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Quantum chemical study of 4f\5d excitations of trivalent lanthanide ions
doped in the cubic elpasolite Cs2NaYCl6. Ce3+ to Tb3+
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Wave-function-based ab initio calculations on the lowest states of the 4fn ,4fn−15d�t2g�1, and
4fn−15d�eg�1 configurations of �LnCl6�3− clusters �Ln=Ce to Tb� embedded in the cubic elpasolite
Cs2NaYCl6 have been performed, in an attempt to contribute to a comprehensive understanding of
the 4f →5d excitations of lanthanide ions in crystals. Reliable data are provided on the changes of
bond lengths and breathing mode vibrational frequencies upon 4f →5d�t2g� and 4f →5d�eg�
excitations, as well as on minimum-to-minimum and vertical absorption and emission transitions,
and on the Stokes shifts. The available experimental data are discussed and predictions are made.
The stabilization of the 4f →5d�baricenter� excitation of the doped ions with respect to the
4f →5d excitations of the free ions, which is a key variable for the understanding of these
excitations in solid hosts, is analyzed and found to be due, in two-thirds, to dynamic ligand
correlation effects and, in one-third, to orbital relaxation, charge transfer, and covalency effects
present in a mean-field approximation. © 2005 American Institute of Physics.
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I. INTRODUCTION

The local states associated with the 4fn−15d1 configura-
tions of lanthanide ion impurities in ionic hosts are interest-
ing from the technological and fundamental points of view.
For instance, the spectral range and the high intensity of the
5d→4f broad emission bands are interesting in phosphors,
scintillators, and solid-state laser materials,1–4 and the rela-
tive energies of the lowest states of the 4fn−15d1 configura-
tions and the highest of the 4fn configurations are relevant
for the photon cascade emission of these systems, which is
interesting for environmentally safe, Hg-free, short-
wavelength Xe-discharge-based fluorescence lamps.5 As ex-
amples of fundamental interest, accurate locations of the
4fn−15d1 energy levels are essential for detailed calculations
of intensities in processes where they act as intermediate
states, such as electronic Raman scattering,4 which are usu-
ally treated under energy-level baricenter approximations.6

Also, the processes involved in the absorption and emission
phenomena related to these states are not fully understood5,7

and the understanding of nonradiative decay and other
energy-transfer mechanisms that may involve electron-lattice
coupling require the knowledge of the structure of the local
defects in the excited 4fn−15d1 manifolds, which is very dif-
ficult to obtain from the experiments alone.

Ab initio calculations are able to provide reliable data on
the structure of the lanthanide ion defects in ionic crystals in
their 4fn−15d1 excited manifolds, as well as other informa-
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tions and analyses that complement the experiments,8 but it
is only recently that they are beginning to appear in the
literature.8–13 In addition to having given interpretations of
spectroscopic measurements in solid hosts doped with lan-
thanide and actinide ions,8,14–16 and of energy-transfer
mechanisms,15 ab initio calculations have predicted the dis-
tance between f-element ions and their first coordination
shell to shorten in the lowest 4f →5d and 5f →6d excitations
of Ce3+ ,Pr3+ ,Pa4+ ,U3+, and U4+ in sixfold chloride octahe-
dral coordination8,14–16 and of Ce3+ in eightfold fluoride cu-
bic coordination.17 This behavior, which contradicted the
widespread assumption that bond length increases upon
4f →5d and 5f →6d excitations, has been found to be
present in fluorides, chlorides, and bromides of Ce3+ in solid
and liquid solutions.13 The reasons behind it have been
analyzed.11 Also, it has been shown to be responsible for a
predicted redshift of the lowest 4f ↔5d transitions of
Cs2NaYCl6 :Ce3+ under high pressure, whose observation
has been proposed as a simple alternative to time-resolved
extended x-ray-absorption fine-structure �EXAFS� experi-
ments for an experimental confirmation of bond-length short-
ening upon 4f →5d excitation.18

Although ab initio calculations are expected to be useful
in providing information that complements the experiments
in a case by case basis, a comprehensive understanding of
the 4f →5d excitations of lanthanide ions in crystals �and
5f →6d excitations of actinide ions as well� is convenient
and necessary. In this respect, we may mention that remark-

able correlations between a few hundred observed 4f →5d
excitations have been established by Dorenbos19–23 which,

© 2005 American Institute of Physics03-1
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according to Bettinelli and Morcorgé,7 can be rationalized on
the basis of a model proposed by Judd24 and Morrison25 for
the interactions between the induced dipole moment on the
ligand and the electrons on the lanthanide. But, in spite of the
rationalization power shown by the empirical model, its ap-
plication faces a few problems. One of them is the availabil-
ity of experimental data. For instance, the ligand field split-
tings of the 5d orbitals of lanthanide ions are usually not
known and strong assumptions have to be made in order to
be able to deduce the transition energies from the 4f bari-
center to the 5d baricenter; in fact, the lack of experimental
data for the 10 Dq of lanthanide and actinide ions makes it
usual to transfer experimental values of 10 Dq of Ce3+ ions
to other lanthanide ions26 and even to actinide ions.27 Also,
only transitions to the lowest high-spin state or to the lowest
low-spin state of the 4fn−15d1 configurations are usually ob-
served, but not both, so difficulting the extraction of infor-
mation on 4f-5d exchange interactions. Besides, experimen-
tal data are usually restricted to a few ions at the beginning
of the series �and immediately after its first half� because the
transition energies grow much with Z �they drop at the half
shell� and become hard to measure as they overlap pure host
absorptions/emissions. Finally, limitations to the validity of
the Judd-Morrison model have been pointed out13 and the
development of improvements is desirable, which requires
the availability of more reliable data.

