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The ab initio model potential embedded cluster method, which combines the explicit treatment of
quantum-mechanical embedding effects with electron correlation and spin–orbit coupling, has been
applied to the calculation of the U–Cl equilibrium distances, totally symmetric vibrational
frequencies, and 5f 2→5 f 2, 5f 2→5 f 16d1 electronic transitions of the (UCl6)22 defect cluster in
the Cs2ZrCl6 host crystal. The 5f 2→5 f 2 absorption spectrum of U41 in gas phase has also been
calculated. Comparison of the 5f 2→5 f 2 spectra in gas phase and in Cs2ZrCl6 with experiments is
used for establishing the accuracy of the methods and understanding the origins of the discrepancies
between theory and experiments; the agreement between the calculated and experimental values are
very satisfactory. The energies of the crystal levels of the 5f 16d(t2g)1 and 5f 16d(eg)1 manifolds
are predicted to be 31 100–51 000 and 67 300– 85 500 cm21 above the ground state, respectively.
The lowest electric dipole allowed zero-phonon absorption from the 5f 2 ground state, 1A1g

→1 T1u , is calculated to be at 32 500 cm21, whereas the highest electric dipole allowed
zero-phonon emission from the first 5f 16d(t2g)1 excited state, which is found to be 1Eu

→1 T1g , is calculated to be at 30 200 cm21; this means that both of them should be observable
before the sharp cutoff of the Cs2ZrCl6 host with a large gap of 2300 cm21 between the
zero-phonon absorption and emission lines. The combination of experimental spectroscopic data on
Cs2ZrCl6 :U41, Cs2ZrCl6 :UO2

21 , and Cs2UO2Cl4 , with the calculated energy levels of the
Cs2ZrCl6 :U41 5 f 16d(t2g)1 manifold allows to discuss new possible mechanisms which could
explain the observed green to blue upconversion emission of Cs2ZrCl6 :U41 crystals contaminated
with UO2

21 . Altogether, the results in this paper demonstrate the potentiality of the wave function
based methods of solid-state quantum chemistry for complementing experimental techniques in the
study of actinide systems like U41-doped Cs2ZrCl6 where hundreds of excited states are involved
and their electronic structure is determined by strong spin–orbit and electron correlation
interactions. ©2003 American Institute of Physics.@DOI: 10.1063/1.1561853#
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I. INTRODUCTION

Doping impurity ions in a crystal is a common way
produce new spectral signals in the optical window of
host, which results in new optical properties of basic a
technological interest. Upconversion luminescence is a g
example of this where the absorption of low energy phot
by the impurity, followed by different energy transfer mech
nisms involving a number of metastable electronic sta
leads to emission of higher energy light, which ultimate
may serve to different technological purposes. Upconvers
luminescence has been widely investigated among
thanide ions in glasses and crystals, but an increasing n
ber of reports involve other impurities: 4d and 5d transition
metal ions,1 mixed transition metal and lanthanide ions,2 and
actinide ions.3–9 Even though a variety of photon upconve
sion mechanisms have been described,2 two very general
mechanisms usually occur which involve either sequen
excitation of a single ion or energy transfer between two io
which have been excited.10 Whatever the mechanism is, hig
energy excited states are involved which, in the case of
a!Electronic mail: zoila.barandiaran@uam.es
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tinide impurities, include not only high energy 5f n states but
also 5f n216d1 levels of the impurity ions. Actually, the rela
tive energies of the 5f n and 5f n216d1 manifolds also deter-
mine other important spectroscopic properties, such as
occurrence or not of efficient 5f n216d1→5 f n luminescence,
which is very important in the field of ultraviolet~UV! solid-
state lasers.11 In this context, the capabilities of experiment
spectroscopic methods and ofab initio solid-state quantum
chemistry should be combined together: Spectroscopic te
niques can locate and identify the 5f n manifold very pre-
cisely, in general, whereas the prediction and/or assignm
of 5f n– 5f n216d1 interconfigurational transitions is muc
more limited and should benefit from the capabilities of s
phisticatedab initio solid-state quantum chemistry calcul
tions. Very recently, Kirikovaet al.11 have pointed out the
scarce number of reports on 5f n216d1→5 f n luminescence,
on the one hand, and the lack of theoretical calculations
garding the energy position of the levels of the 5f n216d1

