectrum however may be quite accurately reproduced when a tricapped trigonal prismatic 
structure, i.e. an enneahydrated complex, is assumed. All excitations from the 2Fs/2- 
derived molecular states were taken into account and weighted with a Boltzmann factor 
for room temperature. Further a common Gaussian broadening of  the lines of  900 cm -1 
has been assumed. An additional experimentally observed broad band at an energy 
of  34000 cm -1 was explained to be caused by two of  the octahydrated structures, i.e. 
the dodecahedron and the bicapped trigonal prism with lowest transition energies of  
34640 cm -1 and 36 120 cm -1, respectively. The calculated INDO/S-CI term energies are 
compared to experimental band maxima for the crystal and the aqueous solution in 
table 39. For further details and a discussion of  the experimental work we refer to the 
original papers by Kotzian et al. (1991) and Kotzian and Rrsch (1992). 

Kotzian (1991) and Kotzian et al. (1995) reported INDO/S-CI results for transition 
energies and relative oscillator strengths of  the 4f---~ 4f  excitations in the [R(H20)n] 3+ 
(R = Pr, Nd, Tm, n = 8, 9) complexes. These excitations are parity-forbidden for the free ion 
(Laporte selection rule), but may gain intensity due to admixture of  opposite-parity 
character in a non-cen~osymmetric environment. The field of  the water ligands leads only 
to a small perturbation of  the free ion energy levels (Pr 3+ 4f  2, Nd 3+ 4f  3, Tm 3+ 4f12). Due 
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to the weak ligand-metal interaction it was not possible to infer details concerning the 
geometry of the complexes. Since electron-electron repulsion is found to dominate spin- 
orbit interaction the electronic states may best be classified using the Russell-Saunders 
coupling scheme. With regard to the excitation energies the calculated spectra are in 
excellent agreement with experimental data, however the oscillator strengths are about 
one order of magnitude too small. Various sources of error have been discussed, e.g. 
the absence of 4fn--~ 4f n-m 5d 1 and ligand-to-metal charge-transfer excitations from the 
CI expansion or the neglect of intensity borrowing from vibrational modes. Nevertheless, 
the 1NDO/S-CI method seems to be a reliable alternative to the LFT based approaches 
for the interpretation of these spectra. 

3.3.7. Miscellaneous polyatomics 
The mechanism of H-H and C-H bond activation reactions catalyzed by the d o species 
(cp)2LuX (X=H, CH3) has been investigated by Rabafi et al. (1986) using the EHT 
method. In some calculations Lu was substituted by Sm. There are hints to a 4f-orbital 
participation during the reaction for the Srn complex whereas the 4f shell was found to 
be nonbonding for the Lu compound. 

Xu and Ren (1986) performed unrestricted INDO calculations for the dimer of bis(r/5- 
cyclopentadienyl)ytterbium(III) methyl and discussed the charge distribution as well 
as the orbital energies. The compound may be viewed as two fragments of bis(r/5- 
cyclopentadienyl)ytterbium(III) connected by two bridging methyl groups. A Mulliken 
population analysis indicated that the 4f orbitals on each Yb are occupied by 13 electrons 
and are localized almost completely on the metal. The contributions to covalent bonding 
come from the Yb 5d and to a lesser extent from the Yb 6s and 6p orbitals. The 
authors also give the charge on the lanthanide metal as well as the Mulliken bond order 
for twelve mostly organometallic complexes of various lanthanide metals, but do not 
report details of these calculations. With respect to covalency and contribution of specific 
orbitals to chemical bonding similar conclusions have been drawn as for the binuclear 
Yb compound. 

Culberson et al. (1987) report results of an INDO/1 geometry optimization for the 
Ce(NO3)~- complex which are in excellent agreement with the experimental X-ray crystal 
structure. In this complex Ce has an unusual twelve-fold coordination (Th point group) 
and a 4f occupation number of 0.46, indicating some 4f covalency. In addition large 
5d (1.67), 6s (0.23) and 6p (0.33) occupations have been found for this formally 
Ce(IV) compound. 

The CNDO method was used by Jia (1987) to investigate the structures of all lanthanide 
monocarbonyls and the mono- through hexacarbonyls of Nd. The 4f orbitals were 
not explicitly included in the calculations, an approximation which was checked by 
quasirelativistic EHT calculations with an explicit treatment of the 4f shell. 

Jahns et al. (1992) investigated the possibility of an agostic interaction in two para- 
dimetallated o-phenylene complexes [((cp*)2R)2C6H4] for R=Se and Lu using the 
1NDO/1 method. The crystal structure of these binuclear complexes is known. They 
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contain a bridging phenylene moiety between the two (cp*)2R fragments. The lutetium 
compound exhibits unusual features, whereas the scandium compound does not. The 
phenylene moiety between the two Lu atoms is neither in a head-on (pure o bonding) nor 
side-on (pure n bonding) position, but rather tilted by 32 ° out of the plane defined by the 
centroids of the two cyclopentadienyl ligands and the ct carbon atom. As a consequence, 
the R-C~-C~ angles are 118 ° and 88 ° for the Sc and Lu complexes, respectively. 
Jahns et al. studied the corresponding mononuclear complexes [(cp*)2RC6Hs]. Idealized 
geometries were used, except for the R ~ - C ~  angle which was optimized. The total 
energy curves showed minima at about 120 ° and 80 ° for Sc and Lu, respectively, in good 
agreement with the experimental values. Obviously, an agostic interaction between the 
metal atom and the C~-H~ bond is present in the lutetium complex, whereas the scandium 
compound shows a normal bonding between the metal and the a carbon atom. Jahns et 
al. found that it was not possible to explain the difference between the two rare-earth 
compounds by means of molecular orbitals or Walsh-type arguments. Therefore they used 
a partitioning of the INDO total energy in one-center (atomic) and two-center (interaction) 
terms which was first suggested by Pople et al. (1965), i.e. 

E = ~ Ez + ~ EZ~, (56) 
~.<# 

where ~. and # denote atom indices. It was found that the interaction terms Ezu exhibit 
the same characteristics as the total energy with respect to a variation of the R-Ca-C~ 
bond angle. An analysis of these terms for the atom pairs in the agostic region showed that 
indeed an agostic interaction is present for Lu. The decisive difference between Sc and Lu 
was found by Jahns et al. to result from the different radial extent of the metal d orbitals, 
i.e. 1.691 a.u. (Sc) and 2.738 a.u. (Lu) are obtained for the 3d and 5d (r) expectation 
values from quasirelativistic Wood-Boring calcuiations for the atomic ground states. 

The H-H activation by a C12RH (R = Sc, Y, La, Lu) catalyst was studied by Cundari 
et al. (1993) using quasirelativistie effective core potentials at the SCF/MP2/CISD 
and MCSCF/SOCI levels of theory. A single-determinant wavefunction was found to 
be sufficient for a qualitatively correct description of the reactants, products and also 
transition states. A four-center (R-H3) transition state with C2v symmetry and a slightly 
bent H3 moiety (bond angle around 150 °) was found. The SCF and MP2 activation 
energies represent the upper and lower limits, respectively, for the values derived with 
the other methods. The relative transition state barrier height Sc ~ Y > La > Lu seems to 
be independent of the computational method, e.g. 34, 35, 30 and 11 kJ/mol are the MP2 
results for the largest basis set. 

Andrade et al. (1994) developed a so-called 'sparkle model' for Eu 3+ ions in quantum- 
chemical calculations using the semiempirical Austin Model 1 (AM1) method (Dewar 
et al. 1985). In comparison to the related modified neglect of differential overlap 
method (MNDO) (Dewar and Thiel 1977a,b) the AM1 method uses a modified core- 
core repulsion function and is therefore able to reproduce hydrogen bonds. The 'sparkle 
model' is based on the a priori assumption that the interaction of the metal ion with 
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the ligand is of purely electrostatical nature and that the lanthanide 4f orbitals do 
not take part in chemical bonding. Eu 3+ is treated as an integer charge of +3 at the 
center of a repulsion sphere of exponential form. The heat of formation was set equal 
to the heat of sublimation of Eu plus the sum of its first three ionization potentials. 
Eu 3÷ itself is assumed to have a zero ionization potential and no orbitals. The exponential 
parameter of the repulsion sphere and a free parameter in the core-core repulsion have 
been derived from a fit to the crystallographically determined geometry of [Eu(acac)3o- 
phen] (acac = acetylacetonate; o-phen = 1,10-phenantroline). The coordination polyhedron 
may be viewed as a distorted square antiprism or a distorted bicapped trigonal prism. 
The 24 distances, among them six Eu-O and two Eu-N bond lengths, which define 
the geometry of the reference compound have been reproduced in the calculations 
with the final set of parameters with an average deviation of 0.13 A, the individual 
errors ranging from 0.01 ]~ to 0.30,~. Bond angles have not been used to determine 
the parameters. The authors gave, as a warning not to use their model for cases with 
small inorganic ligands where f orbitals play an important role, the results for EuC13: 
as expected from an electrostatic model the molecule is obtained planar with a bond 
length of only 2.03 A, instead of the experimentally correct pyramidal geometry and 
a bond length of about 2 . 5 0 ' .  The authors recently tested their 'sparkle model' for a 
complex of a ninefold-coordinated Eu 3+ ion, i.e. the tris(dipivaloylmethanato)(2,U:6~,2 "- 
terpyridine)europium(III) complex (Andrade et al. 1995). The bond lengths and bond 
angles in the coordination polyhedron, a distorted tricapped trigonal prism with three N 
and six O atoms, have been determined from the crystal structure and were reproduced 
by the model with an average deviation of 0.12,~ and 5 °, respectively. It appears that 
the parameters derived for [Eu(acac)3o-phen] are transferable to other organometallic 
complexes of the Eu 3+ ion without significant loss of accuracy. 

The Gdl0C4Cll8 cluster was investigated by Xu and Ren (1987) using the unresticted 
INDO method. No metal-metal bonds have been found and the compound is stabilized by 
Gd-C1-Gd and Gd-C-Gd bridging bonds. Quite a number of studies on lanthanide com- 
pounds have been published in Chinese journals; these are also listed in tables 1 and 45. 
Brief summaries are available from Chemical Abstracts (CA) and the citations given here 
include the CA registration number. Various compounds of 'chemical interest' have been 
studied by the unrestricted INDO (Ren et al. 1983, Li et al. 1986a,c, 1987b, Huang et 
al. 1991, Dong et al. 1992, Lan and Li 1992) and the Xa MS (Min 1992a,b) method. An 
EHT program for f elements has also been described (Cao et al. 1986). Since details of 
these studies were not available for us we do not review them here. 

3.4. Solids 

In this brief section on solids we will only consider molecular quantum-chemical 
calculations on clusters that serve as models for segments of crystals. We will not 
review band-structure or related calculations. This means that we will deal primarily with 
local phenomena related to lanthanide ions embedded in crystals. The calculations are 
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meaningful due to the almost core-like character of the 4f shell, at least for the heavier 
lanthanide atoms. 

Weber et al. (1977a,b) applied the nonrelativistic multiple scattering (MS) Xa method 
to study satellite excitations in the 3d photoelectron spectra of clusters RF3 (R = La, Ce, 
Pr, Nd, Yb), LaBr3, LaO~- and CeF~. For the charged species the stabilizing electrostatic 
field of the crystalline environment was taken into account by use of a Watson sphere 
bearing a charge opposite to that of the cluster. The calculations qualitatively explain the 
experimentally observed phenomenon which is due to an interatomic shake-up process 
taking place during ionization, an electron being transferred from the ligands to the 
R 4f shell. However, the authors state that more sophisticated calculations are required for 
an accurate prediction of the energetic positions and the intensities of the 3d photoelectron 
satellites. 

Li et al. (1983) investigated the clusters RF~- (R=Ce, Nd, Gd, Tb, Yb) embedded in 
a CaF2 matrix using their intermediate neglect of differential overlap (INDO) method. 
The covalent contributions to chemical bonding result from the F 2p orbitals as well as 
the R 5d orbitals, to a lesser extent from the R 6s and 6p orbitals. The 4f orbitals do 
almost not take part in chemical bonding, however the authors give as a mechanism 
of the paramagnetic shift of the NMR spectra the polarisation of the R 5d orbitals 
by the R 4f orbitals which are only partially occupied. Although more spin density is 
transferred to the F 2p orbitals than to the F 2s orbitals, the latter contribute by roughly 
a factor of 30 more to the hyperfine constant. 

Case and Lopez (1984) applied the Dirac-Hartree-Fock-Slater scattered-wave (DHFS- 
SW) (or multiple-scattering, DHFS-MS) method (Case 1982, Yang 1983) to the problem 
of an Y b  3+ impurity in KMgF3 and CaF2 crystals to investigate spin-orbit, ligand field, 
Zeeman and hyperfine interactions. The authors used the YbF 3- and YbF~- clusters 
of cubic symmetry as model systems, the influence of the rest of the lattice as well 
as lattice relaxation upon substitution of Mg 2÷ or Ca 2+ by Yb 3+ was neglected. The 
calculations predict F6 and F7 ground states arising from a hole in the highest ligand 
field level of the Yb 4f7/2 subshell. The experimentally observed spin-orbit splittings 
of the 4f shell are reproduced by the calculations within 8%, however the crystal-field 
splittings are overestimated by a factor of 1.5 to 2.5. The authors obtained good agreement 
with experimental values (errors of 5% or less) for the molecular g tensors and the Yb 
hyperfine tensors, although spin-polarisation effects have been neglected. The significant 
overestimate of spin transfer to the ligands was a disappointing result which, according to 
Case and Lopez, might question the usefulness of the DHFS-SW method for such studies. 
The problems might of course also be due to the limited cluster size. 

Visser et al. (1992b) presented results of molecular relativistic DHFR (Dirac-Hartree- 
Fock-Roothaan) calculations followed by COSCI (complete open-shell configuration 
interaction) calculations on an Eu 3+ impurity in a Ba2GdNbO6 crystal. The DHFR 
calculations have been performed for an average of a nonrelativistic configuration with a 
4f 6 subconfiguration on Eu 3+ whereas the energies of the individual levels were obtained 
by the subsequent COSCI calculations. The Dirae-Coulomb Hamiltonian was used, i.e. 
the Breit interaction has been neglected. The calculations have been carried out with the 
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program system of the Groningen group (Visser et al. 1992b, DeJong et al. 1994). The 
authors used medium-sized kinetically balanced basis sets without polarisation functions. 
Corresponding nonrelativistic calculations were also performed. This recent work may 
be viewed as a continuation of older nonrelativistic calculations for the same system by 
Van Piggelen (1978, 1980). 

The Ba2GdNbO6 crystal has an ordered perovskite structure. The authors assumed 
it to be purely ionic, i.e. (BaZ+)zGd3+NbS+(o2-)6. The Eu 3+ impurity occupies one of 
the Gd 3+ sites and is surrounded by six O 2- ions forming an octahedron. The use of 
the resulting Oh symmetry was essential to make the quantum-chemical calculations 
feasible, i.e. the number of two-electron integrals that had to be calculated could be 
reduced from 15x 109 to 254x 106. For details concerning, e.g., the different thresholds 
used for the integral evaluation we refer the reader to the original paper. In order to 
analyse the Eu 3+ impurity states arising from the 4f 6 configuration on Eu in the crystal 
the authors used as models a bare Eu 3+ ion or an EuO 9- cluster embedded in a Madelung 
potential (MP) representing the rest of the crystal. The MP has been calculated in 
the cluster region by assuming an infinite purely ionic crystal. After subtracting out 
the electrostatic contributions of the system explicitly treated in the quantum-chemical 
calculations, i.e. Eu 3+ or EuO~-, the remaining potential was fitted with a set of point 
charges. The corresponding systems without MP were also considered for comparison. 
The authors emphasize that it is necessary to use the embedded cluster model to get a 
reasonable description of the crystal-field splittings of the states and that it is also essential 
to use relativistic orbitals, This is obvious from the one-particle energies of the 4f shell: 
the nonrelativistic 4f orbitals of Eu 3+ are split by the pure electrostatic ligand field of Oh 
symmetry into the a2u (0cm-l), t2u (461 cm -1) and tlu (922 cm -1) levels, whereas spin- 
orbit interaction causes a considerably larger splitting of the relativistic free Eu 3+ ion 4f 
shell into 4f5/2 (0 cm -1) and 4f7/2 (5290 cm -1) levels. The relativistic levels are further 
split by the ligand field yielding two groups of levels in O~ double group symmetry, i.e. 
e2u (0cm-1), fu (575cm-1), e2u (5224cm-1), fu (5742cm -1) and elu (6082cm-1). The 
one-particle energies associated with the Eu 3+ 4f shell are changed by less than 200 cm 1 
when the EuO % cluster in the MP is considered instead. 