In these circumstances, reliable and systematic ab initio
results can be very helpful in establishing a comprehensive
description of 4f →5d excitations of lanthanide ions in crys-
tals. In this paper, we present ab initio embedded cluster
calculations on a series of �LnCl6�3− octahedral clusters
�Ln=Ce to Tb� in the cubic elpasolite Cs2NaYCl6. The per-
formed calculations, which are wave-function based, con-
sider host embedding effects of classical and quantum-
mechanical nature on the clusters, and static and dynamic
correlation and scalar relativistic effects within the embed-
ded clusters; although spin-orbit effects are necessary in de-
tailed spectroscopic studies, they are only of minor impor-
tance in all properties studied here and they have not been
included. The reliability of the calculations of this kind has
been shown before in specific studies on ionic hosts doped
with Ce3+ ,Pr3+ ,Pa4+ ,U3+, and U4+.8,14–16 We present results
on the local structure of the defects in the ground 4fn state
and in the lowest states of the 4fn−15d�t2g�1 and 4fn−15d�eg�1

configurations of high and low spins. We calculated bond
lengths, breathing mode vibrational frequencies, minimum-
to-minimum energy differences, and vertical energy differ-
ences �including Stokes shifts�. The results, which are an
extension of a previous study on the ground states and lan-
thanide contraction of the same materials,12 show the varia-
tion across the lanthanide series of the bond-length shorten-
ing upon 4f →5d�t2g� excitation and bond-length
enlargement upon 4f →5d�eg� excitation, the high-spin/low-
spin energy differences, and the lowest 4f →5d�t2g� and
4f →5d�eg� transition energies. We also present the lowest
spin-allowed and spin-forbidden 4f →5d transitions of the

Ln3+ free ions, which are a necessary reference for discus-
sion.
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II. METHOD AND DETAILS OF THE CALCULATIONS

Trivalent lanthanide ions Ln3+ doped in Cs2NaYCl6 sub-
stitute for some of the Y3+ ions in the sites of exact octahe-
dral �Oh� symmetry, where they are surrounded by a first
coordination shell of six Cl− anions,28 whose positions be-
come directly affected by the presence of the lanthanide im-
purities. The electronic states of interest in this work are
localized in the vicinities of the Ln3+ impurities �Ln=Ce to
Tb� and are expected to be well described with wave func-
tions of �LnCl6�3−-embedded clusters. In the simplest de-
scription, they correspond to the 4fn−15d1 open-shell con-
figurations of the Ln3+ ions �n ranging from 1 in Ce to 8 in
Tb� and, in particular, to the �a2u , t2u , t1u�n−1t2g

1 and
�a2u , t2u , t1u�n−1eg

1 configurations of �LnCl6�3−, where a2u , t2u,
and t1u stand for the molecular orbitals �MOs� of �LnCl6�3−

clusters with dominant character Ln3+-4f and t2g and eg for
the MOs with dominant character Ln3+-5d; the ligand field
splittings are much larger in the 5d orbitals than in the 4f
orbitals, which are shielded from the ligands and the rest of
the environment by the 5s and 5p closed shells of Ln3+. The
ground states, which belong to the 4fn configurations, are
included in the study for completeness.

All the local states of interest depend mainly on the
intra-atomic interactions within Ln3+ and on the bonding in-
teractions with the first coordination shell of Cl−, but they
also depend notably on the interactions between the
�LnCl6�3− clusters and the rest of the host lattice. According
to this hierarchy, we have chosen to perform high-quality
wave-function-based molecular calculations on �LnCl6�3−

clusters that are embedded in an approximate representation
of the Cs2NaYCl6 host. The embedding effects of the host on
the cluster were included by means of an ab initio model
potential29,30 �AIMP� representation of the Cs2NaYCl6 lat-
tice, which was added to the Hamiltonian of the isolated
cluster; it considers embedding interactions of electrostatic
nature �Coulomb� and quantum-mechanical nature �host-
cluster exchange and linear independence�. The embedding
AIMPs were produced in Ref. 31 and correspond to the
experimental crystal structure of Cs2NaYCl6 ��Oh

5−Fm3m�,
a=10.7396 Å, and xCl=0.243 93�.32

The calculations performed on the embedded cluster
were state-average complete active space self-consistent-
field �SA-CASSCF� calculations,33 in order to describe the
basic mean-field and nondynamical bonding interactions, and
complete active space second-order perturbation-theory
�CASPT2� calculations,34,35 for the additional consideration
of dynamic correlation effects. The complete active spaces
corresponded to the distribution of n electrons �n=1−8� in
13 MOs �the a2u , t2u, and t1u of main character Ln3+-4f , the
t2g and eg of main character Ln3+-5d, and the a1g of main
character Ln3+-6s�. The CASSCF wave functions were con-
sidered to be the zeroth order for subsequent CASPT2 cal-
culations where 56+n electrons were correlated �the n open-
shell electrons plus those in the MOs of main character Ln3+

5s and 5p and Cl− 3s and 3p�. Since many states are very
close in energy, the multistate extension of the CASPT2

method was used �MS-CASPT2�,36 which is based on the
multipartitioning quasidegenerate perturbation therory.37 Be-
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yond Nd3+, the use of a level shift operator38 �followed by
extrapolation to zero-level shift� was found necessary to
achieve convergence of the MS-CASPT2 calculations.