electronic configuration of tetravalent actinides in crys
hosts, on the other hand, as circumstances which preven
predictions regarding the spectra from interconfiguratio

transitions for actinide ions in different hosts.11

9 © 2003 American Institute of Physics
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In the case of U41-doped Cs2ZrCl6 single crystals, nei-
ther the local structure nor the energies of the 5f 16d1 mani-
fold are known. Furthermore, very different interpretatio
of the observed green to blue upconversion emission
Cs2ZrCl6 :U41 samples at room temperture, have be
reported.6,12 In effect, relatively strong blue upconversio
emission has been detected in Cs2ZrCl6 :U41 samples under
green light excitation.6,12 This upconversion emission ha
been interpreted by Xuet al.6 as a two-photon absorptio
process involving two metastable 5f 2 excited levels and a so
called ‘‘virtual’’ level of U41: A first photon in the green
(19 436 cm21) excites the impurity into a level related to th
5 f 2 3P1 of the free ion; nonradiative decay to a low lyin
level (;5000 cm21 above the ground state! related to3F2 is
expected to occur from where the second 19 436 cm21 pho-
ton is absorbed. This excited state absorption ends in a
tual level and is followed by nonradiative relaxation down
several 5f 2 states which emit upconverted light in the blu
~five band centers are found from 19 800 to 20 970 cm21).6

The virtual level invoked as one of the intermediate exci
states in the process has not been identified, even thoug
absorption spectra of Cs2ZrCl6 :U41, Cs2UCl6 , and other
crystals containing the (UCl6)22 complex,13,14 measured at
low temperature, show that the 5f 2 manifold of states ex-
tends up to 24 800 cm21 ~with only one exception: The1S0

level, which is predicted to be at about 41 700 cm21, too
high in energy to be playing any significant role in the u
conversion mechanism!, which suggests that the virtual leve
in the upconversion mechanism proposed by Xuet al.6 could
be one of the highest in energy in the 5f 2 manifold. Tanner
et al.12 have interpreted the green to blue upconversion em
sion very differently: First, they claim that the preparati
procedures followed by themselves12 and by Xuet al.6 for
the incorporation of U into the Zr41 sites of Cs2ZrCl6 can
result in occupation by both U41 and UO2

21 ions, and, sec-
ond, they conclude after referring to the 300 K spectra
Cs2ZrCl6 :UO2

21 and Cs2UO2Cl4 that the reported blue up
conversion of U41 in Cs2ZrCl6 does in fact correspond t
luminescence of the uranyl ion, UO2

21 .12

The experimental information we have summariz
makes the Cs2ZrCl6 :U41 crystal an interesting system to b
studied theoretically. Consequently, we have calculated
potential energy surfaces of all electronic states of 5f 2 and
5 f 16d1 main configurations using theab initio model poten-
tial ~AIMP! embedded-cluster method.15,16The results of the
calculations are the U–Cl equilibrium distance and tota
symmetric vibrational frequency,n̄a1g

, of the octahedral
(UCl6)22 embedded unit, for all electronic states, and
5 f 2→5 f 2 and 5f 2→5 f 16d1 electronic transition energies
The analysis of the spin–orbit wave functions of all the e
bedded (UCl6)22 electronic states reveals the extent
spin–orbit coupling among the spin-free (UCl6)22 cluster
wave functions; this analysis often leads to establish a cer
parentage to U41 free ion levels, but this is not always po
sible and very large mixings are present, given the large
simultaneous effects of spin–orbit, crystal field splittings a
bonding interactions that occur in this material and are inc
porated by the methods used. The calculated U–Cl equ