Since the Eu 4f shell retains an atomic-like character also in the crystal environment, 
the Eu 3÷ impurity states may be approximately classified using the atomic symmetry 
labels. The results of the DHFR/COSCI calculations for the lowest states are summarized 
in table 40. From the high density of states (fig. 18) it is clear that individual 
calculations for the states resulting from the 4f 6 configuration are currently prohibitive 
from a computational point of view. The dominant luminescence transitions in the 
Ba2GdNbO6:Eu system are basically atomic 5Do ~ 7F 1 and 5Do ~ 7F2 transitions. The 
first of these is a magnetic dipole transition experimentally observed in the spectrum, 
whereas the second is an induced electric dipole transition, allowed by vibronic coupling, 
and is further split by the reduction of symmetry. The results of the calculations by 
Visser et al. and by Van Piggelen are summarized together with experimental data in 
table 41. It is seen that the relativistic results are in slightly better agreement with the 
experimental values than the nonrelativistic results obtained by Van Piggelen more than 
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Table 40 

Energies of the lowest levels of a 4f  6 configuration on Eu and their degeneracies (d) in the O h crystal field 
calculated within the Dirac-Hartree-Fock-Roothaan and complete open-shell configuration interaction scheme a 

Free ion state b d Eu 3+ Eu 3+ EuO 9- Free ion state b d Eu 3+ Eu 3+ EuO69- 

(Me) ¢ (MP) ¢ (MP) c (MP) ¢ 

7F 0 1 0 0 0 

7F 1 3 375 364 364 

7F 2 2 1065 876 896 

3 1126 1113 

7F 3 1 1962 1868 1912 

3 2013 1962 

3 2052 1980 

7F 4 3 3022 2840 2932 

2 3117 3022 

3 3218 3069 

1 3310 3126 

7F 5 3 4192 4096 4118 

2 4129 4129 

3 4216 4206 

3 4410 4236 

7F 6 2 5430 5294 5334 

3 5323 5340 

1 5386 5464 

3 5720 5374 

3 5755 5494 

1 5788 5511 

5D o 1 20567 20595 20246 

5Di 3 22215 22239 21888 

5D 2 3 24748 24722 24397 

2 24838 24419 

a From Visser et al. (1992b), with modifications. 
All energies are in cm -1 . 

b The degeneracies of the free ion states are 2J  + 1. 

c MP denotes the use of a Madelung potential modeling the crystal. 

a decade ago. The differences probably result from several sources of error. Although the 
applied Dirac-Coulomb Hamiltonian could only be improved by inclusion of the Breit 
or Gaunt interaction, the COSCI wavefunction essentially does not account for electron 
correlation effects. A direct CI scheme with which the remaining correlation errors would 
partly be removed has recently been developed and implemented (Visscher 1993, Visscher 
et al. 1993). Moreover, the description of the O 2- ions at the DHF level with a basis of 
valence double-zeta quality might certainly affect the results. Larger basis sets, however, 
are not feasible within this model, not only for reasons of computational effort but also 
since positive point charges of the MP are in the direct vicinity of the 02- ions. This 
difficulty might be overcome by the use of relativistic PPs modeling the ions surrounding 
the EuO 9- cluster. Finally the effect of the cluster size has to be investigated further. 
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Fig. 18. Density of 4f 67F states (dos) vs. term energy (T) for EuO~- embedded in a Madelung potential. Data 
taken from DHFR/COSCI calculations by Visser et al. (1992b). 

Table 41 
Transition energies of the fluorescence in the Ba2GdNbO6:Eu system from Dirac-Hartree-Fock-Roothaan 
and complete open-shell configuration interaction calculations for three model systems, in comparison with 

experimental data a 

Transition Eu 3+ Eu 3+ (MP) b EuO 9- (MP) b Experiment 

5D o ----~ 7F 1 20189 20229 19871 (20459) 16800 

5D 0 ---+ 7F 2 (Eg)  19507 19718 19259 (19738) 16150 c 

5Do --~ 7F z (T2g) 19507 19467 19149 (19599) 16150 c 

a From Visser et al. (1992b). 
Values are given in cm -~ . 
b MP denotes the use of a Madelung potential modeling the crystal. Nonrelativistic theoretical values are given 
in parentheses. 
c Unweighted average over six lines observed in this region. The separation between the lines is about 100 c m  I . 

Resul ts  comparable  in quali ty to those presented by Visser  et al. could also be  obtained 

by more  approximate  schemes  o f  relat ivist ic quantum chemistry. Visser  et al. indeed state 

that their  results could  serve as a reference for more  approximate methods,  A considerable  

reduct ion  in the computa t ional  effort  could  be obtained i f  a two-componen t  al l -electron 

scheme instead o f  the four -component  D H F R  approach would  be applied: 99.2% of  the 

two-e lec t ron  integrals  calculated by Visser  et al. result  f rom the presence  o f  the lower 

components  in the one-par t ic le  functions. In addit ion the computat ional  effort  for the 

SCF  i terat ions and the subsequent  integral t ransformat ion also would  be considerably 
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Table 42 
Free-ion average energies of a nonrelativistic configuration relative to the energy of the Ce 4+ ion from Dirac- 

Hartree-Fock-Roothaan calculations, in comparison with experimental data a 

Ion Configuration Orbitals Calculation Experiment Error 

Ce 2+ 4f 2 4f 2 -51.615 -56.009 4.394 

4f 2, 4f15d 1, 5d 2 -50.689 -56.009 5.320 

4f 1 5d I 4f z, 4f15d 1, 5d 2 -52.864 -55.889 3.025 

5d 2 4f 2, 4f15d I, 5d 2 -47.086 -51.156 4.070 

Ce 3+ 4f ~ 4f I -34.867 -36.598 1.731 

5d I 5d 1 -29.492 -30.406 0.914 

Ce 4+ 4f °, 5d ° 0.000 0.000 0.000 

a From Visser et al. (1993), with modifications. 
All energies are in eV. 

reduced, whereas the relatively small effort for the actual construction and diagonalisation 
o f  the Hamiltonian matrix in the COSCI scheme would essentially remain unchanged. An 
accurate two-component PP scheme could even lead to further savings without significant 
loss of  accuracy. However, the CI step certainly will become the most time-consuming part 
of  the calculation even in four-component approaches when the short COSCI expansions 
are replaced by longer CI expansions which also account for dynamic electron correlation 
effects. For large systems these could only be avoided by use of  a semiempirical method 
like the INDO/S-CI approach. We note that density-functional methods currently provide 
no alternative if  information on individual electronic states is desired. 

Visser et al. (1993) calculated the energy levels of  cerium centers in CaF2, SrF2 and 
BaF2 crystals and studied cerium-electron and cerium-hole interactions in these systems 
using the Dirac-Hartree-Fock-Roothaan (DHFR) and complete open-shell configuration 
interaction (COSCI) schemes. The calculations were carried out with the code developed 
by the group of  Nieuwpoort and coworkers in Groningen (Visser et al. 1992b). In these 
studies relatively large kinetically balanced basis sets without polarisation functions were 
applied, the nuclei were approximated as point charges and the Breit interaction was 
neglected. The cerium center was modeled by a CeF8 cluster placed into a fluorite-type 
lattice of  406 point charges spherically distributed around the cerium center. The point 
charges in the two outer shells were adjusted so as to give the correct Madelung potential 
at the cerium and fluorine sites in the CeF8 cluster. The effects o f  lattice relaxation were 
also taken into account. 

The energy levels o f  the free Ce n+ (n=2,  3,4) ions were calculated and compared to 
experiment (table 42). For Ce 2+ the spinors were taken from DHFR calculations for a 
configurational average o f  either 4 f  2 or 4f  2, 4f  15d 1 and 5d 2. The energies of  the individual 
states were then determined by a COSCI calculation for two electrons in the 4 f  or 
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4f and 5d orbitals, respectively. The COSCI calculations in this form essentially do not 
account for electron correlation effects but rather are an efficient scheme to calculate all 
individual states arising from a given set of configurations. For Ce 3+ and Ce 4+ no COSCI 
calculations were necessary. For Ce 3+ the 4f 1 or 5d I average was treated in the DHFR 
calculations and the energies of the individual 2F5/2 and 2F7/2 or 2D3/2 and 2D5/2 states 
were derived by calculating the difference of the orbital energies from the average orbital 
energy. For Ce 4+ the 1S0 ground state was considered. From the data compiled in table 42 
it is clear that semiempirieal corrections have to be applied for the subsequent cluster 
calculations if meaningful results are to be obtained. The errors in the theoretical results 
increase with increasing number of electrons and are of the order of a few electron volts. 
They mainly stem from two sources: first the one-particle basis set is large but not at 
the DHF limit and the spinors have been optimized for a configurational average and not 
for the individual states; second, and probably much more important, the many-particle 
basis set does not contain other configurations than those considered in the configurational 
average. Terms neglected in the Hamiltonian are probably of less importance. Visser et 
al. assumed the cerium centers in the crystal to remain essentially in their free ion states 
and therefore added the differences between the calculated and experimentally observed 
free ion levels to the corresponding levels in the embedded CeF8 cluster. 

Using the same methods as for the free cerium ions the energy levels of the CeF~ 8-n)- 
(n =2, 3, 4) clusters embedded in the Madelung potential (MP) were calculated. The 
calculated energies were corrected with the increments AE b,c (b, basis set; c, correlation) 
derived from the free-ion calculations discussed above: 

E(CeF~ 8 "~- MP) = E(CeF~ 8-")- MP) DHFk + AEb'C(free ion). (57) 

It is expected that lattice relaxation is significant when an alkaline-earth ion is replaced 
by a cerium ion in a crystal. Visser et al. therefore considered the variation of their 
results with respect to changes in the cerium nearest-fluorine-neighbor distance r(Ce-F,). 
The authors report the somewhat surprising result that the potential energy curves of the 
configurational average from nonrelativistic and relativistic calculations could be brought 
into agreement within less than 0.1 eV over the range of r(Ce-Fn) values of interest. A 
vertical shift accounting for relativity and differences in the one-particle basis set had to be 
applied for the nonrelativistic energies. Visser et al. conclude that electrons occupying the 
5d, 6s and 6p orbitals can be described reasonably in a nonrelativistic way. The r(Ce-Fn) 
dependence of the selected energy levels of the embedded cluster was therefore derived 
from computationally less intensive nonrelativistic calculations. The following states were 
considered: 

(i) Ce 2+ (4f 2 3H4) T2, 
(ii) the lowest Ce 2+ (4f15d 1) T2 state, 
(iii) Ce 3+ (4f I 2F5/2)Fu, 
(iv) Ce 3+ (5d I 2D3/2 ) Fg and 
(V) Ce 4+ (lS0) A1. 

The labels in parentheses refer to atomic configurations and states as far as these are still 
meaningful in the embedded crystal, the state labels refer to the O~ double point group. 
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Table 43 
Comparison between calculated energies for the Ce 3+ center in CaF~ and the experimental values ascribed to a 

CeFnn cen te r  a 

Lower state Upper state Calculation b Experiment 
r = 2.680 A r = 2.435 

(4f 1 ~F5/2) Fu (4f I 2Fs/z) Ezu 224 421 579 

(4f j 2Fvz ) El, (4f t 2Fv2 ) Ezu 385 725 1370 

(4f I 2F5/2) avg. (4f I 2F7/2) avg. 2253 2253 2396 

(5d I 2D3/2)Fg (581 ZDs/2)E~g 11842 22279 21438 

(4f I 2F5/2) F u (5d 1 ZD3/2) Fg 43204 31932 

a From Visser et al. (1993), with modifications. 
All values are in cm -1 . 
b The theoretical Dirac-Hartree-Fock-Roothaan and complete open-shell configuration interaction values have 
been corrected to agree with the experimental values for the free Ce 3+ ion. 
Calculations are for two different r, the cerium-nearest-fluorine-neighbor distance. 

The calculated data were used to derive repulsive cerium-fluorine pair potentials of  
exponential form which were used together with the point-charge information in a 
polarizable ion model to determine the minimum-energy geometry o f  a defect in an 
infinite crystal. Three models for a cerium center in an alkaline-earth fluoride crystal 
were considered: (i) the charge-uncompensated cerium center (Ce) and a cerium center 
with a charge-compensating fluorine ion at (ii) the nearest-neighbor (100) interstitial site 
(CeFnn) or (iii) the next-nearest-neighbor (I 11) interstitial site (CeFnnn). The corrections 
AE lr due to lattice relaxations (lr) were also added to the DHFR and COSCI results in 
order to obtain the energy of  a cerium center in an alkaline-earth lattice, i.e. 

E(Ce center) = E(CeF~ 8-n) MP) + AE Ir. (58) 

Table 43 lists the corresponding relative energies with respect to the cerium center 
in the Ce 3+ (4f5/2 2F5/2) Fu ground state. It is obvious from these data that lattice 
relaxation which accounts in some cases up to almost 3 eV has to be considered. For 
details o f  these non-quantum-chemical calculations we refer the reader to the original 
paper by Visser et al. (1992b) which also contains references for the applied computer 
program. Results for selected states of  a Ce 3+ center in CaF2 are summarized in table 43 
together with available experimental data. Quite satisfactory results are obtained for 
energy differences between states belonging to the same nonrelativistic configuration 
on cerium, however the separation between the lowest states arising from 4f  I and 
5d I is too large by about 1.4 eV. The authors attributed the disagreement to the small 
CeF~ 8-n) cluster actually treated in the quantum-chemical calculations, i.e. the possibil i ty 
of  an interaction between the cerium 5d and the calcium 4s and 3p states was excluded. 
We note here again that the quantum-chemical treatment of  formally F -  ions in the 
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Table 44 
lowest levels of a configuration of Ce, CeF,n and CeF,n . centers in the alkaline-earth fluorides 

CaF~ and BaF 2 a 

Cerium Lattice 
configuration geometry 

CaF2 BaF 2 
Ce CeFn, CeFn~ Ce CeFr~ CeFn, m 

Ce ~+ 4f z Ce 2+ 4f 2 

Ce 3+ 4f 1 

Ce 2+ 4f I 5d I Ce 2+ 4f I 5d 1 

Ce 3+ 4f I 

Ce 3+ 4f I Ce 2+ 4f 2 

Ce 2+ 4f I 5d 1 

Ce 3+ 4f 1 

Ce 3÷ 5d 1 

Ce 4÷ 

Ce 3+ 5d I Ce z+ 4f ~ 

Ce 2÷ 4f I 5d I 

Ce 3÷ 4f 1 

Ce 3+ 5d I 

Ce4+ 

Ce 4+ Ce 3+ 4f l 

Ce 4+ 

1.39 2.06 2.18 1.40 1.90 1.96 

3.47 4.03 4.21 3.60 4.06 4.19 

0.99 1.58 1.75 1.33 1.80 1.92 

2.62 3.13 3.36 3.03 3.47 3.66 

2.14 2.09 2.11 2.33 2.34 2.36 

1.69 1.66 1.67 1.82 1.83 1.87 

0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.05 0.01 0.00 0.04 0.01 

1.63 1.53 1.84 1.81 1.74 1.73 

7.60 7.53 7.55 7.90 7.89 7.93 

7.12 7.08 7.10 7.34 7.35 7.40 

5.36 5.40 5.35 5.39 5.43 5.38 

5.36 5.35 5.34 5.39 5.39 5.37 

6.95 6.85 7.15 7.17 7.10 7.04 

9.21 8.78 8.64 8.57 8.24 8.12 

7.44 6.95 6.90 6.58 6.15 6.21 

From Visser et al. (1993), with modifications. 
The values are relative to the Ce 3+ 4f 1 ZFs/2 ground state. 
All energies are given in eV 

di rec t  v ic in i ty  o f  +2  po in t  cha rges  (or  h e l i u m  nucle i )  m o d e l i n g  the  a lka l ine -ea r th  ions  

is on ly  poss ib le  for  r a the r  l imi ted  bas is  sets desc r ib ing  the  charge  d i s t r ibu t ion  a r o u n d  

the  f luor ine  centers .  G i v e n  a bas i s  set  at the  po in t  charges  or  mere ly  diffuse func t ions  

on  f luorine,  the  e lec t rons  in the  c lus ter  wou ld  unphys ica l ly  t end  to neu t ra l i ze  these  

po in t  charges .  The  app l i ca t ion  o f  re la t ivis t ic  PPs  (Dolg  1995) wou ld  ove rcome  these  

p rob lems .  