We included scalar relativistic effects by means of rela-
tivistic effective core potentials, Cowan-Griffin-Wood-
Boring AIMPs.39,40 For the lanthanides we used the �Kr� core
AIMP �4d ,5s ,5p ,4f ,5d ,6s valence� and �14s10p10d8f� va-
lence Gaussian basis set of Ref. 41, augmented with one g
polarization function obtained with a maximum radial over-
lap with the 4f orbital, the final contraction being
�14s10p10d8f3g� / �6s5p6d4f1g�. For chlorine, we used the
�Ne� core AIMP and valence Gaussian basis set of Ref. 40,
augmented with one p-diffuse function for anions42 and one
d-polarization function,43 the final contraction being
�7s7p1d� / �3s4p1d�. Additional basis set functions were lo-
cated on the Na+ ions next to the �LnCl6�3− clusters; these are
the �7s4p� / �1s1p� contracted Gaussians which are the 2s and
2p orbitals of Na+ embedded in Cs2NaYCl6,31 which allow
the achievement of a high degree of orthogonality between
the cluster orbitals and the host orbitals and, so, enforce the
host-cluster strong-orthogonality conditions implicit in the
embedding method under use.30,44 Spin-orbit coupling was
not considered in this work.

III. RESULTS AND DISCUSSION

A. Ln3+ free ions

It is interesting to know the performance of the MS-
CASPT2 method we used here for the very demanding
f-ionization energies of the free ions, because the energy of
an f →d transition equals the difference between an
f-ionization energy and a d-ionization energy, the former be-
ing much larger than the latter, �E�fn−SL→ fn−1d1−S�L��
=�E �fn−SL→ fn−1−S�L��−�E�fn−1d1−S�L�→ fn−1−S�L��.
In Table I we present the MS-CASPT2 results on the
f-ionization potentials of the Ln3+ free ions, together with the
experiments45 and average coupled-pair functional �ACPF�
calculations of Cao and Dolg.46 The present MS-CASPT2
calculations, as well as the ACPF calculations performed
with a basis set including up to g functions, as in this work

TABLE I. Ionization potential of the Ln3+ free ions �f
the spin-free Hamiltonian. All energies in eV.

Initial state Final state CASS

Ce3+ f1�2F� p6�1S� 40.3
Pr3+ f2�3H� f1�2F� 37.2
Nd3+ f3�4I� f2�3H� 38.8
Pm3+ f4�5I� f3�4I� 39.1
Sm3+ f5�6H� f4�5I� 39.3
Eu3+ f6�7F� f5�6H� 40.9
Gd3+ f7�8S� f6�7F� 42.5
Tb3+ f8�7F� f7�8S� 35.8

aReference 45.
bAfter Cao and Dolg �Ref. 46�. Performed with a bas
spin-orbit corrections. The corrections for basis set li
and 0.7 eV.
�note that Cao and Dolg46 presented ACPF calculations in-
cluding up to i functions and extrapolation to the basis set
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limit�, tend to underestimate the experiment, with the re-
markable exception of Gd; we must note here that two dif-
ferent sources, very high quality ab initio calculations46 and
spectral hole burning experiments,47 have suggested that the
experimental fourth ionization potential of Gd needs a posi-
tive correction of 0.5–1 eV. The largest underestimations are
in Ce, Pr, and Tb, where the experimental measurements are
more precise. Basis set limit corrections to the ACPF calcu-
lations amount between 0.5 and 0.7 eV �Ref. 46� and spin-
orbit effects should increase the f-ionization potentials some
additional 0.3 eV; adding these corrections to the present
MS-CASPT2 results would make us expect a final set of
values with a systematic small overestimation, as is the case
of the spin-orbit corrected ACPF calculations at the basis set
limit.46

It is common to look at the 4f →5d transitions in crys-
tals as the result of a depression with respect to the corre-
sponding free-ion transition7 plus a splitting due to ligand
field effects. Unfortunately, very few experimental data on
the 4f →5d excitations in free ions are available and sets of
estimated values48,49 have to be used.20 In Table II we present
our MS-CASPT2 results on the 4f →5d excitation energies
of the Ln3+ free ions, which will serve as a reference for
further discussion on the transitions of the Ln3+-doped ions,
together with the available experimental data.45 The lowest
spin-allowed and spin-flip transitions are shown. The
CASSCF results are also included in order to see the dy-
namic correlation effects on these transitions. The
MS-CASPT2 calculations underestimate the experimental re-
sults available for Ce, Pr, and Tb; the underestimations are
smaller here than for the 4f-ionization energies and they
might largely be due to basis set truncation effects and spin-
orbit coupling. We expect these errors to be an upper limit of
the errors found for the same ions in crystals, where the high
angular momentum basis set functions are not as necessary
as in the gas phase because of the presence of ligand basis set
functions. It is interesting to observe that the 5d-ionization
potentials �computed as the difference between the
4f-ionization potentials and the 4f →5d excitation energies�
rise smoothly from Ce3+ to Gd3+ �30.25, 30.99, 31.51, 31.94,

ionization potential of the elements� computed with

MS-CASPT2 Expt.a ACPF�g�b

35.79 36.76±0.01 35.60
38.23 38.98±0.02 38.40
40.05 40.4±0.4 40.08
40.73 41.1±0.6 40.64
41.14 41.4±0.7 41.12
42.79 42.7±0.6 42.55
44.77 44.0±0.7 44.31
38.35 39.37±0.10 38.44

that includes up to g functions, as in this work, and
re estimated by Cao and Dolg to range between 0.5
ourth

CF

2
3
7
4
3
8
7
3

is set
32.30, 32.71, and 32.94 eV�, as a consequence of the increas-
ing effective nuclear charge acting on the 5d orbitals; a small
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drop appears in Tb3+ �32.76 eV� marking the filling of the
second half of the 4f shell. It is this smooth Z dependence of
the 5d-ionization potentials that makes the variation of the
4f →5d excitation energies across the series to be so similar
to the variation of the 4f-ionization energies �both in the gas
phase and in the solid phase�, as shown in Fig. 1.