7440 J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
rium distances are extremely close among the electron
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states belonging to the three following superconfiguratio
2.60560.003 Å for 5f 2, 2.57160.004 Å for 5f 16d(t2g)1,
and 2.64260.004 Å for 5f 16d(eg)1, in agreement to wha
has been found in similar systems.17–19The deviation of the
5 f 2→5 f 2 transition energies from experiment are found
grow with energy, the largest error being;2000 cm21. The
energies of the lowest states in the 5f 16d(t2g)1 and
5 f 16d(eg)1 manifolds are calculated to be 31 100 a
67 300 cm21 above the 5f 2 1 A1g ground state, respectively
The lowest symmetry allowed electric dipole zero-phon
absorption from the 5f 2 ground state, 1A1g→1 T1u , and the
highest symmetry allowed electric dipole zero-phonon em
sion from the first 5f 16d(t2g)1 excited state, which is found
to be 1Eu→1 T1g , are calculated to be at 32 500 an
30 200 cm21, respectively, which means that they should
observable before the sharp cutoff of the Cs2ZrCl6 host at
37 000 cm21,20 with a large gap of 2300 cm21 between the
zero-phonon lines of the absorption and emission spectr

The results of our calculations give some insight into t
discussion on the green to blue upconversion. They sug
that 5f 16d1 excited electronic states of the embedd
(UCl6)22 cluster are involved in the upconversion mech
nism in a way that supports part of the interpretation of
et al.6 and the interpretation of Tanneret al.12 In effect, the
first green excitation of (UCl6)22 could be followed by a
nonradiative decay as proposed by Xuet al.,6 although
shorter than the one they suggest, due to the fact that se
5 f 2 electronic states of high spin-singlet character lie abo
14 800 cm21 and can be expected to be stable enough so
to become origins of a second green excitation, which wo
end in a 5f 16d1 state and would be, in consequence, par
allowed. According to this, the virtual state mentioned by X
et al.6 would be of a 5f 16d1 nature. Now, nonradiative de
cay from this state to high energy U41 5 f 2 states, followed
by blue light emission would complete the interpretation
Xu et al.6 Alternatively or simultaneously, energy transf
from the proposed 5f 16d1 state of U41 to UO2

21 could occur
in contaminated Cs2ZrCl6 :U41 crystals, which would be fol-
lowed by the UO2

21 emission claimed by Tanneret al.12 Ac-
cording to this, the mechanism for the complete or par
quenching of the U41 blue emission due to UO2

21

contamination12,21would be very similar to the one propose
by Larocheet al.22 to interpret the blue to violet1UV up-
conversion of Ce31 in Cs2NaYCl6 co-doped with Ce31 and
Pr31.

Our wave function and energy calculations cannot giv
definite answer to the actual upconversion mechanism wh
accompanies 19 436 cm21 green argon ion laser excitation
nor can they rule out U41 or UO2

21 ions as luminescen
centers. Rather, they can provide the energy levels of
5 f 16d1 manifold with high accuracy, which makes it po
sible to consider the efficient dipole allowed 5f 2– 5f 16d1

electronic transitions in the discussion of U41/UO2
21 green

to blue upconversion. Probably, experimental studies on U41

and UO2
21 co-doped Cs2ZrCl6 samples like those in Ref. 22

which take into account the location of the U41 5 f 16d1 lev-

Z. Barandiarán and L. Seijo
icels reported here, could further clarify these problems.
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The paper is organized as follows: The methods use
treat host effects, electron correlation, and scalar and s
dependent relativistic effects are summarized in Sec.
where the details of the calculations are also given. The
sults of the calculated absorption spectrum of U41 in gas
phase are presented and discussed in Sec. III. The calcu
local structure, and 5f 2– 5f 2 and 5f 2– 5f 16d1 absorption
spectra are presented and discussed in Sec. IV, and the
conversion mechanism which is suggested by our resul
discussed in Sec. V. The conclusions of this work are gi
in Sec. VI.