G i v e n  the  da ta  c o m p i l e d  in  tab le  44 Visse r  et al. d i scussed  e lec t ron  or ho le  emi s s ion  

f rom c e r i u m  centers ,  i.e. the  cen te r  s tabi l i ty  w i th  respec t  to a c h a n g e  o f  charge  on  the  

ce r ium ion.  T h e y  only  c o n s i d e r e d  the  effect  o f  co ld  free e lec t rons  and  holes ,  i.e. the  ene rgy  

o f  the  e l ec t ron  was  a s s u m e d  to b e  0 eV ( bo t t om  o f  the  c o n d u c t i o n  band )  and  those  o f  the  

ho les  - E g  ( top o f  the  va l ence  band) ,  whe re  the  k n o w n  b a n d - g a p  energy  Eg for  the  hos t  
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lattice is 12.1 eV (11.0 eV) for CaF2 (BaF2). Their results can be briefly summarized as 
follows: 

(i) due to lattice relaxations the energy levels of the charge-compensated CeFnn 
and CeFnn, centers are equal within 0.3 eV, whereas those of the charge- 
uncompensated Ce center differ from them by up to 0.8 eV; 

(ii) all three modeled centers are only stable against electron or hole emission if the 
cerium ion is in a trivalent or tetravalent state; 

(iii) if free electrons are present, the tetravalent centers are unstable and are converted 
into trivalent centers by electron capture; 

(iv) in qualitative agreement with experiment the charge-uncompensated cerium 
center in a divalent state is found to be metastable with respect to electron 
emission. 

Visser et al. also considered electron or hole absorption by cerium centers in the Ce 3+ 
ground state and conclude that it is a slow process. In brief, their results are: 

(v) cold electrons cannot be captured at trivalent cerium ions, possibly they are 
captured near them due to a stabilization by the positive charge; 

(vi) cold holes can be captured at trivalent cerium ions provided a considerable lattice 
relaxation yielding a 2-3 eV energy gain takes place; however, due to the positive 
charge on the cerium center the hole capture rate is probably relatively small. 

The study by Visser et al. impressively demonstrates that rigorous relativistic ab initio 
calculations can also be applied to investigate local phenomena in solids. However, 
keeping in mind the multiple sources of error in the representation of the wavefunction in 
the study by Visser et al. it is likely that results of a comparable quality could be obtained 
with simplified quantum-chemical schemes, e.g. the quasirelativistic PP approach or the 
INDO method. 

A related DHFR study on cerium centers (site symmetry given in parentheses) 
in inorganic scintillator crystals, i.e. BaF2 (Oh), LaF3 (D3h), Yttrium Aluminium 
Perovskite (YAP) YAIO3 (Cs) and Yttrium Aluminium Garnet (YAG) Y3A15012 (D2) has 
recently been published (Andriessen et al. 1994a,b). Nonrelativistic results for Lutetium 
Oxyorthosilicate (LSO) Lu2(SiO4)O (C1) were also reported. The authors investigated the 
4f-~ 5d energy separation and the overall splitting of the 4f and 5d levels due to spin-orbit 
coupling and the ligand field. The cerium center is modeled by a Ce 3+ ion in a 4f I or 5d 1 
configuration, the nearest-neighbor oxygen or fluorine anions and a Madelung potential 
created by several hundreds of point charges representing the electrostatic effects of the 
rest of the crystal. In some cases idealized structures with higher local symmetry have 
been used to make the calculations feasible (i.e. D3h instead of D2 for LaF3) and lattice 
relaxation as well as electron correlation effects have been neglected. For LSO only the 
nonrelativistic work was feasible. The authors report that it was not possible to derive 
small basis sets for cerium, since upon the 4 f ~  5d excitations not only the 5s and 5p, 
but also the 4s, 4p and 4d shells underwent a significant contraction. The corresponding 
transition energies are of the magnitude 20000-60000 cm -1 . The calculations reproduce 
the experimental values with errors in the range 100-7000 cm -1 . Andriessen et al. suppose 
that the reasonable agreement between their calculations and the available experimental 
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data is partly due to an error compensation, i.e. the neglect of correlation contributions 
(roughly 6450 cm -1 for the free Ce 3+ ion) is compensated by basis-set superposition errors 
present in some of the calculations. Correlation is known to lower the 4f 1 with respect 
to the 5d I configuration, whereas the basis-set effect results mainly from contributions 
of the ligand orbitals to the cerium orbitals. In order to get convergence to 5d I states of 
cerium in Y3A15012 the authors had to discard the f orbitals on cerium resulting in too 
high energies of the 5d I compared to the 4f 1 configuration. Excited cerium in LSO may 
well be a C e  4+ ion or at least the 5d orbitals are strongly mixed with the oxygen ligand 
2s and 2p levels. 

G6rard et al. (1994) used the multiple-scattering local spin-density (Vosko et al. 
1980) method to investigate the clusters LaF 6- and EuF~- as models for the LaF3 
and Eu3+:LaF3 solids. Relativistic effects were included using the scheme of Bor- 
ing and Wood (1979a,b). 

4. Conclusions 

We have reviewed the state of electronic structure theory for lanthanide-containing 
molecules. (The present article is supposed to cover the relevant literature until the end 
of 1994.) The first quantum-chemical calculation on these systems was published in 1976 
and until the first review written by Pyykk6 in 1987 only about 30 papers appeared in the 
literature. Since then enormous progress, especially in the quality of methods applied, has 
been made as is evident from a comparison of tables 1 and 45. An efficient intermediate 
neglect of differential overlap scheme with parametrizations for ground and excited states 
was developed and complements the long-used extended Htickel approach on the side 
of the semiempirical methods. Some progress has also been made in the application 
of quasirelativistic density-functional schemes to lanthanide containing systems. Several 
parametrizations of pseudopotentials and effective core potentials have been derived and 
applied in numerous studies. In addition to these approximate ab initio methods the Dirac- 
Hartree-Fock-Roothaan scheme based on the Dirac-Coulomb-(Breit/Gaunt) Hamiltonian 
was used for studies of atoms and molecules containing a single lanthanide atom. The 
recent development of corresponding coupled-cluster and multi-reference configuration 
interaction programs gives hope that accurate ab initio calculations on small lanthanide 
systems will become feasible in the near future. 

Many problems of course remain to be solved, especially for the all-electron and 
valence-only ab initio schemes. On the one hand there remains the problem of the rather 
large number of low-lying electronic states due to an open 4f shell, and systems with 
two or even more lanthanide atoms will be very difficult to treat accurately. Even if only 
a single 4f shell is considered and one is interested in calculating energy differences 
between electronic states which arise from different 4f occupations the limitations of the 
available computational resources and computer codes often severely affect the quality 
of the results. This is especially true when electron correlation and relativistic effects 
including spin-orbit interaction are both to be treated. 



716 M. DOLG and H. STOLL 

Table 45 
Relativistic electronic structure calculations on molecules containing lanthanide elements, published after 1987. 

Ligand field and angular overlap model calculations are not included 

Method a Molecules b Reference 

DHFR, CI EuO~- in MP 

CeF~- in MP @=4, 5, 6) 

CeF~-, CeF~;, CeO2~ -, CeO~ 3- in MP 

QR-HFS Ce02,  YbC1 z 

QR-DFT Ce @ C28 

RH, RO, RF (R= La, Gd, Yb, Lu) 

RO (R= La, Eu, Gd, Yb), YbF 

RF~- (R = La, Eu) 
CeO2 q+ (q=0, 1) 

QR-X~ SW (cp)2R (R=Sm, Yb), (cP)3Sm 

(cP)2YbC2H2, (cp)zYb(OC)2 
PP, CI RH, RO, RF (R = La-Lu) 

CeO 

RX 3 (R = La, Eu, Gd, Yb, Lu;X = F, CI, Br, I) 

GdO 

EuO 

RAu (R = La, Lu) 

RX 2 (R= Eu, Yb;X= F, CI, Br, I) 

RF 3 (R = La-Lu) 

RX 3 (R = La, Eu, Gd, Yb, Lu;X = C1, Br, I) 

LaX 3 (X= H, F, C1) 

RHe 3+ (R= La, Eu, Gd, Yb, Lu) 

R 2 (R = La-Lu) 

YbH, YbF 

YbO 

LaNH +, La(cp)NH 

La(cp)~ 

Eu(cp)2, Yb(cp)2 

RO (R = Ce, Eu, Yb), RF (R = Ce, Yb) 

LaH 

LaH 2 
LaH, +, (n = 1, 2) 

Ce(cot)2 

PP,, CAS LaO, LaO ÷ 

PP, PT LaB+L3 L=NH3, H20, HF 

PP, DFT R@C q ( q = - l ,  O, +1) 

Visser et al. (1992b) 

Visser et al. (1993) 

Andriessen et al. (1994a, b) 

DeKock et al. (1990) 

R6seh et al. (1993), H/iberlen et al. 
(1992) 

Wang and Schwarz (1995) 

Wang et al. (1995) 

G6rard et al. (1994) 

Heinemann et al. (1996) 

Min (1992a) 

Min (1992b) 

Dolg and Stoll (1989), 
Dolg et al. (1989c) 

Dolg et al. (1989a, 1991a) 

Dolg et al. (1989c) 

Dolg et al. (1990a) 

Dolg et aI. (1990b) 

Schwerdtfeger and Dolg (1991) 

Dolg et al. (1991b) 

Dolg et al. (1991b) 

Dolg et al. (1991b) 

DiBella et al. (1993) 

Dolg et al. (1991c) 

Dolg et al. (1992a) 

Dolg et al. (1992b) 

Dolg et al. (1992c) 

Cundari (1992) 

Kaupp et al. (1992) 

Kaupp et al. (1993) 

Dolg et al. (1993a) 

Das and Balasubramanian (1990) 
Das and Balasubramanian (1991 a) 

Das and Balasubramanian (1991b) 

Dolg et al. (1991d, 1995) 

M~xquez et al. (1994) 

Kaupp and Schleyer (1992) 

Ros6n and W/istberg (1988, 1989) 

continued on next page 
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Table 45, continued 

Method a Molecules b Reference 

PP, RHF R~C~ (R=La, Eu; n=0, 1) 

PP, UHF La@ C82 

Ce @ C82 
1NDO/S-CI PrO, TmO 

CeO 
[R(H20)~ +1 (R = Ce, Pr, Nd, Tm) 

[Ce(H20) 3*1 (n=8, 9) 

INDO [((cp* )2 tu)2 C6H4I 
[(CC13CO2)3R(phen)C2HsOH]2 (R=Pr, Sm) 
[Ce(CO3) 3 02] 8- 

CNDO RCO (R = La-Lu), Nd(CO), (n = 1, 6) 
AM 1 Eu(acac)3 o-phen 

Eu(dpm)3terpy 

A,H.H. Chang et al. (1991) 
Nagase et al. (1993), 
Nagase and Kobayashi (1993) 
Nagase and Kobayashi (1994) 
Kotzian and R6sch (1991a) 
Kotzian and R6sch (1991b) 
Kotzian (1991), 
Kotzian et al. (1995) 
Kotzian et al. (1991), 
Kotzian and R6sch (1992) 
Jahns et al. (1992) 
Dong et al. (1992) 
Lan and Li (1992) 
Jia (1987) 
Andrade et al. (1994) 
Andrade et al. (1995) 

a Methods: 
AM 1, Austin method 1; 
CAS, complete active space (multiconfiguration 
self-consistent field); 
CI, configuration interaction; 
CNDO, complete neglect of differential overlap; 
DFT, density-functional theory; 
DHFR, Dirac-Hartree-Fock-Roothaan; 
HFS, Hartree-Fock-Slater; 
INDO, intermediate neglect of differential overlap; 
INDO/S-CI, 1NDO adapted for spectroscopy and 
spin~3rbit CI; 
MP, Madelung potential; 
PP, pseudopotential; 
PT, perturbation theory; 
RHF, restricted Hartree-Fock; 
SW, scattered wave; 
UHF, unrestricted Hartree-Fock; 
QR, quasirelativistic. 

b Abbreviations: 
cp, cyclopentadiene C5H5; 
cot, cyclooctatetraene C8H8; 
acac, acetylacetonate; 
o-phen, 1,10-phenantroline; 
phen, phenantroline; 
dpm, dipivaloylmethanate; 
terpy, 2, 2' :6', 2" -terpyridine. 
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Note added in proof 

Results of quasirelativistic pseudopotential calculations at the unrestricted Hartree-Fock 
and multiconfiguration self-consistent field level for the equilibrium geometries of the 
lanthanide trihalides RX3 (X=F, CI, Br, I) have been presented by Cundari et al. 
(1995). Kobayashi et al. (1995) report Hartree-Fock and density-functional calculations 
of La2@C80. 
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- for KR(MoO4) 2 411 
- for LiRF 4 411 
- for RA103 410 

- for R3A15OI2 410 
- for RAsO4 411 

- for RBa2CuzNbO 8 412 
- for RBa2Cu306+ x 412, 472 

- for RBa2Cu408 412 

- for RzBa4CuTO15 412 
- for RBaO 3 412 
- forRBr 3 411 
- for R(BrO3)3:9H20 411 

- for R(CzHsSO4)3:9H20 411 
- for R(CF3SO3)3:9H20 411 
- for RC13 411 
- for RC13:6H20 411 
- for RCoO 3 410 

- for R2CuO 4 412 
- for RF 3 411 

- for R3GasO12 410 
- for RzGaSbO 7 410 

- for RzGe207 410 
- for R(NO3)3:6H20 411 
- for RNbO 4 410 
- for RO 2 412 
- for R203 410 
- for ROC1 410 
- for R(OH)3 411 
- for R202S 410 
- for R202Se 410 
- for R202SO 4 410 
- for R202Te 410 
- for RPO 4 410 
- for RPO4(MoO3)12:30H20 412 
- for R2(SOn)3:SH20 411 
- for R2Sn207 410 
- for R2Ti207 410 
- for RVO4 410 
- for R2Zr207 410 
- for RbR(MoO4)2 412 
cross-relaxation 555, 564 

- diffusion process 555 
- self-quenching 555 
cross-section 540, 542, 574 
crystal field, s e e  CEF 
crystalline electric field, s e e  CEF 
crystallographic data 
- for crystals with zircon structure 304, 305 
- for elpasolites 306 

- for ethylsulfates R(C2HsSO4) 3.9H20 301 
- forLiRF 4 303 

- for RBa2Cu306+ x 472, 473, 482 
- for RES 302 
- for RF 3 304 
- for ThMn12-type compounds 151-157, 161, 

164-167, 170-174, 177, 179-181, 186, 189, 
192-194, 196, 204, 205, 208, 209, 211-214, 
216-219, 223-227, 232, 235-237, 241,242, 
262, 263 

- for YES 303 

Cs2KRF 6 306 
Cs2NaDyC16 417 
Cs2NaErC16 417 
Cs2NaErF 6 305 
Cs2NaHoC16 298, 318, 390, 392, 401,414 
Cs2NaHoF 6 305 
Cs2NaLnC16 574 
Cs2NaPrCI 6 363 
Cs2NaRBr 6 306 
Cs2NaRC16 306 
Cs2NaR(NO2) 6 408, 417 
Cs2NaTbC16 363, 364 
Cs2NaYF 6 305 
CusAI 7 189 

DOS (density of states) of ThMn12 compounds 
254-261 

- calculated 258 
- local 261 
- spin-polarized 254, 255 
- total 256 

damping of Rabi oscillation by spontaneous decay 
522 

Davydov splitting 300, 366 
de Gennes factor 8, 10 

- effective 10 
Debye temperature of R-doped silica and fluoride 

glasses 578 
demagnetization factors of nonmetallic compounds 

331,402 
demagnetizing field of nonmetallic compounds 

402, 432 
density-ftmctional methods 613, 640 
di-~r-phthalocyaninecerium(llI) 695 
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dielectric compounds, magnetic properties 
295492 

differential efficiency of lasers 541 
dilute crystals 457 
diode pumping of lasers 580, 591 
dipole-dipole energy transfers 531 
Dirac-Coulomb-(Breit/Gaunt) Hamiltonian 613 
Dirac-Hartree-Fock-Roothaan (DHFR) 

calculations 630 
Dirac-Hartree-Fock-Slater method 641 
Dirac-Hartree-Fock method 613, 632 
Dirac equation 615 
Dirac Hamiltonian 630 

- unboundedness 632 
Dirac matrices 631 
displacement tensor of ions 308, 327 
distribution of atoms in the 8(f), 8(i) and 8(j) 

positions of the ThMn 12 structure 151 
domain 

- bubble phase in LiHoF 4 404 
- diffraction in LiTbF 4 404 
- in copper oxides 473, 474 

- needle-like, in LiRF 4 403 
- relaxation rate, in LiTbF 4 405 
- stripe, in LiHoF 4 404 
- structure 
- - in UCol0Si2 246 