B. „LnCl6…3− clusters embedded in Cs2NaYCl6

In Table III we show the computed bond lengths, Re, and
breathing mode harmonic vibrational frequencies, �a1g

, of
the �LnCl6�3− clusters embedded in Cs2NaYCl6, in the lowest
states with main configurational characters 4fn−15d�t2g�1 and
4fn−15d�eg�1 and maximum spin �high-spin states�, and in the
lowest states of the 4fn−15d�t2g�1 configuration with the spin
quantum number S reduced in one unit �low-spin or spin-flip
states�, together with those of the ground state of the 4fn

configuration of Ref. 12. We also show the minimum-to-
minimum excitation energies from the ground state, Te.

The changes experienced upon excitation by the bond
lengths between the lanthanide ions and the ligands are rep-

TABLE II. 4fn→4fn−15d1 transition energies of the

Transition

Ce3+ 4f1–2F→5d1–2D
Pr3+ 4f2–3H→4f15d1–3F

4f2–3H→4f15d1–1G
Nd3+ 4f3–4I→4f25d1–4I

4f3–4I→4f25d1–2H
Pm3+ 4f4–5I→4f35d1–5K

4f4–5I→4f35d1–3I
Sm3+ 4f5–6H→4f45d1–6L

4f5–6H→4f45d1–4H
Eu3+ 4f6–7F→4f55d1–7K

4f6–7F→4f55d1–5F
Gd3+ 4f7–8S→4f65d1–8H

4f7–8S→4f65d1–6P
Tb3+ 4f8–7F→4f75d1–9D

4f8–7F→4f75d1–7D

aLandé averages of the experimental data from Ref.

FIG. 1. 4f →5d transition energies between the lowest states of high-spin
�circles; left-hand vertical axis� and 4f ionization energies �squares; right-
hand vertical axis�. Note that the left- and right-hand vertical scales are
identical although shifted. Filled symbols: Ln3+ free ions. Open symbols

4f →5d�baricenter� transitions of the Ln3+ ions doped in Cs2NaYCl6. Full
lines: MS-CASPT2 results. Broken lines, CASSCF results.
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resented in Fig. 2. It is clear that the bond lengths shorten
upon 4f →5d�t2g� excitation in all cases; parallelly, they
lengthen upon the 4f →5d�eg� excitation in all cases. So, we
can safely say that this behavior, which has been found be-
fore in Ce3+ and Pr3+ complexes,11 is general in the lan-
thanide series. Out of the analyses of vibrational progres-
sions, the absolute values of bond-length increments
experienced in 4f →5d�t2g� excitations have been estimated
to be 0.050 Å in Cs2NaYCl6 : �CeCl6�3− and 0.055 Å in
Cs2NaYCl6 : �TbCl6�3−.8,50 We get 0.04 and 0.03 Å, respec-
tively. In Fig. 2 we include the bond-length change upon
excitation to the 4fn−15d1 baricenter, where the effect of the
ligand field splitting was approximately removed by a
weighted average of the 4fn−15d�t2g�1 states �weight 3 /5�
and the 4fn−15d�eg�1 states �weight 2 /5�. This change is
negative and corresponds to a bond shortening of 0.02 Å,
almost constant for the series. According to constraint space-
orbital variation51,52 �CSOV� analyses of mean-field
CASSCF calculations performed in Ref. 11, this shortening
is due to the fact that covalency and ligand-to-4f charge
transfer are larger in 4fn−15d1 states than in the 4fn states;
these effects tend to shorten the bonds upon excitaton and
they overcome a tendency to increase the bond length that is
due to the larger size of the 5d orbitals, which is, however,
very small. �The reason why this tendency is very small, in
spite of the fact that 5d orbitals are much larger than the 4f
orbitals, can be understood with the help of an ionic model.
According to it, it is the size of the outermost 5s and 5p filled
shells that governs the bond lengths of the 4fn states and also
the bond lengths of the 4fn−15d1 states; in the latter case, the
additional electron that occupies the more external 5d shell
slightly increases the distance.� A further bond-length short-
ening with respect to the 4fn−15d1 baricenter is observed in
the 4fn−15d�t2g�1 states. This is an expected consequence of
the ligand field effects, which make the 5d�t2g� orbitals more
stable than the 5d baricenter, and the 5d�eg� less stable. The

free ions. All energies in cm−1.

SCF MS-CASPT2 Expt.a

580 44 670 49 940
310 58 380 62 070
370 56 480 58 730
440 68 890
560 66 600
520 70 880
300 73 950
580 71 290
990 76 190
080 81 340
720 84 980
490 95 397
280 97 520
780 45 080 50 610
110 51 730 60 870
Ln3+

CAS

43
56
54
66
64
65
70
63
71
74
80
88
93
29
bond lengthenings of the 4fn−15d�eg�1 states with respect to
the 4fn−15d1 baricenter brought about by the ligand field ef-
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fects are large enough so as to make the final bond lengths to
be longer in these states than in the 4fn ones.

The breathing mode vibrational frequencies in Table III
show, in general, a very little change upon 4f →5d�t2g� ex-
citation and a small decrease upon 4f →5d�eg� excitation. In
the cases of �PmCl6�3− and �SmCl6�3−, the start of the
4fn−15d�eg�1 manifold coincides in energy with a significant
number of states of the the 4fn−15d�t2g�1 configuration; this
results in a very large mixing of the two types of configura-
tions, which depends very much on the Ln–Cl distance. As a
result, the energy curves of the first states with a high char-
acter 4fn−15d�eg�1 are far from harmonic and the reported
vibrational frequencies of the states 8 5Eu of �PmCl6�3− and
9 6T1g of �SmCl6�3− are abnormally small and have a limited
meaning. In order to show the effect of a 4f →5d�eg�
excitation on the vibrational frequencies of �PmCl6�3−

and �SmCl6�3−, we include in Table III the results on
the states with a clearly dominant 4fn−15d�eg�1 character.
They show the small decrease of vibrational frequency upon