II. METHOD AND DETAILS OF THE CALCULATIONS

A. The Cs 2ZrCl6 embedding potential

The U41 impurities substitute for Zr41 ions of the
Cs2ZrCl6 host crystal, which creates octahedral (UCl6)22

defect clusters. The spectral properties of the Cs2ZrCl6 :U41

material mentioned in the Introduction are largely attribu
to electronic states strongly localized in this unit. Yet, t
influence of the surrounding crystal beyond the chlorine fi
neighbors is known to be important in this type
materials.15 Thus, a quantum-mechanical method which p
titions the crystal electronic structure accordingly, such
the ab initio model potential ~AIMP! embedded cluste
method,15,16 must be used to account for host effects and
focus the highest methodological and computational ef
on the (UCl6)22 complex. Readers interested in the deta
of the AIMP embedded cluster method, the works wh
prove its accuracy as an embedding technique, and the
sults obtained in a number of applications to the calculat
of the local structure and spectroscopy of transition metal
impurities in ionic hosts~at ambient and high pressures! are
referred to the review chapter of Ref. 15. More recent ap
cations, which further support the accuracy of the emb
ding, include high pressure modeling in Cs2NaYCl6 :V31

~Ref. 23! and studies of the structure and spectroscopy
actinide impurities in ionic hosts.17–19Here, we only summa-
rize the embedding method whose results can be consid
essentially free from errors due to inadequate representa
of host effects beyond first neighbors.

The embedding potentials which represent the Cs2ZrCl6
ions external to the (UCl6)22 cluster in the
Cs2ZrCl6 :(UCl6)22 calculations presented here were o
tained in a previous study of the structure and spectrosc
of Pa41 defects in Cs2ZrCl6 .17 They accurately reproduc
the quantum-mechanical interactions between~frozen!
Hartree–Fock descriptions of the external crystal ions~e.g.,
Cs1, Zr41, and Cl2 in Cs2ZrCl6) and the~multiconfigura-
tional! wave functions associated with the point defect cl
ter (UCl6)22. They include~i! a long-range Coulomb term
which in ionic crystals is the corresponding Madelung pot
tial, ~ii ! a short-range Coulomb term, which corrects the l
ter taking into account that the lattice ions are not po
charges, but charge densities associated with Hartree–
wave functions,~iii ! an exchange term, which stems from t
fact that the generalized antisymmetric product of the clu
and the external ion wave functions fulfil the first principl

J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
requirement of antisymmetry with respect to interchange o
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electrons between the cluster and lattice group functions,
~iv! a projection term, which guarantees that the defect c
ter and external ion wave functions are built using linea
independent sets of orbitals; this term actually preve
variational collapse of the cluster wave functions on the
tice ions. The embedding potential data can be found in R
24.

B. The sfss relativistic Hamiltonian: Electron
correlation and spin–orbit coupling

The chemical bonds that the U41 impurities establish
with the surroundings are expected to be confined within
(UCl6)22 cluster, whose large manifold of electronic stat
corresponds to a multireference 5f 2, 5f 16d1 open-shell sys-
tem. Consequently, wave function based molecular quant
chemistry methods which include nondynamic and dynam
electron correlation, and which have been developed
proved to be accurate for the study of the chemical bond
spectroscopy of molecules in gas phase, are a good op
provided that the embedding potentials are added to the
lecular cluster Hamiltonian. Relativistic effects includin
spin–orbit coupling are equally important and are comp
sory, which adds up to the methodological challenges po
by these systems. Given the large number of valence e
trons to be correlated~48 from all six Cl and 10 from U! the
simultaneous treatment of electron correlation and spin–o
coupling through multireference spin–orbit configuration
teraction~CI! calculations is very much restricted. Here, w
treat both effects by means of a two-step procedure base
the spin-free state shifted~sfss! relativistic Hamiltonian,25

which involves an approximate decoupling of electron cor
lation and spin–orbit coupling effects. In a first step
spin-free Hamiltonian calculations, scalar relativistic effe
and electron correlation are dealt with at the highest me
odological level possible. The electron correlation effe
on the calculated transition energies are then transpo
by the sfss operator to the second step where spin–orbi
calculations are performed in a smaller configurational spa
This strategy is possible since electron correlation and sp
orbit effects have been found to be largely decoupled
similar systems like MgO:Ni21,25 Cs2NaYCl6 :Ce31,26

Cs2ZrCl6 :Pa41,17 or Cs2NaYCl6 :U31.19 The details of the
two-step calculations are given next. See also Refs. 15,
and 19.