- in UFelo_xNixSi2 247 
- - in UFe10Si 2 246 
- wall energy 
- - in DyEs 403 
- - in UFel0Si 2 267 
- width 
- - in DyES 403 
- - in LiHoF 4 404 
double fluorides, see tetrafluorides, LiRF 4 
Douglas-Kroll-Hess Hamiltonian 613, 636 
Dy, see Dy film 
Dy-Co-Ga 154 
Dy~Co-Ga system 206 
Dy-Fe-A1 154 
Dy-Fe-Ga 154 
Dy-Fe-Re 157 
DymsO 4 345, 419, 427, 458 
DyBa2Cu307 318, 323,421 
DyBa2Cu408 421 
Dy2Ba4Cu7015 421 
Dy(BrO3)3:9H20 418 
DyColoMo2 236 
Dyl.o3 COloMOl.94 236 
DyCollTi 216 
DyColoV 2 222, 229, 231,247 
DyCo12-xVx 227 
DyCr4AI 8 164 

DyCr6A16 190, 191 
DyCu4A18 179 
DyCu6A16 195, 196 
DyES (dysprosium ethylsulfate) 299, 302, 318, 

323, 405, 407, 417, 418, 424, 439, 441, 442, 
448, 449, 452 

DyFe4A18 169, 171, 172, 176 
DyFesAI 7 186-188 
- M6ssbauer experiments 187, 188 
- neutron diffraction 187, 188 
- time-dependent effects 188 
DyFe6A16 193 
DyFe11 -yCoyTix 218 
DyFe2CosV 2 222 
DyFel0_xCoxV2 230, 231,252 
DyFelo_ xCo12_ xV x 227 
DyFel0Cr 2 232, 250, 251 
DyFexGa12-x 204 
DyFel0Mo2 250 
DyFe12_xMox 236 
DyFe12_xRe2 242 
DyFel0Si 2 208 
DyFellTi 248, 250 
DyFelz_xTi x 213 
DyFellTiCI -x 262 
DyFe12_xVx 225 
Dyfilm 5,11,12,21,29,33,36,37 

- b-axis 27 
- on Lu, enhanced T c 12, 22 
- suppression of ferromagnetism 21 
Dyl _xGdxFellTi 251 
Dy/Lu superlattice 22, 42 

- enhanced T C 59, 61 
- magnetic coherence length 61, 62 
- magnetic structure 59, 63 
- magnetoelastic domains 62 
- turn angle 60 

X-ray diffraction 40, 45 
DyMn12 158 
DyMnaA18 167 
DyMn6A16 190 
DyOC1 420 
Dy(OH)3 417 
Dy202SO 4 345, 418 
DyPO 4 345, 419, 458 
DyTiH Fel0.9 220 
DyVO4 305, 319, 345, 419, 427, 429, 458, 466 
Dy/YDy superlattice 65 
Dy/Y superlattice 4, 39, 48, 55 

- a- and b-axis grown 28, 66-68 
- field-induced transitions 52 

- magnetic coherence length 50 
- magnetic moment 49, 51 

- magnetic structure 59 
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Dy/Y superlattice (cont 'd)  

- suppressed T c 48, 49 

- turn angle 48, 50, 61 

DyZn12 161 

Dy/Zr superlattice 64 

EDFA (erbium-doped fiber amplifiers) 580, 587 

- saturation power 587 

- undersea experiment 587 

EPR (electron paramagnetic resonance) 343, 425, 

432, 433 

s e e  also Van Vleck paramagnets 

- in DyPO4:Er, Yb 445 

- in lanthanide nicotinate dihydrates 444 

- in LiHoF 4 4 4 4  

- in LiTbF 4 444 

- in rare-earth cuprates 475, 479, 480, 483 

- in Van Vleck paramagnets 387, 390 

ES, s e e  ethylsulfates 
ESA (excited state absorption) 560 

effective core potentials 642-648 

effective Hamiltonian 329, 331 ,332 ,  340, 460 

effective homogeneous linewidth 574 

effective moments  of  the Fe atoms in RFe4AI 8 

175 

Einstein A coefficient 522 

elastic compliancy 335 

elastic constants 339, 353, 358 

- for HoVO 4 358 

- for LiTmF 4 351 

- for LuAsO 4 351 

- for LuPO4 351 

- for RVO4 351 

- isothermic 335 

- temperature softening 354 

elastic energy 311 ,334 ,  338 

electric dipole moment  308, 425, 427 

electric dipole operator 515 

electric field effects 425-428 

- in DyAsO 4 427, 428 
- in DyVO a 427, 428 

- in LiHoF 4 426, 427 
- in Pr compounds 428 

electric resistivity of  ThMn12-type compounds 

160, 161, 176, 178, 195 

electroluminescence spectra of GaAs:Er diode 

596 
electron correlation effects 609, 614, 619 

- bond energies 622 
- excitation energies 618 
- ionization potentials 618 

electron paramagnetic resonance, s e e  EPR 
electron-deformation interaction 310, 327, 337 

- effects 

- - on temperature behavior of  elastic constants 

335, 351 ,353 ,354 ,  434, 435, 439 

- - on thermal expansion 337, 350 

- for Er 3+:LiLuF 4 339 

- for Er 3+:LiTmF 4 339 

- forEr3+:LiYF4 339 

- for HoVO4 359 
- for YVO4:Tm 3+ 339 

- renormalized constants of  coupling with 

macroscopic strains. 337, 340, 359 

electron-nuclear  magnet ism 414 

electron-phonon interaction 309, 326 

electron-rotation interaction 310, 333, 334, 358 
electronic structure 

- calculations 609 

- - for lanthanide molecules 607-718 

- - for ThMn12-type compounds 160, 257, 258 

- of  ThMn12-type compounds 254 
electronic transitions in two-level atom, induced 

and spontaneous 512 
elemental semiconductors doped with Er 3 ÷ 594 

elpasolites, A2BRX 6 305, 409 

energy levels 318, 321 

- m Cs2NaHoC16 318 

- m DyBazCu307 318 
- m DyES 318 

- anDyVO 4 319 

- in ErBazCu307 318 
m HoAsO 4 319 

- in HoBa2Cu307 318 
- in HoES 319 

- m HoPO 4 319 

- m HoVO 4 318 

- xnLiDyF 4 318 

- m L i E r F  4 318 

- m LiHoF 4 319 

- in LiTbF 4 319 

- m LiTmF4 318, 398 

- in LiTmF4:Nd 3+ 399 

- in TbAsO4 319 

- in TbES 319 

- m TbPO 4 319 

- m TbVO 4 319 
- in TmAsO 4 319 

- in TmBa2Cu306+ x 318 

- in TmBa2Cu306. 5 318 
- xn TmBa2Cu408 318 
- m TreES 318 

- m TmPO 4 318 
- m TmVO 4 319 

- in YbBa2Cu307 318 
energy product for RFe~6Ga~ 6 202 
energy transfers in R-doped lasers 549, 556 

- activator 549 
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- critical activator concentration 554 
- critical Ro 551 
- diffusion-limited 555 
- diffusion rate 554 
- electric multipolar interactions 551 
- fast diffusion 555, 569 
- index of  the multipolar interaction 554 
- inhomogeneous broadening 553 
- limited diffusion 569 
- macroscopic samples 553 
- magnetostatic and exchange interactions 551 
- microscopic case 553 
- multiphonon phenomena 552 
- multiphonon sidebands 552 
- multipolar interactions 551 
- nonradiative 549 
- overlap 550 
- overlap integral 551,553 
- phonon-assisted 549, 552 
- radiative 549 
- rapid energy migration 554 
- resonant 549 
- sensitizer 549 
enhanced electronic specific heat constant in 

CeCu4AI 8 182 
enhanced NMR in TmBa2Cu306+ x 479 

s e e  a l so  nuclear magnetic resonance 
enhanced nuclear magnetism 

- non-Kramers ion 409 
- Tm 3+ ions 346 

- - LiTmF 4 346 
- TmES 346 

epitaxial growth of  CaF2:Er 3+ layers 600 
epitaxial waveguide lasers 600 
- Nd 3+:YAG 600 
- yb3+:Er3+:YAG 600 
- Yb 3÷:YAG 600 
epitaxy of metallic nanostructures 3-39 

- anelastic response 5, 19, 26, 27 
- . bcc  metals on sapphire 15, 16, 19 
- buffer layer 14, 16 
- clamping 7, 14, 20, 22, 72 
- coherency strain 5-7, 14, 19-22, 26, 59, 72 
- epitaxial phase diagram 21-23, 27, 56, 61 
- growth 14-19, 71 
- h c p  metals on sapphire 15-17 
- magnetism 19-39 
- metal substrate 17 
- mica substrate 18, 35 
- pseudomorphic growth 5, 22, 27, 32 
- tilted 19, 20, 71 
Er3÷ 
- doped glass fibers 592 

- doped silica-based planar waveguides on silicon 
substrate 599 

- doped ZBLAN 588 
- implanted in Si, GaAs, GaP, InP 594 
- in fluorides 531 
- in silica glass 587 
- ZBLAN 537 
Er, s e e  Er film 
Er-Fe-A1 154 
Er-Fe-Ga 154 
Er-Mn-Ga 154 

ErBa2Cu306 323 
ErBa2Cu306+ x 422 
ErBa2Cu307 318, 323 
ErCI 3.6H20 424 
ErCol0Mo 2 237, 238 
ErCol0.sMol.5 252 

Erl.03COloMOl.94 237 
ErCollTi 216 
ErCo10V 2 229 
ErCol2_xV x 227 
ErCr4A18 164 
ErCr6A16 190, 191 
ErCu4A18 179 
ErCurA16 196 
ErES (erbium ethylsulfate) 302 

Er(Fe, Co) 1o.4Mo1.5 247 
ErFexAll2_ x 199, 200 
ErFe4AI 8 173 
ErFesA17 185-188 

- Mrssbauer experiments 187, 188 
- neutron diffraction 187, 188 
- time-dependent effects 188 
ErFe6AI 6 193 
ErFes.sCos.0MOl.5 238 
ErFel0.5_xCoxMol. 5 237, 252 
ErFelo.5_xCoxMo2 239 
ErFel0Cr 2 232, 253 
ErFexGal2_ x 205 
ErFe12_xMx 250 
ErFeioMo 2 250 
ErFelo.sMol.5 252 
ErFe12_xMox 236 
ErFel2_xRe 2 242 
ErFel0Si 2 209 
ErFell Ti 245 
ErFe12_xTix 214 
ErFe11TiC1 -x  262 
ErFe9.25V2.75 248 
ErFel0V 2 245, 246, 248 
ErFel2_xV x 226, 229 
Er film 5, 12, 24, 25, 28, 30, 36, 37, 55 
- critical field 28, 29, 58, 59 
- neutron scattering 13, 28, 31 
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ErMn12 158 

ErMn4A18 167 
Er203 420 
(Er0.5 Sm0.5)Fel 1 _ xCoxTi 219 
Er/Y superlattice 42, 54, 55 
- critical field 59 
- field-induced transitions 57 
- magnetic moment 57 
- turn angles 55-57 
ErZn12 161 

- specific heat 162 
ethylsulfates, R(CH2HsSOa)39H20 (RES) 301, 

325, 343, 406, 409, 416 

Eu 2 681 
Eu-Mn-A1 154 

EuC13.6H 20 391 
EuCu4AI 8 179, 182 
EuES (europium ethylsulfate) 390, 391 

EuF 677 
EuF 6- 715 

EuFe4A18 171, 175 
EuFe6A16 190, 194, 195 
Eu3GasO12 390, 392 
EuH 657 
EuMn4A18 166, 168 
EuO 670 
- electronic states 670, 672 

- population analysis 671 
- spectroscopic constants 670 
EuO~- 706 

- electronic states 708 
- spectrum 709 

Eu(OH)3 391 
EuPO 4 391 
Eu2(804)3.8tt20 391 
[Eu(acac)3o-phen ] 705 

Eu@C60 697 

E u @ q  0 697 
Ewald method in dielectric compounds 315, 328, 

403 
exchange 
- charge in dielectric compounds 317, 325, 327, 

328, 338, 399, 464 
- correlation potential for YFel2_xMOx 258 
- coupling constant for U ThMnl2-type compounds 

185 
- energy in ThMn12-type compounds 261 
- field in dielectric compounds 402, 432, 445 
- integral in dielectric compounds 343, 420, 432 
- interaction in metallic nanostructures 6 

- - Heisenberg 6, 7 
- - indirect 5, 7, 50, 73-76 
- - interlayer 7, 48, 67, 69-72 

- - intralayer 6 
- -  s - f  7 , 9 , 7 6  
- interaction in ThMnl2-type compounds 244, 

252 
- -  anisotropy 243 
exponential laws 544 
extended Hiickel method 613 

5f-ligand hybridization 185 
FOMP, see  first-order magnetization process 
Fe 5A17 189 
Fe20Si 2 209 
Fe3Sm 266 
Fermi energy in ThMn12-type compounds 

254-256, 260 
Fermi surface in metallic nanostructures 

- gaps 6 
- nesting 6, 69 
- superlattice 70 
ferromagnetic transition in metallic nanostructures 

14 
- enhanced T c 22, 59, 73 
- suppression of 21, 24, 48 
ferromagnets, dielectric compounds 
- canted 410-412, 415, 419, 424 
- dipolar 403,404, 430, 468 
- uniaxial 425, 468 
field-coupled cooperative multi-ion effects 524 

see  also superradiance and  superftuorescenee 
field-induced phase transition, see  metamagnetic 

transition 
figure of merit for lasers 
- 3-level ease 581 
- KNdP4012 (KNP) 566 
- LiNdP4012 (LNP) 566 
- material 541 
- Na2Nd2Pb6(PO4)C12 (CLAP) 566 
- Na5Nd(WO4) 4 566 
- NdA13(BO3) 4 (NAB) 566 
- NdPsO14 (NdUP) 566 
- NdTa7019 566 
- powdered samples luminescence method 565 
- YAG:I%Nd 566 
film, epitaxial 4 

see also thin films 
- epitaxial crystal limit 20 
- interfacial limit 20, 32-34, 72 
- thick limit 20, 25, 26 
finite basis set disease 635 
finite nucleus model 631 
first-order magnetization process (FOMP) 210, 

213, 237, 238, 270 
fluorescence line-narrowing 553 
fluoride glasses 585, 590 
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fluorophosphate glasses 577 
fluorozirconate glass (ZBLAN) 585 
Foldy-Wouthuysen transformation (FWT) 
free induction decay 526 
free induction emission 517 
Fresnel number 529 
fullerene complexes 695-700 

636 

GaAs, A1GaAs, and GaAs/A1GaAs quantum wells 
594 

GaAs:Er 594 
GaAs:Er 3+ diode structure 596 
GalnAsP diode active layer with Er 3+ 597 
gain flatness in fluoride glasses 588 
gallides 154, 202-206 
garnets, R3MsO12 301,408 
Gaunt term 632 
GdAIO 3 345, 468 
GdAsO 4 305, 344, 419 
Gdl0CaCI18 705 
GdC13 344 
GdColoMo 2 236 
Gdl.03Co10Mol.94 236 
GdCollTi 216 
GdCo12_xV x 227 
GdCr4A18 164 

_ 55Gd Mfssbauer experiment 163 
- magnetization 163 
GdCr6A16 190, 191 
GdCu4A18 179, 182 
GdCu6A16 195, 196 
Gd2 dimer 680 
Gd/Dy superlattice 65 
GdF~- 706 
GdFe12 160, 161,257 
GdFexAl12-x 197 
GdFe4A18 169, 171, 175 
GdFesA17 186-188 
GdFe6AI 6 192 
GdFel0A12 198 
GdFell _ y C o y T i  x 217 
GdFel0Cr 2 232 
GdFexGal2_ x 204, 206 
GdFe12_xMo x 235 
GdFel2_xRe2 242 
GdFel0Si 2 157, 208, 268 
GdFel2_xTi x 212 
GdFellTiCl -x 262 
GdFel2_xVx 225 
GdFel0.8Wl.2 246 
GdFel2_xWx 241 
Gd film 18, 20, 34, 36, 37 

- 2D limit 18, 36 
GdMn12 149, 158, 160 

GdMn4AI 8 166, 168 
GdMn6A16 190 
GdlTNdO3 (MOO4)3 573 
GdO 663, 666 

- electronic states 666 
- population analysis 667 
- spectroscopic constants 666 
- spin density 667 
Gd(OH)3 344 
Gd202SO 4 418 
GdRh6A16 195, 197 
GdVO4 344, 419, 445, 458 
Gd l_xYxMnl2 system 158 