TABLE III. MS-CASPT2 bond lengths Re�Å�, b
minimum-to-minimum energy differences Te�cm−1�
lowest states with a main character of the configuratio
quantum number S are shown. The baricenter entries
�weights 3 for the 4fn−15d�t2g�1 configurations and 2
the 4fn−15d�t2g�1 configurations with S reduced in one
character; it changes from 81% at R=2.54 Å to 8
character. �c� First level of high 4f45d�eg�1 chara
=2.75 Å. �d� This level has a 99% 4f45d�eg�1 charac

�CeCl6�3− Re �a1g
Te

4f1–1 2A2u 2.687 306 0
5d�t2g�1–1 2T2g 2.645 307 24 2
5d�eg�1–1 2Eg 2.705 300 47 2
5d1�baricenter� 2.669 304 33 4

�PrCl6�3− Re �a1g
Te

4f2–1 3T1g 2.670 304 0
4f15d�t2g�1–1 3T1u 2.626 305 39 8
4f15d�eg�1–4 3T1u 2.690 299 62 9
4f15d1�baricenter� 2.651 303 49 1
4f15d�t2g�1–1 1A1u 2.628 305 37 5

�NdCl6�3− Re �a1g
Te

4f3–1 4A1u 2.660 307 0
4f25d�t2g�1–1 4Eg 2.616 307 49 5
4f25d�eg�1–3 4A1g 2.679 302 73 4
4f25d1�baricenter� 2.641 305 59 0
4f25d�t2g�1–1 2T1g 2.623 310 49 4

�PmCl6�3− Re �a1g
Te

4f4–1 5A1g 2.646 308 0
4f35d�t2g�1–1 5T1u 2.600 312 52 4
4f35d�t2g ,eg�1–8 5Eu �a� 2.658 283 76 9
4f35d�eg�1–5 5A2u

2 �b� 2.663 301 91 1
4f35d1�baricenter� 2.623 300 62 2
4f35d�t2g�1–1 3T1u 2.605 310 55 2
4f →5d�eg� excitation.
There are a few experimental data on breathing mode
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vibrational frequencies of 4fn−15d1 levels of �LnCl6�3−

moieties in Cs2NaYCl6 in the literature. For
Cs2NaYCl6 : �CeCl6�3− in the 5d�t2g�1− 2T2g �8g level, the
value of 299±2 cm−1 has been reported,8 which does not
differ from the 4f1 ground configuration values in more than
1 cm−1 �300±2 cm−1 in 1 �8u, 298±2 cm−1 in 1 �7u, and
299 cm−1 in 2 �8u and 2 �7u �Ref. 8��. Our spin-orbit-free
result in 5d�t2g�1− 2T2g, 307 cm−1, is not far from the experi-
ment and the fact that the 4f1 and 5d�t2g�1 configurations
have an almost equal vibrational frequency is properly repro-
duced. For Cs2NaYCl6 : �TbCl6�3− in its high-spin
4f75d�t2g�1− 9D �4u and low-spin 4f75d�t2g�1− 7D �4u levels,
the respective values of 297±2 and 298 cm−1 have been
reported.50 The value in its ground 4f8 configuration has not
been measured, but 290 cm−1 is the known frequency in neat
Cs2NaTbCl6 : �TbCl6�3−,50 which has 298±2 cm−1 in the
high-spin excited state, and a similar value can be assumed
in Cs2NaYCl6 : �TbCl6�3−. Our spin-orbit-free results in this
case �312 cm−1 in the ground state and 317 and 319 cm−1 in

ng mode vibrational frequencies �a1g
�cm−1�, and

e �LnCl6�3− clusters embedded in Cs2NaYCl6. The
n ,4fn−15d�t2g�1, and 4fn−15d�eg�1 and maximum spin
espond to weighted averages of the two latter states
he 4fn−15d�eg�1 configurations�. The lowest states of
are shown as well. �a� First level of high 4f35d�eg�1

t R=2.75 Å. �b� This level has a 99% 4f35d�eg�1

it changes from 45% at R=2.54 Å to 92% at R

�SmCl6�3− Re �a1g
Te

4f5–1 6T1u 2.633 309 0
4f45d�t2g�1–1 6T2g 2.594 308 53 775
4f45d�t2g ,eg�1–9 6T1g �c� 2.648 233 76 587
4f45d�eg�1–5 6A2g �d� 2.653 304 92 050
4f45d1�baricenter� 2.616 278 62 890
4f45d�t2g�1–1 4T2g 2.594 311 58 007

�EuCl6�3− Re �a1g
Te

4f6–1 7T1g 2.635 314 0
4f55d�t2g�1–1 7A2u 2.597 313 63 759
4f55d�eg�1–4 7A2u 2.655 306 85 746
4f55d1�baricenter� 2.620 310 72 586
4f55d�t2g�1–1 5A2u 2.598 315 67 592

�GdCl6�3− Re �a1g
Te

4f7–1 8A1u 2.611 315 0
4f65d�t2g�1–1 8T2g 2.573 316 78 283
4f65d�eg�1–3 8T2g 2.632 308 100 949
4f65d1�baricenter� 2.597 313 87 349
4f65d�t2g�1–1 6T1g 2.564 317 80 868

�TbCl6�3− Re �a1g
Te

4f8–1 7A2g 2.597 312 0
4f75d�t2g�1–1 9T2u 2.568 317 28 302
4f75d�eg�1–1 9Eu 2.624 305 48 963
4f75d1�baricenter� 2.590 310 36 566
4f75d�t2g�1–1 7T2u 2.562 319 33 902
reathi
of th
ns 4f
corr

for t
unit

7% a
cter;
ter.