1. Spin-free Hamiltonian calculations

The (UCl6)22 wave functions and energies correspon
ing to the spin-free embedded cluster Hamiltonian were c
culated using an extension of the second-order multiconfi
rational perturbation method CASPT2,27,28 the multistate
CASPT2 method.29 This extension, based on the multipar
tioning quasidegenerate perturbation theory,30 is particularly
useful for the calculation of the potential energy surfaces
the (UCl6)22 excited states, since many electronic states
the same symmetry are close together in energy so
strong interactions and even avoided crossings should be
pected. In this context, the choice of active space, basis s
U, and dynamic correlation appropriate for studies of 5f n

7441U41 defects in Cs2ZrCl6
fand 5f n216d1 manifolds of actinide ions in halide crystals
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have been recently investigated on Cs2NaYCl6 :U31.19

Analogous choices have been adopted here and are desc
next. State average complete active space self-consi
field31 ~SA-CASSCF! calculations were performed for a
electronic states of the 19 spin and octahedral irreduc
representations (3,1Gg,u ; G5A1 , A2 , E, T1 , T2 , except
3A1g) by generating all possible configurations where t
open-shell electrons occupy the 12 molecular orbitals
main character U 5f (a2u , t2u , t1u) and U 6d (t2g , eg). The
orbital optimization was done on eight separate state ave
calculations: 4 of the 5f 2 configurations, ^3A2g , 3Eg&,
^3T1g , 3T2g&, ^1A1g , 1A2g , 1Eg&, ^1T1g , 1T2g&, and 4 of the
5 f 16d1 configurations, ^3A1u , 3A2u , 3Eu&, ^3T1u , 3T2u&,
^1A1u , 1A2u , 1Eu&, ^1T1u , 1T2u&, where all the states of th
indicated irreducible representation have been average
each case. The results of these multiconfigurational calc
tions will be referred to as CASSCF(5f ,6d). These mani-
folds of wave functions and energies can be labeled
5 f 2–3,1Gg and 5f 16d1–3,1Gu . As mentioned above, dynami
correlation energy was calculated for all3,1Gg and3,1Gu elec-
tronic states through multistate second-order perturba
theory ~MS-CASPT2!29,30 using the 5f 2–3,1Gg or the
5 f 16d1–3,1Gu CASSCF(5f ,6d) wave functions as the multi
dimensional reference space.19 Following the conclusions o
the study on Cs2NaYCl6 :U3119 referred above, 58 valenc
electrons were correlated which in the multidimensional r
erence occupy the molecular orbitals of main character Us,
6p, 5f , 6d and Cl 3s, 3p. This type of calculations will be
referred to as MS-CASPT2~Cl48,U10!. It should be men-
tioned that the intermediate CASPT2 calculations revea
large and uniform weights (.60%) of the zeroth-order ref
erence in all states calculated at all distances and sho
no signs of problems of intruder states, nor large contri
tions to the first-order wave function nor to the second-or
energy correction which would indicate inadequacies on
choice of the complete active space used. Also,
MS-CASPT2~Cl48,U10! potential energy surfaces wer
found to be continuous functions of the U–Cl distance.
the spin-free calculations have been done using the relat
tic core AIMPs and valence basis sets that are described n

Relativistic effective core potentials corresponding to
ab initio model potential method~AIMP! have been pub-
lished for the@Kr,4d#-core of the lanthanide elements an
for the @Xe,4f ,5d#-core of the actinide elements,32 based on
atomic Cowan–Griffin–Wood–Boring calculations,33,34 to-
gether with optimized Gaussian valence basis sets
Wood–Boring spin–orbit operators.32 These core sizes ar
known to be reasonable in quantum chemistry as long
energy differences between states of configurations with
ferent f orbital occupation are not involved;35 this has been
shown to be a shortcoming in the calculation of 4f→5d/5f
→6d transitions in L/An doped ions.18 The transferability of
frozen core potentials of neutral lanthanide and actinide
ments to 4f /5f and 5d/6d states of their 31 and 41 ions
has been investigated18 and it has been found that a goo
description of the orbital spin–orbit coupling constan
z4 f /z5 f and z5d /z6d of the Ln31/An41 ions and of the 4f
→5d/5f→6d transition energies is achieved only by usi