- Nrel point 159 
- saturation magnetic moment 
Gd/Y superlattice 39, 47 

- a- and b-axis grown 68, 69 
- coercive fields 48 
- magnetic structure 47, 48 
GdZnl2 161 

electric resistivity 162 
Ginzburg criterion 423 
glass ceramics 578, 599 
glass fibres 582 
- absorption 583 

- emission 583 
- radiative energy transfer 584 
- single-mode condition 582 
- transmission properties 582 
glasses 556, 562, 567, 569, 578 
- harmonic generation 579 

159 

Hartree-Fock 
energy 260 

- method 613, 632 
- radial integrals 243 
Hartree-Fock-Slater method 641 
heavy-fermion-like behavior in ThMn12-type 

compounds 286 
heavy fluoride glasses doped with Er 3+ , Pr 3+ , 

Tm 3+ 588 
Heisenberg model for dielectric compounds 343, 

419 
hexachlorides, A2BRC16 364 

s ee  also elpasolites 
high-power laser 577 
- peak power 579 
Ho 3 + 

- doped fluoride fiber laser 592 
- in fluorides 531 
Ho, see  Ho film 
Ho-Cu-Al 154 
Ho-Cu-Ga 154 
Ho-Fe-A1 154 
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Ho-Fe-Ga 154 
HoAIO 3 414 
Ho3A15Oj2 415 
HoAsO 4 305, 319, 345, 419 
HoBa2Cu307 318, 323, 422 
HoCol0Mo 2 237 
Hol.03Co10Mol.g4 236 
HoColtTi 216 
HoColoV 2 229 
HoCr4A18 164 
HoCu4A18 179 
HoCu6A16 196 
HoES (holmium ethylsulfate) 319, 323, 417 
Ho/Er superlattice 65 
HoF 3 305, 415 
HoFenA18 169, 172, 173, 176 
HoFesA17 186, 187 
HoFe6A16 193 
HoFelo_ xCoxMo2 237 
HOFell _yCoyTi  x 218 
HoFel0Cr 2 232, 249 
HoFexGal2_ x 204 
HoFet0Mo 2 248, 249 
HoFela_xMO x 236 
HoFela_xRe2 242 
HoFeloSi / 208, 249 
HOFellTi 248, 249 
HoFe12_ xTi x 214 
HoFel~TiCl -x 262 
HoFel0V 2 249 
HoFelz_xVx 226 
Ho film 25 

- spin slip 25 
Ho/Lu superlattice 63 
HoMn12 158 
HoMn4A18 167 
Ho(OH)3 417 
Ho202SO 4 345, 418 
HoPO4 319, 322, 345, 419 
HoTil.l Fel0.9 220 
HoVO 4 305, 318, 322, 351,354, 357, 358, 387, 

400, 401,414 
Ho/Y superlattice 54 

- spin-slip structure 54 
- turn angles 54 
HoZn12 161 
Huang-Rhys electron-phonon coupling parameter 

545-548 
hybridization in ThMnlz-type compounds 259, 

286 
- interactions 182 
hydroxides, R(OH)3 416 

hyperfine interaction in dielectric compounds 
307, 310, 346, 348, 367, 417, 426, 429, 443, 
450, 469; 484 

hypersensitive transitions in lasers 542 
hypothetical YFe12 magnetic moment 149 
hysteresis loops in ThMnl2-type compounds 199 

InGaAs-diode-pumped Er 3+ :ZBLAN fiber 592 
InGaAsP laser 598 
InP:Yb 597 
integrated cross-section 
- Cal0(PO4)F2 (5FAP) 575 
- Nd2PsO14 (NdUP) 575 
- Y3A15012 (YAG) 575 
interactions between Ln 3 + ions 
- dipole-dipole 344 
- - magnetic 311,330, 342, 409, 423, 485 
- electric multipole 342 

- exchange 311,331,342, 409 
- - parameters for Er:Tb(OH)3 343 
- non-dipole 344 

- via the phonon field 311,331,343, 361,456 
- - tensor of constants 352 
interface anisotropy 105 
- determination of 105, 106 
- on Dy/Co multilayers 106 

- on DyNi/Mo multilayers 106 
- on Nd/Fe multilayers 106 
- on Tb/Co multilayers 106 
interracial magnetism of rare-earth-transition-metal 

multilayers 85, 86, 111, 114-116, 139 
see also M6ssbauer effect 

- determination of R-T exchange coupling 135 
- determined by MCXD 108-113 
- interface anisotropy, see interface anisotropy 
- magnetic interaction 85, 87, 88, 139 

see also perpendicular magnetic anisotropy 
(PMA) 

- magnetic structure 86-88, 117 
intermediate neglect of differential overlap method 

613, 648-650 
internal deformation of dielectric compounds 

356, 432 
see also .sublattice displacements 

interstitial nitride, carbide 266 
ion-ion energy transfers 531 
ionic model 651 
Ising antiferromagnets 419, 421,458 
Ising ferromagnets 299, 403, 419, 423, 424, 426, 

435, 437 
Ising model, transverse 409, 417 

Jahn-Teller ferroelastics 299, 319, 367, 409-412, 
427, 429, 458 
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- self-consistent field constants for vanadates 

463, 464 
- structural phase transition stimulated by a 

magnetic field 361 
- tensor of multipole-multipole interactions in 

RMO 4 353 
Judd's theory 542, 575 
- Y2~ 543 
- r ~  542 

KDy(MoO4) 2 429 
K[Ln(C8Hs)2] 689 
K3Nd(PO4)2(KNP ) 569 
K3Nd(WO4) 4 573 
KY3FI0 573 
KYF4:Er 3+ 591 

KY(MoO4)e 573 
Kondo effect 692 
Kondo system, CeCu4AI 8 178 

LMTO (linear-muffin-tin-orbitals) method 254, 
255, 257, 258 
LMTO-ASA (atomic-sphere approximation) 

method 257, 258 
LOS (Nd202S) 573 
LSD (local-spin-density) approximation 258, 270 
La-Mn-AI 154 
LaAu 682 

- spectroscopic constants 683 

LaBr 3 706 
LaCoNTi 216 
LaCr4A18 164 
La 2 dimer 681 
LaF 677 

LaF 3 706 
LaF 6- 715 

LaF 3 :Nd 567 
LaF 3:Pr 3+ 531 

LaFe4A18 170 
LaH 655 

LaH 3 684 
LaMn4A18 166 
LaO 661,663 
LaO~- 706 
La203 573 
LaOF 572 
LaOF(Nd 3 ~-) 573 

La@C60 697 

La@C~0 697 
La@C82 699 

La@cq 0 697 
lanthanide 
- contraction 222, 233, 624, 625 

- dimers 680, 681 

see also individual elements, e.g. Gd 2 
- - binding energies 682 
- ground state 612 

- ions, hydrated 700-703 
- monofluorides 677-680 
- - binding energies 679 

- - spectroscopic constants 678, 680 
- monohydrides 655-659 
- - binding energies 657, 658 

- - spectroscopic constants 656, 659 
- monoxides 
- - binding energies 661 
- - population analysis 665 

- - spectroscopic constants 662, 667 
- trifluorides, atomization energies 688 
laser 
- 3-level 587 
- 4-level 541 
- cross-section 575 
- - fluorophosphate glass LG 810 575 
- - fiuorozirconate glass (ZrF4, BaF2, LaF3) 575 

- - (LNA) LaMgAIIlO19 575 
- - (NdUP) Nd2PsOl4 575 
- - phosphate glass (PzOs, Na20, K20 , CdO) 

575 
- - silicate glass LG 650 575 
- - tellurite glass (TeO2, Li20 ) 575 

- - Y3AIsO12 (YAG) 575 
- diode pumping 584, 587, 599 
- effect 540 
- - threshold condition 540 
- line strengths 574 
- linewidth 

- - homogeneous 531 
- - natural 520 
- materials 564 
- - figure of merit 564, 565 
- - high-concentration Nd 3 + 566 
lattice deformation 309 
- macroscopic 332, 335 
- microscopic 332, 335 
- parameters 326, 332, 334 
lattice parameters of ThMn12-type compounds 

154-156, 160, 161, 164-167, 170-174, 177, 
179-181, 186, 189, 192-194, 196, 204, 205, 
208, 209, 211-214, 216-218, 220-227, 231-233, 
235-242, 262, 263, 268, 269, 274, 276, 277, 
280, 283 

lattice sums 315, 406, 407 
- for DyVO 4 416 
- for LiTbF 4 416 
- for RES 399 
- for TbF 3 416 



788 SUBJECT INDEX 

layered structure in rare-earth-transition-metal 
multilayers 89 

Leibfried-Schloemann formula 577 
LiDyF 4 318, 323,341,433, 434 
LiErF 4 318, 323, 341,344, 433, 434 
LiHoF 4 319, 323, 344, 418, 419, 424, 426, 427, 

434, 435 
LiLuF 4 350, 353 
LiNbO 3 573 
LiNdNbO 4 573 
LiNd(PO3)4 573 
LiNdP4012 (LNP) 566 
LiRF 4 302, 323-325, 338, 339, 350, 419, 433 
LiTbF 4 304, 319, 323, 344, 354, 404, 405, 415, 

419, 424, 433, 435, 439 
LiTmF 4 300, 318, 323, 338, 350, 353, 355, 356, 

362, 364, 388-390, 392, 393,396-399 
- longitudinal magnetostriction 356 
Li(Y, Nd)F 4 573 
LiYF4 304, 434 
LiYF4:Er 3+ 532, 533, 591 
LiYbF 4 304 
ligand field theory 614, 650 
linewidth, s e e  laser linewidth 
LnAg5.4In6. 6 206 
LnCO 703 
LnPsOI4:Tb 3+ 570 
local deformation 396, 462 
- in LiTmF4:Lu 3+ 399 
- in LiTmF4:Nd 3+ 399 
- in TmVO4:Lu 3+ 461 
- in TmVOa:Tb 462 
- in TmVO4:Tb 3+ 461 
local magnetic field 331,402, 483 
- at 19F in LiTmF 4 371 
- at protons in TreES 370 
- fluctuations 367, 456 
- -  rateT-,'r e 378, 456 
local moment of Fe in ThMn12-type compounds 

257 
longitudinal relaxation 453, 455 

s e e  a l s o  spin-lattice relaxation 
- mechanisms 379 
- of 1H in TbES and DyES 454 

protons in TbES and DyES 453 
- rate T1 1 379, 455 
Lorentz field in dielectric compounds 315, 331, 

402 
low-field electroluminescence of Er 3 + 595 
Lu-Cu-AI 154 
LuAsO 4 305 
LuAu 682 
- spectroscopic constants 683 
LuC82 700 

LuColoMO2 237 
LUl.o3 ColoMOl.94 237 
LuCr4A18 164 
LuCr6A16 191 
LuCu4A18 180, 182 
LuCu6A16 196 
Lu 2 dimer 681 
LuF 677 
LuFe4A18 174 
LuF%A17 186, 187 
LuFelo_xAlxSi2 284, 285 
LuFeloCr 2 232 
LuFexGalE-x 205 
LuFel2_xMOx 236 
LuFel2_ xRe2 242 
LuFeloSi2 207, 209 
LuFel2 _ xTix 214 
LUFellTiC1 -x 262 
LuFe12_xVx 226 
Lull 655 
LuMn4A18 167 
LuO 661,663 
LuPO 4 351 
LuZn12 161 
Luttinger Tisza method 407, 421 

MBE (molecular beam epitaxy) 
- GaAs:Er 3+ 595 
- layers 594 
MCSCF (multi-configuration self-consistent field) 

635 
ME, s e e  M6ssbauer effect 
MFA (molecular-field approximation, mean-field 

approximation) 252, 254 
- in dielectric compounds 414, 415, 417, 423, 

426, 430, 469 
- in ThMnlz-type compounds 253 
MMFexGal2_ x (MM=mischmetal) 204 
MO-LCAO (molecular orbitals by linear 

combination of atomic orbitals) 635 
MRCI (multi-reference configuration theory) 635 
MRPT (multi-reference perturbation theory) 635 
MS-LCAS (molecular spinors by linear 

combination of atomic spinors) 635 
MVM, s e e  magnetic valence model 
magnetic anisotropy 199, 276 
magnetic circular X-ray dichroism measurements 

(MCXD) 89, 113 
s e e  a l s o  interfacial magnetism 

magnetic cooling, s e e  nuclear magnetic cooling 
magnetic coupling in ThMn12-type compounds 

150 
magnetic hysteresis in ThMnlz-type compounds 

185 
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m a g n e t i c  o rde r  

- in meta l l i c  n a n o s t m c t u r e s  

- - c-axis  m o d u l a t e d  ( C A M )  10, 14, 31, 54  

- - e f fec t  o f  epi taxial  s t rain 5, 30, 31 

- - f e r r o m a g n e t i c  12, 22 

- - f ie ld- induced  52 

- - hel ical  10, 14, 55 

- - l an thanide  e l emen t s  4, 7, 10, 11 

- - l u t e t ium alloys 10, 25 

- - p ropaga t ion  th rough  n o n - m a g n e t i c  layers  4, 

39, 50  

- - y t t r i um alloys 10 

- in ThMn12- type  c o m p o u n d s  163, 182 

m a g n e t i c  o rder ing  

see  also N & I  t empe ra tu r e  

- in d ie lect r ic  c o m p o u n d s  407,  458,  468 

- - e l e c t r o n - n u c l e a r  r e g i m e  469  

- - e lec t ronic  r e g i m e  414,  469  

- - nuc lea r  r e g i m e  414  

m a g n e t i c  phase  d i a g r a m  T(x, M )  for  ThMn12- type  

c o m p o u n d s  252 

m a g n e t i c  proper t ies  

see  also coercivi ty ,  e n e r g y  product ,  f e r romagne t i c  

t ransi t ion,  f e r romagne t s ,  hysteresis  loops,  

and in ter rac ia l  m a g n e t i s m  

- o f  d ie lect r ic  c o m p o u n d s  346 -471  

- o f  meta l l i c  nanos t ruc tu res  10-14 ,  19-73  

- o f  r a re -ea r th - t r ans i t i on -me ta l  mul t i layers  

8 1 - 1 4 0  

- o f  T h M n l 2 - t y p e  c o m p o u n d s  1 5 7 - 2 8 6  

- - f e r r imagne t i c  o rde r  188 

- - f e r r i m a g n e t i s m  176, 200  

- o f  Van  V l e c k  p a r a m a g n e t s  3 4 6 - 4 0 2  

m a g n e t i c  s t ruc ture  

- in d ie lect r ic  c o m p o u n d s  407,  4 1 8 - 4 2 0 ,  422 

- - in H o V O  4 402  

- - in R B a 2 C u 3 0 6 +  x 421 

- in ThMn12- type  c o m p o u n d s  149, 159, 178, 190 

- G d M n l 2  159 

m a g n e t i c  suscept ib i l i ty  175, 178, 182 

- C u r i e - W e i s s  t e m p e r a t u r e  in L iRF  4 403 

- Cur ie  cons tan t  in L i R F  4 403 

- Van V l e c k  3 4 1 , 3 4 7 ,  362,  372 

m a g n e t i c  t ransi t ions,  see  f i rs t -order  magne t i za t ion  

process ,  m a g n e t i c  order ing ,  m e t a m a g n e t i c  

t ransi t ion,  and N r e l  t empe ra tu r e  

m a g n e t i c  va l ence  252,  2 5 9 - 2 6 1  

- m o d e l  259,  260  

m a g n e t i s m  in T h M n l 2 - t y p e  c o m p o u n d s ,  

cont r ibu t ion  o f  f -e lec t ron  e l e m e n t  195 

magne t i z a t i on  

- in d ie lect r ic  c o m p o u n d s  336,  349,  386,  422 

- - e a sy  axis  403,  471 

- - e a sy  p lane  408  

- - e lec t ronic  3 3 1 , 3 4 7  

- - f o r T m P O  4 359 

- - nuc lea r  347 

- - sa turat ion 439 

- - spontaneous  404,  430,  435 

- in r a re -ea r th - t r ans i t ion-meta l  mul t i layers  

- - compensa t i on  poin t  91, 96, 101 

- - dis tr ibut ion in mul t i l ayers  116, 117 

- - layer- thickness  dependence  

- - - for  Dy /Co  mul t i layers  96  

- - - for  Dy/Fe  mul t i layers  9 1 - 9 4  

- - - for  Tb/Fe  mul t i layers  101-103  

- - or ientat ion o f  m a g n e t i c  m o m e n t s  in 

mul t i layers  136 -138  

- - t empera tu re  d e p e n d e n c e  

- - - for  Dy /Co  mul t i layers  99, 100 

- - - for  Dy/Fe  mul t i layers  94, 95 

- - - for  Tb/Fe  mul t i layers  101 -105  

- - total and subne twork  magne t i za t i ons  116, 

117 

- in T h M n l 2  c o m p o u n d s ,  nega t ive  199 

magne t i za t ion  reversa l  in ra re -ear th - t rans i t ion-  

me t a l  mul t i layers  86, 125, 140 

- m i c r o m a g n e t i c  calculat ion 132, 133 

- m o d e l  o f  1 3 0 - 1 3 2  

- on  Dy/Fe  mul t i layers  128 -130  

- on  Tb/Fe mul t i layers  126 -128  

magne toc rys t a l l i ne  anisot ropy in ThMn12- type  

c o m p o u n d s  257 

- e n e r g y  284 

- total 284 

magne toe la s t i c  d o m a i n s  in meta l l ic  nanos t ruc tu res  

2 2 - 2 4 ,  62 

magne toe la s t i c  effects  in die lectr ic  c o m p o u n d s  

329, 332,  428 

- changes  o f  acoust ic  w a v e  ve loc i ty  in a m a g n e t i c  

field 357,  358, 435,  439  

- - in L iTbF  4 439 

- A E - e f f e c t  361 

- two-par t ic le  m e c h a n i s m  o f  332, 335,  430,  436 

magne tos t r i c t ion  

- in die lectr ic  c o m p o u n d s  336 

- - induced  ( forced)  360,  3 6 1 , 4 2 9 ,  437 

see also paras t r ic t ion 

- - - s ample  shape  dependence  433, 438 

- - longi tudinal  355,  432,  434,  436  

- - - d ipolar  f e r r o m a g n e t s  436  

- - - in L i T b F  4 4 3 6 - 4 3 8  

- - - in L i T m F  4 355 

- - - in T m P O  4 355 

- - optical  de tec t ion  o f  356 

- - spontaneous  336, 408,  434  

- - t ransverse  355 

- - - in L i T m F  4 and T m P O  4 355 
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magnetostriction (cont 'd)  