95
19
65

92
98
34
29

28
22
86
97

89
60
90
77
the high-spin and low-spin excited states� are again not far
from the experiment. The facts that the frequency suffers a

 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



244703-6 Ruipérez, Barandiarán, and Seijo J. Chem. Phys. 123, 244703 �2005�
small increase in the 4f →5d�t2g� excitation and that it is
almost equal in the high- and low-spin levels �slightly larger
in the latter� are reproduced by the calculations. Looking at
the results on Tb3+ and Ce3+ together, it is clear that the
present calculations tend to overestimate the vibrational fre-
quencies around 5%.

The minimum-to-minimum excitation energies from the
ground state, Te, grow from Ce3+ to Gd3+ and drop in Tb3+,
immediately after the half-filled 4f shell. This is so for all the
absorption transitions shown: to the high-spin 4fn−15d�t2g�1

and 4fn−15d�eg�1 states �spin allowed from Ce3+ to Gd3+ and
spin forbidden for Tb3+� and to the low-spin 4fn−15d�t2g�1

states �spin forbidden from Ce3+ to Gd3+ and spin allowed
for Tb3+�. As we will see, several reasons make the variations
of these transitions of the doped ions across the lanthanide
series to be dominated by the variations of the free ions.

Firstly, the interplay between the 4f-5d Coulomb and
exchange interactions and symmetry restrictions that is re-
sponsible for the relative stability of high-spin and low-spin
states does not seem to be very different in the free ions and
in the doped ions, in spite of the fact that the 5d orbitals are
very external and suffer the effects of the ligands strongly.
This is clearly seen in Fig. 3, which shows the difference in
total energies between the most stable low-spin �LS� and
high-spin �HS� states of the 4fn−15d1 configurations �free
ions� and 4fn−15d�t2g�1 configurations �doped ions�. The larg-
est difference between these effects from Pr3+ to Tb3+

amounts around 7000 cm−1 and their impact on the variation
of the transitions across the series should be small.

Secondly, the ligand field effects on the transitions are
very much constant across the series. This can be seen in Fig.
3, where the difference between the energies of the lowest
high-spin states of the 4fn−15d�eg�1 and 4fn−15d�t2g�1 con-
figurations is shown. The largest difference across the series
is 4000 cm−1. It is interesting to remark that the very high
energy of the states of the 4fn−15d�eg�1 configurations makes
difficult their measurement in spectroscopical experiments,
this resulting in a lack of experimental values of 5d ligand
field parameters for the lanthanide series. In these circum-

FIG. 2. Bond-length changes upon excitation from the lowest states of the
4fn configurations to the lowest states of the 4fn−15d�t2g�1 and 4fn−15d�eg�1

configurations and their baricenters. MS-CASPT2 calculations.
stances, it is a common practice to transfer experimental 10
Dq crystal-field parameters from Ce3+ ions to other lan-
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thanide ions26 and, as a matter of fact, to actinide ions,27 on
the assumption that they would not change very much across
the series. The present ab initio calculations provide a sup-
port for this practice within the lanthanide series.

Finally, the stabilization of the 4fn−15d1 baricenter states
of the Ln3+ ions doped in Cs2NaYCl6 with respect to the
4fn−15d1 states of the free ions �taking as a reference the
ground 4fn states in all cases�, which is shown in Fig. 4
together with the reduction experienced by the lowest
4f →5d�t2g� transitions with respect to that of the free ions,
is also quite constant across the series. This stabilization or,
in other words, the reduction experienced by the 4f →5d
�baricenter� excitation of a Ln3+ free ion when it is intro-
duced in a solid host, has been observed and analyzed by
Dorenbos19–23 in a large number of crystals containing Ce3+

FIG. 3. Above: energy differences between the most stable low-spin �LS�
and high-spin �HS� states of the 4fn−15d1 configurations of Ln3+ free ions
�dashed line� and of the 4fn−15d�t2g�1 configurations of Ln3+ ions doped in
Cs2NaYCl6 �full line�. The HS states have a maximum spin quantum num-
ber S; the LS states have S−1. Below: energy differences between the low-
est HS states of the 4fn−15d�eg�1 and 4fn−15d�t2g�1 configurations of Ln3+

doped in Cs2NaYCl6. All numbers correspond to MS-CASPT2 calculations.

FIG. 4. Reduction experienced by the 4f →5d transition energies of the
Ln3+ free ions when they are doped in the chloroelpasolite Cs2NaYCl6.
Open circles: transitions to the 4fn−15d1 baricenters. Full circles: transitions

to the lowest states with a maximum spin of the 4fn−15d�t2g�1 configurations.
MS-CASPT2 calculations.

 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



244703-7 4f→5d excitations of lanthanide ions J. Chem. Phys. 123, 244703 �2005�
and Pr3+, some containing Nd3+, and a few containing Sm3+

and Eu3+. Adopting reasonable assumptions, as that of using
a common value of the crystal-field splitting for all the ions,
he found the stabilization of the 5d baricenter to be very
similar for all the ions in a given host.

Since the previous effects are rather constant, specially
the 5d baricenter stabilizations and the crystal-field split-
tings, it is not strange that the variations of the 4f →5d tran-
sitions of the Ln3+ ions doped in Cs2NaYCl6 across the series
resemble very much that of the free ions. The latter, as we
justified above, is dominated by the variation across the se-
ries of the 4f-ionization potentials. The results for the high-
spin 4fn−15d1 baricenter states are shown in Table III and
Fig. 1, where they are plotted together with free-ion transi-
tions and ionization potentials.