- in metal l ic  nanostructures 3, 13, 14, 20, 22-24,  

37, 54, 59, 61 
- in ThMn12-type compounds 195 

many-body perturbation theory 635 

marginal  dimensionali ty 423 

materials for CW lasers 565 

maximum ground-state splitting of  419/2(Nd3 + ) and 

crystal-field strength 573 

maximum phonon frequency in lasers 544, 578 

M(cp*)2 690 
mean-field approximation, see  MFA 

mechanical  alloying 264-266 

Melamed's  theory 567 

melt-spinning 265 

metamagnetic  transition 

- in dielectric compounds 416, 418 

- in ThMnl2-type compounds 270 

microchip-type laser 567, 599 

Miller  rule 579 

M@C28 696 
- structure 696, 697 

M@C60 697 
- structure 698 

M@C6+ 0 697 
mischmetal  ThMn12-type compounds 206 

mixed crystals (solid solutions) o f  dielectric 

compounds 457 

- dispersion of  Stark splittings 463 

mixed valence behavior in ThMnl2-type 

compounds 163, 175, 182, 202, 234, 286 

MnsA17 189 
mode-locking processes in lasers 579 

mode selection of  an InGaAsP laser by Er 3 + 

absorption 598 

model  potentials 642q548 

molecular  field 

- in dielectric compounds 299, 331, 332, 

4 0 5 4 0 7 ,  443 

- - at protons in TbES and DyES 441 

- - constants 362, 432 

- - transient processes in 445 

- in ThMnl2-type compounds 253 
molecular-field approximation, see  MFA 

Moller-Plesset  perturbation theory 613, 635 

monoxides 6 6 0 ~ 7 6  
Monte-Carlo simulat ion 418, 421 

Mrssbauer  effect 
- Fe moment  orientation 

- - in Dy/Fe 113 
- - in Nd/Fe 113 

- - in Tb/Fe 109 
- in rare-earth-transit ion-metal multilayers 89, 

108-113 

- in ThMnl2-type compounds 168, 169, 175, 

176, 182, 185, 188, 190, 195, 198, 202, 203 

- - experiments 202 

- - - (R,An)Fe4A18 169 

- - - RMn4AI 8 168 
- - hyperfine field 190 

- - investigations 190 

- - results 202 

- - spectra 198, 200 

- interfacial magnet ism determined by 108-113 
multilayer 

see  also superlattice 

- R/transition metal 81-140 

multiphonon 

- assisted pumping 592 

- decays 531 

- nonradiative processes 568 

- order 576 

- processes 544 

- - accepting modes 546 

- - exponential parameter c~ s 544, 576 

- - M a n d / 1  processes 546 

multipole 

- expansion method 614 
- polarizabilities 317, 324 

NA, see  numerical aperture 

ND, see neutron scattering 

n-photon summation 559, 560 

Na0.5 Gd0.sWO4:Nd 567 

Na(La, Nd)(WO4) 2 573 
NaLn(WOa)2:Tb 3 + 570 

Na18Nd(BO3)7 573 
NaZn13-type structure 207, 208 
Nd 3 + 

- -doped li thium niobate optical waveguide 599 

- spectral overlap integral 

- - for diffusion 

- - - Na2Nd2Pb(POa)CI 2 (CLAP) 569 

- - - NdNa(WO4)2 569 

- - - NdPsO14 (NdP.P) 569 

- - - YAG:Nd 569 

- - for quenching 

- - - Na2Nd2Pb(PO4)C12 (CLAP) 569 

- - - NdNa(WO4)2 569 

- - - NdPsO14 (NdP.P) 569 
- - - YAG:Nd 569 

Nd, see  Nd film 

(Nd, La)F 3 573 

(Nd, Y)Fel lTi  251 

Nd,YFel2_xTix 211 
N d - C o - M n  156 
Nd-Cu-A1 147 

Nd-Fe-A1 154 
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Nd-Fe-B derivatives 264 
Nd-Fe-B systems 207, 266 
Nd-Fe-Ga 154 
Nd-Fe-Mo 147 
Nd-Mn-Ni 156 
Nd-Ti-Fe 264 

NdA13(BO4) 3 573 
NdBa2Cu3 O 7 421 
Nd(C2HsZO4) 3.9H20 573 
Nd(CO)n 703 
NdCI 3 344, 417, 538, 572, 573 
NdCI3:6H20 powder 538, 539 

NdCol0Cr 2 258 
NdColoMo 2 236, 237 
NdColo.2Mol.8 252 
NdCollTi 216 

NdColoV 2 258 
NdCo12_xVx 227 
NdCr4AI 8 164 
NdCunAI8 179 
NdxDy 1 _xFeloTi 265 
NdF 3 706 
NdF~- 706 

Nd(Fe, Co)1o.2Mol. 8 252 
NdFeaAI 8 170 
NdaFe14B 263, 267 
NdFelo.2_xCoxMol. 8 237, 238 
NdFell _yCoyTi x 217 

Nd(Felo_xCOx)V 2 227 
NdFe~0Cr 2 232 

NdFelo Cr2-Ndo.67 Bo.33 263 
NdFexGa12_ x 204 
NdFeloMn 2 233 
NdFel2 xMn x 233 

NdFel2_xMox 235 
Nd8Fe82MoÂo 265 
NdFeloRe2 242 
NdFe12_xRe2 242 

NdFel0Si 2 208, 247 
NdFellTi 258 
NdFel2_xTix 211 
NdFeI1TiC1 -x  262 
NdFellTiN x 258 
NdFelz_xV x 224, 229, 230, 234, 251 
Ndfilm 14,25 
[Nd(H20)n] 3+ 702 
NdLaPP 569 
NdMn4A18 166 
5Nd(MoO4)4 573 
NdNbsO14 573 
NdsNd(WO4) 4 573 
Nd(OH)3 344, 417 
NdPsO14 573 
NdPsO14 (NdUP or NDPP) 567 

Nd2S 2 573 
Nd/Y superlattice 65 
N6el temperature of dielectric compounds 420, 

422, 434, 445, 471 
neutron scattering 

- by metallic nanostructures 
- - cross section 10, 40 
- - diffusion model 44 
- -  Dyfilm 11 
- -  Erfilm 11 
- - magnetic satellites 1 I, 12, 41 
- rectangular model 40, 41 

- superlattice harmonics 40 
- by ThMn12-type compounds 157, 168, 169, 

176, 178, 182, 183, 185, 188, 195, 201 
- - polarized 178 
nitrides, SmxFeyN z 266 
nonmetallic compounds, magnetic properties 

295-492 
nonradiative transitions in lasers 544-546 

- nonadiabatic Hamiltonian method 545 
- Nth-order perturbation method 545 

NpCr4A18_ x 163 
NpCr4A18 165 
NpCu4AI 8 181, 182 
NpFe4A18 177, 178 
NpFesA17 189, 202 
nuclear acoustic resonance 377, 386 
nuclear magnetic cooling 399 
nuclear magnetic ordering 401,469 
nuclear magnetic resonance (NMR) of dielectric 

compounds 
- effects of thermal excitations of Ln 3+ ions 377 
- in magnetically-concentrated systems 405, 439 

- lineshape 373, 448, 449 
- - mechanisms of line broadening 373, 377, 

448 
- - second moment 374, 376, 450 
- of 133Cs in Cs2NaHoCI 6 373 
- of 19F 443 

- in LiHoF 4 443 
- - in LiTbF 4 443 
- - in LiTmF 4 371,372 

_ o f l H  

- - in DyES 442 
- -  inTbES 440, 442 
- -  inTmES 370, 372 

- of 165Ho 

- - in Cs2NaHoCI 6 366, 367 
- - in Cs2NaHoF 6 367 
- -  inHoF 3 363, 367 
- - in HoND 367 
- - in HoVO4 363, 366 
- - in RbzNaHoF 6 363, 367 
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nuclear magnet ic  resonance (NMR) of  dielectric 

compounds (cont'd) 
- of  7Li 

- - in LiHoF 4 443 
- - in LiTbF4 443 

- o f  23Na in Cs2NaHoC16 372, 373 

- o f  31P in TmPO 4 372 
- of  141pr 

- - in Cs2NaPrC16 363 

- - in PrA103 363, 365 

- - in PrF 3 363 

- - in Pr(NO3)3:6H20 363 

- - in Pr2(SO4)3:SH20 363 

- - in PrVO4 363 
- of  159Tb in Cs2NaTbCI 6 363 
- of  169Tm 

- - an Cs2NaTmCI 6 363 

- - m LiTmF 4 361 ,363  

- - m Tm3A15012 363 

- - m TmAsO4 363 

- - m TmBa2Cu306+ x 479-481 
- -  m T m E S  363, 368, 376 

- - in Tm3Ga5012 363 

- - in TmPO 4 363 

- - m TmVO4 363 
_ of  51V 

- - in EuVO 4 372 

- - in HoVO 4 372 

- - in PrVO 4 372 

- in TmVO 4 372 

numerical  aperture of  fibers 582, 584 

(OH)-  538, 539, 577 

occupational preferences in ThMnlz-type 

compounds 156, 157 

one-center-expansion 634 

optical confinement 581 

optical fibers 580 

orbit-latt ice interaction in dielectric compounds 

329, 337 

see also electron-phonon interaction 

and electron~teformation interaction 

orbital 632 

- contraction 614-622 

- destabilization 614~522 
- expansion 614-622 

- stabilization 614-622 
orbital ordering in dielectric compounds 330, 

409, 428, 458 
order parameter in dielectric compounds 332, 

334, 422, 459 

orthocobaltites, RCoO 3 418 
oscillator strength 542 

- Ca10(PO4)F 2 (5FAP) 575 

- Nd2PsO14 (NdUP) 575 

- Y3AIsO12 (YAG) 575 
output coupling 564 

overlap integral 314, 317, 322, 568 

oxychlorides, ROC1 410-412,  420 

oxyselenides, R202Se 410-412,  418 

oxysulfates, R202SO 4 410-412,  418 

oxysulfides, R202S 410-412, 418 

PDFFA (Pr 3 +-doped fluoride fiber amplifier) 590 

paramagnetic shift in dielectric compounds 298, 

348, 362, 369, 378 

parastriction in dielectric compounds 354, 

429-431,433,  434 

partition function 253 

Pauli equation 614 

Pauli Hamiltonian 637 

Pauli spin matrices 631 

Pauling model 683 

PbMoO 4 573 
Pekarian function 547, 548 

perpendicular magnetic anisotropy (PMA) in R/T 

multilayers 119 

- anisotropy analysis for Dy/M (M=Ta,  Cu and 
Y) multilayers 125 

- magnetic interactions 87, 88, 119, 121-124, 

139 

- model analysis for Dy/Co and Tb/Fe multilayers 

124 

- origin of  94, 99, 119-121, 125, 139, 140 

- PMA analysis for Gd/T (T = Co, Fe) multilayers 

125 

- PMA model 121-124 

- structural anisotropy 99, 119, 125, 139 

phase diagrams of dielectric compounds 460, 464 

- DypGd l _ p V O  4 467 

- DyPpV l _ p O  4 469, 471 
- DypTbl_pVO4 466, 467 

- DyVpP l _ p O  4 470 

- GdpDy l _ p V O  4 467, 470 

- LiHopY l _ p F  4 469, 470 

- LiTbpY l _ p F  4 468 

- TbpDy 1 _pVO 4 467 

- TbpGd l _ p V O  4 467 

- TbpYb l _ p V O  4 467 

- (TmpY 1_p)2(SO4)3 469 
- TmpLul _pVO 4 459, 466, 467 

- TmpTb l _ p V O  4 467 

- YpDyl_pVO4 467 
phosphate glass, KLi 573 

phosphates, RPO4 304, 325, 339, 350, 419 
photoemission spectra 

- for NdCol0Cr 2 258 

- for YCoIoV2 258 
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photon avalanche effect 561,592 
- ASE emission at 850 nm 593 
- anti-Stokes multiphonon sidebands absorption 

563 
- ESA and laser effects 564 
- Er 3 + in a ZBLAN fluoride glass 563 
- LaC13:Pr 3+ 593 
- LiYF4:Er 3+ 563 
- long rise times 562 
- Nd 3+ 561 
- N i  2 +  561 
- nonlinear dependences of  transmission, emission, 

rise time 562 
- Pr 3+ 562 

- pr3+-doped LaCI 3 and LaBr 3 561 
- silica glass fibers 562 
- Sm 3+ 561 
- T m  3+:YA103 562 

up-conversion spatial domains 564 
- ZBLAN:Er 3+ 593 
photon echo 526 
photon lifetime in a cavity 540 
photon-trapping effects 550 
- Cr 3+ 550 

Yb 3+ 550 
2-photon up-conversion processes 557 
photothermal experiments 578 
piezomagnetic constants in dielectric compounds 

336 
piezospectroscopic data in dielectric compounds 

338, 339 
planar anisotropy in ThMnlz-type compounds 

216, 217, 236, 242, 266 
polarized ion model 614 
powder ASE (amplified spontaneous emission) 
- applications 540 
- - holography 540 
- - master oscillators for fusion lasers 540 
- - transport of  energy in fibers for medical 

applications 540 
- spatial incoherence 539 
- temporal coherence 539 
pr3+ 

- -doped fluoride fibers 592 
- -doped systems 531 
- electronic states 652 
(Pr, Sm)Fe~6Ga~ 6 202 
Pr-Co-Mn 156 
Pr-Cu-AI 154 
Pr-Fe-Ga 154 
Pr-Mn-Ni 156 
PrA103 306, 365 
PrBa2Cu306+ x 422 
PrBr 3 428 

PrC13 344, 428 
PrCI3.7H20 391 
PrCol0Mo 2 236 
PrCollTi 216 
PrCr4AI 8 164 
PrCu4A18 179 
PrES (praseodymium ethylsulfate) 344, 428 
PrF 3 365, 386, 390, 706 
PrFe4A18 170 
PrFexGa12_ x 204 
PrFes.sGar. 5 206 
PrFelz_xMo x 235 
PrFe10.szRel.48 242 
Prl.64Fe7.zRe4. 8 242 
PrFel0Si 2 207, 208 
PrFe12_xTix 211 
PrFelITiC1 -x  262 
[Pr(H20)n] 3+ 702 
Pr 3+:LaC13 562 
PrMn4A18 166 
Pr(NO3)3.6H20 391 
PrO 676 
Pr(OH)3 344, 428 
Pr2(SO4)3.8H20 364, 391 
PrTFMS (Pr trifluoromethane sulfonates) 344, 

428 
PrVO4 363, 366, 372, 391,400 
preferential occupation in ThMnlz-type compounds 

156, 157 
primogenic repulsion 618 
pseudopotential method 613 
pseudopotentials 642-648 
- comparison for Ce 655 
pseudoquadrupole interaction in dielectric 

compounds 348, 369 
pseudospin Bloch vector 519 
- two-level system 517 
pseudospin operators in dielectric compounds 