Let us come back to the stabilizations of the 4f →5d
transitions when the ions are introduced in a solid. Bettinelli
and Morcorgé7 suggested that they can be rationalized on the
basis of a model proposed by Judd24 and Morrison,25 accord-
ing to which this effect is dominated by the instantaneous
interaction between the lanthanide’s electron that is excited
and the induced dipole moments on the ligands, which is
different for 4f and 5d electrons due to their very different
radial extensions. Consequently, the ligand polarizability is a
key parameter of the model. This model has been success-
fully exploited by Dorenbos.19–23 It is interesting to look at
this interaction from the point of view of an ab initio calcu-
lation, where it can be associated with the dynamic correla-
tion effects on the 4f →5d transitions brought about by the
ligands. We can compute it approximately in the following
way. First, we compute the dynamic correlation effects on
the 4f →5d transitions of the �LnCl6�3− clusters embedded in
Cs2NaYCl6, as the difference between the MS-CASPT2 re-
sults and the CASSCF results; then, we substract from them
the dynamic correlation effects on the 4f →5d transitions of
the free ions computed in the same way. The result is the
ligand effects on dynamic correlation, on the assumption of
additivity of ion and ligand correlation effects. The results
are presented in Fig. 5. We can observe that the ligand cor-

FIG. 5. Effects of dynamic correlation on the spin-allowed 4f →5d�t2g�
transition energies of Ln3+ ions doped in Cs2NaYCl6 �full line�, and on the
spin-allowed 4f →5d transition energies of Ln3+ free ions �dashed line�,
calculated as the difference between MS-CASPT2 and CASSCF results.
Dotted line: ligand correlation effects estimated as the difference between
the two lines above.
relation effects stabilize the 4f →5d transitions and they do it
in a rather constant way across the series. However, this
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stabilization roughly amounts around 6000 cm−1, which is
only two-thirds of the full stabilization experienced by the
baricenter �around 9000 cm−1, see Fig. 4�. The remaining
3000 cm−1 must be due to other effects that are included in
the calculations and change from the free ions to the embed-
ded clusters, namely, orbital relaxation, charge transfer, and
covalent effects, which are notably different in the 5d and 4f
orbitals. A more detailed knowledge on the relative impor-
tance of these would require CSOV analyses.

It is also interesting to see in Fig. 5 that the the correla-
tion effects on the 4f →5d transitions are negative in the first
ions of the lanthanide series, almost negligible from Pm3+ to
Gd3+, and become positive later. This is a consequence of the
combination of an ion correlation effect that is always posi-
tive and grows with Z, and a ligand correlation effect that is
negative and only slightly variable with Z. This is understood
having in mind that these are excitations of one electron
from inner, compact 4f orbitals, which lie inside the 5s2 and
5p6 closed shells, to outer 5d orbitals, much more exposed to
the ligands. So, ion correlation stabilizes more a 4f-4f pair
than a 4f-5d pair, and, in consequence, its stabilization of the
states of the 4fn configuration must be larger than that of the
states of the 4fn−15d1 configuration, resulting in a positive
contribution to the 4f →5d transitions. Besides, this effect
must increase with the number of electrons 4f . Parallelly,
ligand correlation stabilizes the 5d-ligand pairs and, at the
same time, its effect on a 4f-ligand pair should be very
small, because 4f orbitals and ligand orbitals are in different
regions of real space, so resulting in a negative contribution
to the 4f →5d transitions. This effect does not depend much
on Z because the extension of the 5d orbitals and the bond
lengths do not change much across the series.

Our results on the vertical absorption and emission tran-
sitions, and the corresponding Stokes shifts, are shown in
Table IV. The computed transition energies cannot be di-
rectly compared with the experiments because they are spin-
orbit-free. In ab initio calculations, spin-orbit effects are
known to increase the first 4f →5d absorption in Ce3+-doped
Cs2NaYCl6 around 1000 cm−1,8 but it would be difficult to
quantify now these effects in other ions. Spin-orbit ab initio
calculations on these systems are under way in our labora-
tory. However, the Stokes shifts are not expected to depend
significantly on spin-orbit coupling in the cases under study,
because they depend on the bond lengths and vibrational
frequencies, if the vibronic couplings are not very important,
and spin-orbit coupling has only very minor effects on these
properties. To illustrate this, let us remark that simple geom-
etry arguments lead to the conclusion that the Stokes shift
between two harmonic energy curves with an identical cur-
vature or force constant, k, and different equilibrium dis-
tances, Re and Re�, is given by �EStokes=k�Re−Re��

2. All
Stokes shifts in Table IV are very close, as a consequence of
the fact that all vibrational frequencies �and force constants�
on the one hand and all bond-length shifts on the other, are
also very similar. Roughly speaking, we should expect the
Stokes shifts to be proportional to the squares of the bond-
length shifts and this is observed in our results. The slightly

larger absolute value of the bond-length change upon excita-
tion found in Pm3+ and the slightly smaller value found in
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Tb3+ are also seen in the Stokes shifts. The ratio between the
squares of the bond-length change upon excitation of Ce3+

and Tb3+, which is 2, is also seen in their respective Stokes
shifts.

A few experimental data on Stokes shifts of these mate-
rials exist. The measurements of Tanner et al.8 on the 10 K
absorption spectrum of Cs2NaYCl6 :Ce3+ have shown the
maximum of the 2F5/2�7u→ 2T2g�7g band around
28 800 cm−1 and its corresponding emission around
27 200 cm−1; this gives a Stokes shift of around 1600 cm−1,
which is underestimated by our result of 1020 cm−1. This
result is consistent with the experimental estimate of 0.050 Å
for the absolute value of the bond-length change that accom-
panies this transition8 and our calculation of −0.042 Å. In the
case of Cs2NaYCl6 :Pr3+, the 77 K emission spectrum of
Laroche et al.53 shows four bands with the lowest one ex-
tending from 37 000 to 39 000 cm−1, with its maximum at
approximately 38 000 cm−1; their absorption spectrum shows
a big intense band with multiple origins starting at
38 500 cm−1 and ending at 45 000 cm−1, so that, although it
is not absolutely clear in Ref. 53, it is reasonable to assume
that the first absorption band maximum is around
40 000 cm−1; this would give an estimated Stokes shift of
around 2000 cm−1 if the absorption and emission corre-
sponded to the same electronic transition; but, in the
f2→ f1d�t2g�1 case, the first electric dipole-allowed absorp-
tion may not coincide with the first allowed emission �these
are f2−A1g→ f1d�t2g�1−T1u and f1d�t2g�1−Eu→ f2−T1g in
Cs2ZrCl6 :U4+ �Ref. 15��, which would give a true Stokes
shift smaller than 2000 cm−1. Our value of 1140 cm−1 prob-
ably means an underestimation, which must be the conse-
quence of the underestimation of the bond-length distortion
produced by the 4f →5d�t2g� electronic transition. Ning
et al.50 have measured the 10 K 4f →5d�t2g� absorption spec-
trum of Cs2NaYCl6 :Tb3+. They found a spin-allowed band
starting at 41 380 cm−1 and ending at approximately
43 000 cm−1, with its maximum around 41 700 cm−1, and a

TABLE IV. MS-CASPT2 minimum-to-minimum ab
transitions ��Eabsorption and �Eemission�, and Stokes sh

Ln3+ Transition T

Ce3+ 4f1–2A2u→5d1–2T2g 24 3
Pr3+ 4f2–3T1g→4f15d�t2g�1–3T1u 39 8

4f2–3T1g→4f15d�t2g�1–1A1u 37 5
Nd3+ 4f3–4A1u→4f25d�t2g�1–4Eg 49 5

4f3–4A1u→4f25d�t2g�1–2T1g 49 5
Pm3+ 4f4–5A1g→4f35d�t2g�1–5T1u 52 4

4f4–5A1g→4f35d�t2g�1–3T1u 55 2
Sm3+ 4f5–6T1u→4f45d�t2g�1–6T2g 53 7

4f5–6T1u→4f45d�t2g�1–4T2g 58 0
Eu3+ 4f6–7T1g→4f55d�t2g�1–7A2u 63 7

4f6–7T1g→4f55d�t2g�1–5A2u 67 5
Gd3+ 4f7–8A1u→4f65d�t2g�1–8T2g 78 2

4f7–8A1u→4f65d�t2g�1–6T1g 80 8
Tb3+ 4f8–7A2g→4f75d�t2g�1–9T2u 28 3

4f8–7A2g→4f75d�t2g�1–7T2u 33 9
spin-forbidden band extending from 34 330 to 36 800 cm−1,
with its maximum around 35 000 cm−1. The difference
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between these two maxima, 6700 cm−1, is not far from our
calculation of 5500 cm−1, having in mind that the spin-orbit
coupling will be different, in principle, in the
4f75d�t2g�1− 9T2u and 4f75d�t2g�1− 7T2u states. We are not
aware of any report on the 5d�t2g�→4f emission spectrum of
Cs2NaYCl6 :Tb3+. Acording to our results and assuming that
they underestimate the Stokes shift as in Ce3+ and Pr3+, we
can predict the spin-allowed and the spin-forbidden emission
to originate, respectively, at 1100–1200 and 900–1000 cm−1

above the corresponding absorptions.

IV. CONCLUSIONS

AIMP MS-CASPT2 calculations have been performed
on the �LnCl6�3− clusters �Ln=Ce to Tb� embedded in cubic
Cs2NaYCl6, in an attempt to contribute from the point of
view of ab initio calculations to a comprehensive under-
standing of the 4f →5d excitations of lanthanide ions in
crystals. Reliable data are provided on the bond lengths and
breathing mode harmonic vibrational frequencies of the de-
fects in 4fn−15d�t2g�1 and 4fn−15d�eg�1 configurations, and on
their changes upon 4f →5d�t2g� and 4f →5d�eg� excitations.
Vibrational frequencies seem to be 5% overestimated and
they experience very small changes in the excitations. Bond-
length shortening upon 4f →5d�t2g� excitation and lengthen-
ing upon 4f →5d�eg� excitation are found in all cases. The
effect of the ligand field on the excitations is found to be
very constant in the series and the variation of the excitations
of the ions in the solid host across the lanthanide series re-
sembles very much that of the free ions, which is governed
by the 4f-ionization potential of the Ln3+ ions. The depres-
sion of the 4f →5d�baricenter� transitions of the doped ions
with respect to the 4f →5d transitions of the free ions is due
to dynamic ligand correlation effects �two-thirds� and to the
effects of orbital relaxation, charge transfer, and covalency
�one-third�; the depression of the 4f →5d�t2g� transitions has
the additional large contribution of the specific ligand field

on transtions �Te�, vertical absorption and emission
Eabsorption−�Eemission�. All energies in cm−1.

�Eabsorption �Eemission Stokes shift

24 790 23 770 1020
40 450 39 310 1140
38 030 37 000 1030
50 090 48 940 1150
49 910 49 070 840
53 090 51 830 1260
55 770 54 750 1020
54 320 53 290 1030
58 480 57 500 980
64 190 63 290 900
67 990 67 160 830
78 850 77 950 900
81 450 80 180 1270
28 740 28 190 550
34 240 33 530 710
sorpti
ifts ��

e

00
90
30
30
00
90
70
80
10
60
90
80
70
00
stabilization of the 5d�t2g� orbitals. Stokes shifts are com-
puted as well. Their comparison with the scarce available
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experimental data suggests the existence of a systematically
small underestimation, which is a manifestation of system-
atically small underestimation of the bond-length change
upon 4f →5d�t2g� excitation.
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