340, 342, 360, 460 
pumping sources for the Nd 3+ :YAG laser 
- iodine tungsten lamp 584 

laser diode 584 
- rare gas arc lamp 584 
pyrogermanates, R2Ge207 418 

Q-switching 579 
quadrupole interaction in dielectric compounds 

310, 372 
quantized electromagnetic field 515 
quantum efficiencies 543 
quantum electrodynamics 629, 634 
quantum wells 594 
quantum yield 544 
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quasi-laser-like emissions of powders 539 
quasirelativistic methods 638-640 

(R, An)Cu4A18 178 
(R, An)Cu6A16 195 

- magnetic investigations 195 
- M6ssbauer experiments 195 
(R, An)FexAlt2_ x 195 
(R, An)FeaA18 169, 175 
(R, An)Fe 5A17 190 
(R, An)Fe6A16 190 
(R, An)FesAl7-type compounds 185 
(R, An)FexA112_ x systems 169-178, 197 
(R, An)MI2 157, 158 
(R, An)M 4A18 163 
(R, An)MrA16 190 
(R, An)MnaA18 163 
(R, An)T4A18 153 
(R, An)TI2_xM x 157 
(R, An)TxM12_x-type compounds 162 
(R, U)Mn6A16 190 
R-Fe-Mo 156 
RBa2Cu306+ x 420, 479 
- critical temperature 473, 476 
- crystal electric field 479 
- CuO chain fragments 473,475, 485, 487 
- Meissner fraction 473 
- mesoscopic phase separation 471 
- mesoscopic structure 477, 478 
- ordered phases 473, 475, 477-479 
- oxygen diffusion 473, 475 
- - coefficient 475, 489 
- oxygen ordering 471,475-477 
- paramagnetic centers (copper-oxygen complexes, 

clusters) 488, 490 
- room-temperature annealing 476 
- structural transformations 473 
- superconducting transition 472, 475 
- superconducting volume fraction 472, 478, 

481,483, 490, 491 
RBr 3 410-412, 416 
RC13 410-412, 416 
RCol0Si 2 210 
RCol0V 2 229 
RCr4A18 163 
RCrrA16 190 
RCu4A18 182 
RCu6A16 195 
R 2 dimers 680, 681 
R-doped fibers for amplifiers and lasers 580 
R-doped light-guiding active medium 599 
R-doped planar waveguide amplifier and laser 

system 599 
R-doped semiconductors 594, 597 

- oxygen impurities 598 
RES (rare-earth ethylsulfate) 323 
RF 677-680 
RF 3 304, 410-412, 415, 706 
RF~- 706 
RFe 2 160 
R2Fe17 270 
R8(Fe , Co)76(g/Ivlo)16 264 
R(Fe, Co)12_xTix alloys 229 
R(Fe, Co)10V2 229 
R(Fe, Me)12C 263 
RFexAll2_ x 198 
RFe4A18 169, 175 

- magnetic susceptibility 175 
RFesAI7, Fe atom distribution 154 
RFe6AI6, Fe atom distribution 154 
RFesAlT-type aluminides 

- lattice parameters, magnetic properties 
- Mrssbauer and neutron diffraction data 
R2Fe14B 270 
RFell_xCoxTi alloys 221 
RFel0Cr 2 233, 248, 249 
RFexGal2_ x 202 
RFe6Ga 6 203 
RFel0-11Ga2-1 203 
RFe~6Ga~6, energy products 202 
RFel2_xMx 245, 270 
RFeIoMo 2 155, 233, 234, 250 
RFe10Re 2 156 
RFel0Si 2 155, 207, 247, 268 
RFel0SiC x 262 
RFelo.9Til. 1 216 
RFellTi 221,247, 248, 251 
R8Fe64Ti 8 264 
RFel0Ti alloys 265 
RFel0.gTiH systems 222 
RFellTi-type 220 
RFellTiCl -x  262 
RFel0V 2 222, 229, 230, 246-248, 252 
RFelz_xVx 245 
RFeloV 2 compounds 157 
RHe 3+ 682 
RKKY interaction 

- in metallic nanostructures 30, 48, 50, 69 
- in ThMnl2-type compounds 182, 243 
RMO 4 304, 322 
RMR (rejection mode ratio) in lasers 597 
RM10Ti 2 210 
RM12_xVx 222 
RMn4AI 8 

- mixed-valent state 168 
- unit cell volume 168 
RND (rare-earth nicotinate dihydride) 444 
RO 660~576 

186 
187 
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R sublattice 249 
RTFMS (R trifluoromethane sulfonates) 343,409, 

416 
RTI2_xMx 240 
RTil. 1Fel0.9 220 
RTiFe10.25 C0.25 261 
RX 2 685 
RX 3 685 
RX 4 685 
RX n 

- atomization energy 687 
- geometry 686, 687 
- ionization potential 686 
RZn 2 160 
RZnl2 161 
Rabi frequency 522 
radiative damping constant 526 
radiative lifetime 520 
- T 1 524 
random magnetic anisotropy (RMA) in metallic 

nanostructures 36, 37, 70 
rapid quenching of  ThMn12-type compounds 264, 

265 
rare-earth cuprates 323, 325 

s e e  a l s o  RBa2Cu306+ x 
rare-earth (R) ion systems 531 
rare gas compounds (RHe 3 +) 682 
Rb2NaHoF 6 305 
Rb2NaRF 6 305, 306 
Rb2NaTbF 6 364 
R(cp) 3 690 
relativistic effects 609, 614, 616, 617, 619, 627 
- Au, Hg, Eka-Au, Eka-Hg 626 
- binding energy 620 
- bond energies 621 

bond energy changes 622 
- bond lengths 619, 620 
- direct 615 
- excitation energies 618 
- indirect 615 
- interpretation 619 
- ionization potentials 618 
- orbital energies 616 

- (r) expectation values 616 
- spatial origin 617 
relativistic many-electron Hamiltonians 629 
relaxation time, s e e  Bloch longitudinal a n d  Bloch 

transverse relaxation times 
resonant radiative transfer 550 
R@Cn 695-700 
Russell-Saunders , 257 

SF theory, s e e  spin fluctuation theory 
SG, s e e  spin glass 

SHG (second-harmonic generation) 557 
SRT (spin-reorientation transition) in ThMnl2-type 

compounds 175, 176, 220, 221,229, 240, 243, 
247-252 

- influence of pressure 252 
- temperature 175, 207, 230, 231,246, 251,276 
ScFe6Ga 6 203 
ScFe6Ga6-type structure 202 
scalar crystal field parameter 571 
Schr6dinger equation 615, 629 
Sc@C82 700 
self-consistent field 330, 331,460, 462, 633 
self-consistent spin-polarized calculations 254, 

255, 258 
self-doubling visible lasers 580 
self-focusing effect 580 
self-quenching 564, 565, 567, 568, 570, 571 

- linear behavior with N 569 
- quadratic dependence on N 569 

rate RQ of Nd 3+ (4F3/2) and Tb 3+ (5D3) 
- - LnPsOl4 570 
- - NaLn(WO4) 2 570 

resonance condition 572 
Sellmeier formula 578 
semiconducting III-V compounds doped with R 

594 
semirelativistic approximation 254 
sesquioxides, R203 420 
shell structure effects 627 

Au, Hg, Eka-Au, Eka-Hg 626 
short-range order in ThMn~z-type compounds 

188 
- ferrimagnetic t 88 
- magnetic 255 
silica and fluoride fibers 584 
silicate flint glass 573 
silicon-based optoelectronic devices 599 
single-crystal metallic nanostructures 1-76 
single crystals of ThMnlz-type compounds 169, 

175, 176, 178, 207, 243, 248, 249 
single-mode semiconductor lasers by coupling to 

R-doped insulators 594 
singlet magnetism 409 
Stater determinant 632 
slope efficiency of lasers 564 
Sm-Co-Mn 156 
Sm-Cu-Ga 154 
Sm-(Fe, Co)-V 265 
Sm Fe-A1 154 
Sm Fe-Ga 154 
Sm Fe-T systems 265 
Sm-Fe-Ti alloys 264-266 
Sm-Fe-Ti derivatives 263 
- ribbons, magnetic properties 264 
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Sm-Fe-V 265 
Sm-Mn-Ni 156 
SmColoMO 2 236, 237 
SmCo11Ti 216 
SmCo12_xVx 227 
SmCrnA18 163; 164 
SmCu 4A18 179 
SmFe12 160, 161 
Sm(Fe, A1)12C 263 
Sm(Fe, Co)llTi 265 
Sm(Fe, Cu)12C 263 
Sm(Fe, Ga)12C 263 
SmFe2, hysteresis loop 160 
Sm(Fe, T)I 2 265 
Sm(Fe, V)I2C 263 
SmFenA18 170 
SmFesA17 185-187 
SmFe8Co2Mo 2 237 
SmFelo_xCoxSi 2 210, 247 
SmFesCo3Ti 247 
SmFelo.8_xCoxTil.2 247 
SmFell _yCoyTi  x 217 
Sm(Fell _ xCox)Ti 221 
SmFell _xCoxTi 246 
SmloFesoCo3oTilo 266 
Sml0Fe7oColoTilo 266 
SmFes.sCo2 V1. 5 227 
SmFe9.sCoV1. 5 227 
SmFeloCr 2 232 
SmFexGa12_ x 204 
SmsFe75Ga2Ti8V8 264 
SmsFe75.5Gao.5Ti8V 8 264 
Sm8Fe76GaTisV 8 264 
SmFe12_xMox 235 
SmsFesoMo12 265 
Sm8Fe82MOlo 266 
(Sm12Fe78MOlo) 266 
SmloFesoMosTis 266 
SmFe12_xRe2 242 
Sml.2FeT.5 Re4. 5 242 
SmFeloSi 2 157, 208 
SmxFeyTi z 265 
SmFeloTi 245 
SmFeNTi 157, 248 
SmFeN.75Til.o4 265 
SmFel2_xTix 211,212 
Sm8Fe83Ti9 264 
Sm19Fe73Ti 8 266 
Sm2oFe7oTilo 266 
Sm26Fe64Tilo 266 
SmFellTi-alloy 265 
SmFelo.8TiL2B x 263 
SmloFesoTiT.sB2. 5 265 
Sm8 Fe76Ti7 CrV 8 264 

Sm8 Fe76Ti7MoV 8 264 
Sm8 Fe76Ti7NbV8 264 
Sm8 Fe76Ti8V 8 264 
Sin8 Fe76Ti7~cVV8 264 
Sm8 Fe76Ti6Zr2V 8 264 
Sin8 Fe76Ti7ZrV 8 264 
SmFeI1TiC1 -x 262 
SmFeloTiCr 232 
SmFeloTiMn 233 
SmFeloTiV 224 
Smo.89FeloV 2 264 
Smo.95FeloV 2 264 
SmFe12_xVx 224 
Sm12Fe73VI5 266 
Sm15FeToVI5 266 
SmFe12_ xWx 241 
(SmH(cp)2) n 689 
SmMn4AI 8 166 
Sm pseudoternaries in ThMn12-type compounds 

210 
SmloSi 2 209 
SmTil.1Felo.9 220 
SmZn12 161 

- electric resistivity 162 

Sm(cp) q+ 689 
sol-gel method 577 
space groups of the lanthanide compounds 

410-412 
sparkle model 651,704 
specific heat 
- of dielectric compotmds 422, 469 
- of lasers 578 
- ThMnl2-type compounds 183 
spectroscopic quality parameter 575, 577 
spherical operators 308, 316 
spherical polynomials 307, 315, 316 

see also Stevens operators 
spin echo 377, 405, 441,444, 448, 486 

- decay 448, 486 
- shape 442, 448 
spin fluctuation (SF) theory 257, 258 
spin glass 
- in dielectric compounds 469471 
- in ThMn12-type compounds 176, 178, 185, 

188, 199, 200 
spin~Hamiltonian 340, 387, 389, 414, 426, 430, 

479 
- nuclear 348, 363, 369 
- parameters 344, 390, 391,480 
spin-lattice relaxation 379, 383-386, 392-396, 

405, 453, 455, 456, 471,484, 487 
- of Ce 3+ in LiTmF 4 393 
- of Er 3+ inTmES 393 
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- of 19F in LiTmF 4 385 
_ of Nd 3+ 

- - in LiTmF 4 393 
- - in TmES 393 
- of 141pr in Pr2(SO4)3.8H20 382 
- of protons in TbES and DyES 454 
- o fTb 3 + inTmES 393 
- of 169Tm 

- - in LiTmF 4 382, 385 

- - in TmBa2Cu306+ x 484, 489 
- - in TreES 382, 383, 400 
- - in TmPO 4 382 
- - in TmVO4 382 
- of Yb 3÷ in LiTmF 4 393 
spin-polarized band calculations in ThMn12-type 

compounds 254, 257, 258 
s e e  also  band-structure calculations 

spin-polarized DOS (density of states), s e e  DOS 
spin-reorientation transition, see  SRT 
spin slip in metallic nanostructures 13, 25 
spin structure in ThMn12-type compounds 188 
spin-orbit coupling 257, 647 
spin-orbit effects 613 
spin-phonon interaction 341,381 
- for Dy:LiRF 4 433 
- for Er:LiRF4 433 
spin-rotational interaction 341 
spin-spin relaxation 378, 405, 453, 456 

spinor 632 
spontaneous emission 519, 522, 534 

- amplified by stimulated emission, s e e  ASE 
- damping 523 
- damping of the Rabi oscillation 522 
- probability 521 
spontaneous lifetime 526 
Stark spectrum 317 
Stark splitting 571,572 
Stevens factors 243 
Stevens operators 223, 307 

equivalents 249 
stoichiometric laser 599 
- materials 567 
- minilaser 567 
Stokes' law 590 
stress tensor 311 
strong- and weak-quenching materials 568 
strong exchange limit in ThMnl2-type compounds 

244 
strong hysteresis effects in ThMn12-type 

compounds 202 
sublattice anisotropy in ThMnl2-type compounds 

225 
sublattice displacements in dielectric compounds 

309, 327, 335, 356, 357 

substrate for metallic nanostructures 17 
sulfates, hydrated 409 

superconducting volume fraction 487 
superconflguration model 627-629 
superfluorescence 512, 523, 527 

- applications 536 
- - coherent sources for X-rays and ~-rays 536 
- - noise figure below the spontaneous emission 

noise limit 536 
- - triggering spectroscopy 536 

- Arecchi-Courtens cooperation time 530 
- conditions for SF 530 
- critical cooperation distance 530 
- delay 529 

escape time 530 
- initial tipping angle 529 
- KBr:O] 532 

- KCI:O~ 532 

- KI:O~ 532 
- large-absorption condition 530 
- LiYF4:I%Er 3+ 533 
- LiYF4:Er 3+ 534, 535 
- ½7r pulse 527 
- rr pulse 527 
- R-doped system 533 
- R ions 531 
- self-organization 529 
- self-organized superradiance 527 
- threshold length 530 
superfiuorescent lifetime 528 
superhyperfine interaction 307, 311,443 
superlattice 4, 6 

s e e  also Dy/Lu, Dy/YDy, Dy/Y, Dy/Zr, Er/Y, 
Gd/Dy, Gd/Y, Ho/Er, Ho/Lu, Ho/Y, a n d  Nd/Y 

epitaxial 3, 16, 39 
metallic R-R nanostructures 39-71 

superposition model 338 
superradiance 512, 523, 525 

- active superradiance 525 
- limited superradiance 525 

- macro dipole 525 
microcavity 528 

- passive superradiance 525 
- R ions 531 

reaction field 525 
strong superradiance 525 

- YAG:Nd 533 
superradiant lifetime 526 
susceptibility 

- conduction electron 8, 9 
- diamagnetic 481, 49I 

dielectric 426~428 
- dynamic 405 
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susceptibility (cont'd) 
- magnetic 168, 336, 346, 358-362, 371,378, 

402, 416, 422-424, 444, 469 
- multipolar 353 
- non-local 8 
- single-ion 333,426 
- third-order 359 

TFMS, see trifluoromethane sulfonates 
(Tb, U)FeloSi 2 286 
Tb-Fe-Ga 154 
TbAsO 4 305, 319, 322, 345, 415, 417, 419, 458 
Tb(BrO3)3.9H20 415 
TbColoMo2 236 
Tbl.o3COloMOl.94 236 
TbCollTi 216 
TbCo12_ xVx 227 
TbCr4AI 8 164 
TbCu7-type phase 265 
TbCu4AI 8 179 
TbCu6A16 196 
TbES (terbium ethylsulfate) 299, 319, 323, 344, 

405, 407, 415, 417, 439-442, 448, 449, 452 
TbF 3 305, 415, 424 
TbF~- 706 
TbFelo.8_ x 252 
TbFexA112_ x 198, 199 
TbFe4A18 171 
TbFesA17 186-188 

- neutron diffraction 186, 188 
TbFe6AI 6 192 
TbFelo.8_xCoxW1.2 240, 252 
TbFelo.8_xCOxWl. 2 241 
TbFelo.8_ xCOxW 2 240 
TbFeloCr2 232, 250, 251 
TbFexGal2-x 204 
TbFeloMo2 250 
TbFe12_ xMox 236 
TbFel2_xRe2 242 
TbFeloSi 2 208 
TbFellTi 248, 250 
TbFe12_xTix 213 
TbFeHTiC1 -x 262 
TbFelo.sV1.5 248 
TbFel2 xVx 225 
Tb3Ga5012 415 
TbMnj2 158, 160 
TbMnaA18 167 
TbMn6A16 191 
TbOCI 420 
Tb(OH)3 344, 415, 417 
Tb202SO 4 345, 415 
TbPO4 305, 319, 322, 419 
Tb2(SO4)3.SH20 414 

TbTFMS (Tb trifluoromethane sulfonate) 415 
Tb2Ti207 434 
Tb l_xUxFel0Si2 275, 276 
TbVO4 305, 319, 322, 345, 415, 417, 419, 429, 

458, 466 
TbZn12 161 

- electric resistivity 162 
tellurite glass 573 
ternary actinide AnMsA17 aluminides 
- lattice parameters, magnetic properties 189 
ternary AnFe4Als-type alttminides, lattice 

parameters, magnetic properties 177 
ternary carbides and carbosilicides of various 

types, composition, lattice parameters, magnetic 
properties 262 

ternary miscellaneous compounds with Ti, 
composition, lattice parameters, magnetic 
properties 219 

ternary (R, An)Cr4Als-type aluminides 
- lattice parameters, magnetic properties 164 
ternary (R,An)Cu4Als-type aluminides, lattice 

parameters, magnetic propeties 179 
ternary (R, An)Fe6Al6-type aluminides, lattice 

parameters, magnetic properties 192 
ternary (R, An)M6A16-type aluminides, lattice 

parameters, magnetic properties 191 
ternary (R, An)Mn4A18-type aluminides, lattice 

parameters, magnetic properties 166 
ternary RCol2_xMox compounds, composition, 

lattice parameters, magnetic properties 236, 
237 

ternary RCoHTi-type compounds, lattice 
parameters, magnetic properties 216 

ternary RCo12_xV x compounds, composition, 
lattice parameters, magnetic properties 227 

ternary RCu6Al6-type aluminides, lattice 
parameters, magnetic properties 196 

ternary R(Fe, Co)12_xVx-type compounds, 
composition, lattice parameters, magnetic 
properties 223 

ternary RFe4Al8-type aluminides, lattice 
parameters, magnetic properties 170 

ternary RFell _yCoyTix-type compounds, 
composition, lattice parameters, magnetic 
properties 217 

ternary RFel0Cr2-type compounds, lattice 
parameters, magnetic properties 232 

ternary RFexGal2_x-type gallides, composition, 
structure type, magnetic properties 204 

ternary RFe12_xMnx-type compounds, 
composition, lattice parameters, magnetic 
properties 233 
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ternary RFe12_xMOx-type compounds, 
composition, lattice parameters, magnetic 
properties 235, 236 

ternary RFel2_xTix-type compounds, composition, 
lattice parameter, magnetic properties 211 

ternary RFel2_xWx-type compounds, 
compositions, lattice parameters, magnetic 
properties 241 

ternary RM10Si2-type silicides, lattice parameters, 
magnetic properties 208 

ternary RRh6Al6-type aluminide, magnetic 
properties 197 

tetrafluorides, LiRF 4 302, 323-325, 338, 339, 
350, 419, 433 

Th(C8H8)2, s e e  thorocene 
ThCr4AI 8 165 
ThCr2Si 2 168 
ThCr2Si2-type compounds 163 
ThCu4A18 180, 182 
ThFe4A18 176-178 
ThMnl2-type compounds 

- lattice parameters 154-156, 160, 161, 164-167, 
170-174, 177, 179-181, 186, 189, 192-194, 
196, 204, 205, 208, 209, 211-214, 216-218, 
220-227, 231-233, 235-242, 262, 263, 268, 
269, 274, 276, 277, 280, 283 

- magnetic properties 157-286 
- spin-reorientation transition 247-252 
- structure, description 151 157 
ThMn4A18 167, 168 
ThO 670 

- population analysis 670 
ThO2 684 
thermal conductivity of laser materials 577 
thermal expansion of laser materials 577, 578 
thermal hysteresis in SmFesAI 7 188 
thermal properties of laser materials 577 
thermal stability of the wavelength 597 
thermal variation of optical path in laser materials 

577 
thermoelectric power in CeCu4A18 178 
thermolensing process in laser materials 577 
thermomagnetic effect in DyFe4A1 s 176 
thin films 
- of ThMn12-type compounds 160, 207 
- - SmFel2 160 
- of the metals 14-39 
thorocene (Th(C8H8)2) 689, 690 
tight-binding calculations for ThMnl2-type 

compounds 255 
time-dependent effects in SmFe5AI 7 188 
Tm3AI5OI2 391 
TmAsO 4 319, 322, 364, 392, 429, 458 
TmBa2Cu306+ x 318, 323, 325, 491 

- broadening of Tm NMR line 
- - homogeneous 484 

- inhomogeneous 482, 483, 487 
- crystal electric field 479 
- non-exponential 169Tm relaxation 487, 488 
- oxygen ordering 482, 488 
- paramagnetic centers (copper-oxygen complexes, 

clusters) 487-489 
- room-temperature annealing 489 
TmBa2Cu306. 5 318 
TmBa2Cu408 318 
TmCol0M02 237 
Tml.03 Co10MOl.94 237 
TmCr4A18 164 
TmCu4A18 180 
TmCu6AI 6 196 
Tm 3 + -doped 

- fiber 592 
- halide crystals 561 
Tm 3÷ fluoride fiber laser 592 
TmES (thulium ethylsulfate) 299, 318, 323, 349, 

362, 364, 370, 376, 390, 392, 393 
TmFe4AI 8 173 
TmFesAI 7 186, 187 
TmFe6AI 6 194 
TmFel0Cr2 232 
TmFexGa12-x 205 
TmFe12_xMo x 236 
TmFe12_ xRe2 242 
TmFel0Si 2 209 
T m F e l 2 _ x T i  x 214 
TmFellTiCI -x 262 
TmFe12_xV x 226 
Tm3GasO12 390 
[Tm(H 20),,]3 + 702 
TmMn4A18 167 
TmMn6A16 191 
TmO 676 
TmPO 4 305, 318, 322, 350, 353-356, 359, 361, 

364, 392, 400 
- magnetization 360 
TmVO 4 305, 319, 322, 364, 392, 400, 429, 458, 

461,466 
TmZnl2 161 
transferred hyperfine interaction in dielectric 

compounds 373, 443 
s e e  also  superhyperfine interaction 

transverse relaxation 
- mechanisms 379-386 
- of 1H in TbES and DyES 452 
- of 169Tm 

- in TmBaxCu306+ x 484, 486 
- in TreES 384 

rate T 2- 1 379-386, 456 
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tribromides, RBr 3 410-412, 416 
trichlorides, RC13 410-412, 416 
trifluorides, RF 3 304, 410-412, 415 
trifluoromethane sulfonates, R(CF3SO3)3:9H20 

(RTFMS) 343, 409, 416 
tris(dipivaloylmethanato)(2,2q 6~,2 "- 

terpyridine)europium(III) 705 
turn angle in metallic nanostructures t0, 12, 30, 

31, 48 
- lock-in state I3, 25, 31, 57 
two-level atom 
- nutation frequency 516 
- photon-echo 519 

- ½7r pulse 519 
- 7rpulse 519 
- pseudo-spin Bloch vector 519 
- Rabi equation in the quantized approach 516 
- Rabi frequency 516 
- synchronous exchange between field and atom 

516 

U-Ni-Si 272 
U(C8H8) 2, see uranocene 
UCol0Si 2 157, 246, 268, 270-272 
UCr4A18 163, 165 
UCu4AI 8 180, 182 
UCu4+xA18_ x 154, 183, 185, 195, 286 

- heavy-fermion like behavior 183 
UFexA112_ x 200, 201 
UFe4A18 169, 176178, 286 
UFe4+xA18_x 154 
UFe5A17 188, 202 
UFe6A16 194, 195 
UFesA12Si 2 284 
UFel0_xAlxSi2 283-285 
UFel0_x(Co, Ni)xSi 2 279 
UFe6Co3A1Si 2 279 
UFelo_xCoxSi 2 277, 278, 281 
UFexCu4_xA18 184, 185 
UFel0Ge2 273 
UFel0M2 273 
UFeloMo 2 155, 268, 272, 273 
UFelo_x(Ni, Co)xSi 2 281 
UFe6Ni4Si 2 247 
UFesNi2Si 2 247 
UFel0_xNixSi2 279, 280 
UFel0Re 2 156, 268, 273 
UFel0Si 2 155, 157, 246, 267-273, 284, 286 
UFe12_xSix 156, 267, 269 
UFe10Sil.75Mo0.25 273 
UM10 M~ compounds 273 
- lattice parameters, magnetic data 268 
UMnxA112_ x 168 
UMn3AI 9 168 

UMn4A18 t67, 168 
UMn4+xAA18_ x 154 
UMn4+xAIs_ x 195 
UMn6A16 191 
UMn4+xA18_x, range of homogeneity 183 
UNi9.sCo0.5Si 2 281,282 
UNil0_xCoxSi 2 281 
UNisCu2Si 2 282 
UNigCuSi 2 283 
UNi2Si 2 272 
UNil0Si 2 157, 185, 268, 271,272, 281-283 
UT10Si 2 270 
U l_xYxFeloSi2 274, 275 
U@C28 696, 697 
U@C60 697 

U@C~o 697 
up-conversion 549, 555, 558 
- 2-photon up-conversion comparison 557 
- APTE (Addition de Photon par Transferts 

d'Energie) effect 556 
- cooperative effects 556 

- distinction between APTE and cooperative 
effects 560 

- line-narrowing effect 559 
- n-photon 557 
up-conversion lasers 590~92 
- diode-pumped 591 
uranium ThMn12-type compounds 154 
uranocene (U(CsHs)2) 689 

valence-electron method 641 
valence of cerium ThMn12-type compounds 152 
Van Vleck paramagnets 298, 318, 346-402 
- EPR of impurity lanthanide ions 388, 390 
- - Ce 3+ 390 
- Dy 3 + 390 
- - Er 3+ 390 
- - Gd 3÷ 391 
- - Nd 3+ 390 
- - Yb 3+ 390 
- magnetostriction in 354 

NMR in 363,372 
see also nuclear magnetic resonance 

Van Vleck susceptibility 341,347, 362, 372 
vanadates, RVO 4 304, 325, 339, 419, 460 
vapor-deposited Er 3 ÷ -doped glass waveguide 599 
variational collapse 633, 635 
Vegard's law for ThMn~2-type compounds 233, 

238, 267, 275, 279 
vibronic reduction in dielectric compounds 330, 

343 
vibronics 544, 546 
volume density of cavity modes 541 
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WO4Ca 573 
wave functions of Ln 3 + ions in crystal fields 320 
wave vector, see turn angle 
wavelength division multiplexing (WDM) 588 
weak CEF 182 
weak ferromagnetism 176 
Weisskopf-Wigner damping 519 
Wood-Boring Hamiltonian 638-640 

XANES (X-ray absorption near edge structure) of 
ThMnl2-type compounds 175 

XPS-3d core level spectroscopy of ThMn12-type 
compounds 175 

X Y  model of dielectric compounds 346, 417, 428 

Y-Co-Mo 156 
Y-Fe Cr 156 
Y-Fe-Ga 154 
Y-Fe-Mo 156 
Y-Fe-Ti 156 
Y-Fe-V 156 
YAG (Y3A15012) 569, 572, 576 
YAG:Er 3+ 585 
YAG:Nd 567 
YALO (YA103) 576 
YA103(La, Nd) 573 
Y3AIsO12(La, Nd) 573 
YBa2Cu306+ x 478, 483, 490 
YBa2Cu408 475 
YColoCr 2 232 
YColoMo 2 236, 237 
YColo.sMol. 5 246 
Yl.o3COloMOl.94 236 
YColoSi 2 209, 258, 272 
YCollTi 216, 244 
YCOloV 2 255, 258 
YCol2_xVx 227 
YCr 4A18 164 
YCu4A18 179 
YES (yttrium ethylsulfate) 302 
YFel2 161,256, 259 
Y(Fe, Co)~2_xTx 259 
Y(Fe, V)I 2 259 
Y(Fe 1 _yCoy)12_xMox 237 
Y(Fel _xCox)io.8Rel.2 242 
Y(Fe I _xCox)loSi2 210 
Y(Fe 1 _xCox)lo.8WL2 241 
Y(Fel _xNix)HTi 219 
Y(Fel _xSix)H Ti 219 
YFexAll2_ x 200, 201 
YFeaA18 169, 170, 175, 176, 200 
YFesA17 186, 187 
YFe6AI 6 192, 200 
YFelo.5_ xCOxMO~. 5 238, 252 

- magnetic phase diagram 239, 252 
YFel0_xCoxSi 2 210, 278 
YFel0.8_ xCoxTil. 2 247 
YFell _yCoyTi x 217 
YFelo_xCoxV 2 231,246 
YFel0Cr 2 232, 233, 254-256 
YFexGal2_ x 204, 206 
YFe~2_xGa x system 203 
YFe12_xMx 256 
YFel2_xMn x 233 
YFe8Mo 4 258 
YFe9Mo 3 258 
YFe~0Mo 2 273 
YFel0.sMol.5 246 
YFellMo 258 
YFe12_xMox 235, 258, 259 
YFell _xNixTi 222 
YFel0Re 2 246, 273 
YFel0.sRel.2 273 
YFe12_xRe 2 242 
YFel0Si 2 207, 208, 244, 269-271,275 
YFel2_xSi x 269 
YFell _ xSixTi-type 222 
YFeI0.sTil. 2 246 
YFellTi 257, 258 
YFe12_xTix 211,257 
YFellTiCl -x 262 
YFe 1~ TiN 257 
YI -b-cF%Vc 259 
YFeloV 2 244, 246, 254 256 
YFelz_xVx 223, 229, 244, 245, 257 
YFel2_xW x 241 
YMn12 158-160 
YMn4AI 8 166, 168 
YMn6AI 6 190, 191 
YMnlz_xFex-type 233 
YNiloSi 2 157, 272 
YPO 4 305, 350 
YScO 3 576 
Yo.sUo.sNiloSi2 272 
YVO 4 305, 573 
YZn12 161 
Yb 2 681 
Yb 3+, in InP 598 
Yb n+, electronic states 653,654 
Yb-Co-Ga system 206 
Yb-Cu-AI 154 
Yb 3+ Er 3+ system 591 
Yb Fe-Ga 154 
Yb 3 +-Ho 3 + system 591 
YbBazCu307 318, 323 
YbCr4AI 8 163, 164 
YbCu4AI 8 180, 182 
- XPS 182 
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YbCu6A16 195, 196 
YbF 677 

- electronic states 679 
- population analysis 680 
- spectroscopic constants 679 
- spin density 680 
YbF 3 706 
YbF 3- 706 

YbF~- 706 
YbFe4A18 173 
YbFe5A17 186, 187 
YbFe6A16 190, 194, 195 

- M6ssbauer experiments 195 

YbFexGa12_ x 205 
YbH 657 

- electronic states 659 
- population analysis 659 
- spectroscopic constants 659 
- spin density 659 
YbH 2 684 

YbMn4AI 8 167 
YbMn 6A16 191 
YbO 672 

- electronic states 674~576 
- population analysis 673, 675 
- spectroscopic constants 674, 675 
YbVO 4 419 
YbZn12 161 
Y@C82 700 
Young's modulus 351,361 

ZBLAN (Zr, Ba, La, A1, Na fluoride) glass fiber 
- amplifier 589 
- doped with Er 3+ 588 
- doped with Pr 3+ 590 
- doped with Tm 3 + 590 
Zeeman energy in dielectric compounds 310, 

321,342 
Zeeman Hamiltonian in dielectric compounds 

348, 388, 450 
ZrF4-BaF2-LaF3-A1F3-NaF (ZBLAN) glass 585 
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