7442 J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
@Kr#/@Xe,4f# core AIMP of the neutral Ln–An elements,
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which have been presented in Ref. 18. Alternatively, a
only for the actinides, the large@Xe,4f ,5d# core AIMPs ob-
tained in the 5f n216d1 state of the An41 have been found to
be equally transferable and accurate for both atomic and
lecular properties of the An41 free and An41-doped ions,
since these core potentials are capable of reproducing
tremendous radial change of the 6d orbital in the tetraionized
An and its indirect effect on the 5d outer core model poten
tial. Therefore, in this work we have produced the relativis
core AIMP of U41 (5 f 16d1) –3H (@Xe,4f ,5d# core! and
have used it together with the mass-velocity and Darwin
erators, and valence basis set produced on neutra
(5 f 36d17s2) –5K (@Xe,4f ,5d# core! in Ref. 32, with only a
minor change in thed block of the basis set: Whereas th
primitive Gaussian functions are those of Ref. 32, the c
traction coefficients of the minimal basis set have been
tained in the U41 (5 f 16d1) –3H calculation. Also, instead o
applying the usual spin–orbit correction of the basis se
the d block,36 we adjusted the value of the projection co
stant of the 5d core orbital until a high quality was obtaine
in the atomic spin–orbit coupling constant, as described
Ref. 18. The minimal valence basis set of uraniu
(14s10p11d9 f ), was augmented by three Gaussian fun
tions ofg type, 3g, which were obtained by maximum radia
overlap with the U 5f orbital, in order to be used as pola
ization functions. The contraction of the basis used was
@6s5p5d4 f 1g#. The effects of the splitting of the 3g polar-
ization function were investegated and found to be of min
importance in a similar system: Cs2NaYCl6 :(UCl6)31.19 For
chlorine, we used the@Ne# core relativistic Cowan–Griffin–
Wood–Boring AIMP and valence basis set (7s6p) of Ref.
37 augmented by 1p diffuse function for anions,38 and
1d polarization function,39 the final contraction being
@3s4p1d#.

All the calculations that use the relativistic spin-fre
Cowan–Griffin AIMP Hamiltonian we have just describe
have been done using theMOLCAS-5 program system.40 The
core AIMP and valence basis set data can be found in R
24.

2. Spin –orbit Hamiltonian calculations

Once the potential energy surfaces are computed fo
states of interest at the MS-CASPT2~Cl48,U10! level using
the spin-free CG-AIMP Hamiltonian, the dynamic electro
correlation effects are transported to the spin–orbit confi
ration interaction~CI! calculations which are performed on
much smaller configurational space through the spin-fr
state-shifted Wood–Boring~WB! AIMP Hamiltonian,15,25

Hsfss
WB-AIMP , which results from adding to the many-electro

spin–orbit WB-AIMP Hamiltonian36 the following spin-free
state shifting operator:

(
iSMSGg

d~ iSG!uFP~ iSMSGg!&^FP~ iSMSGg!u, ~1!

with
G G 3 P P 3

Z. Barandiarán and L. Seijo
d~iSG!5@E ~ iSG!2E ~1 T1g!#2@E ~ iSG!2E ~1 T1g!#.
~2!

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



f

tric
TABLE I. Calculated and experimental 5f – 5f absorption spectra of U41 in gas phase.lU @Eq. ~3!# is the atomic spin–orbit coupling scaling factor o
uranium.d(3P) andd(1I ) are the spin-free state shifting parameters of Eqs.~1! and ~2!. All numbers in cm21.

Statea

sfss spin–orbit WB-AIMP Hamiltonian

DCb Experimentc

lU51.0 lU50.9

d(3P) – 1000,d(1I ) – 1000d

3H4 0 0 0 ~88.253H) 0 0 ~89.303H)
3F2 4156 4062 4056~86.673F) 4084 4161 ~86.323F)
3H5 7082 6320 6320~99.983H) 6233 6137 ~100.03H)
3F3 9687 8925 8925~99.963F) 9025 8984 ~100.03F)
3F4 10 023 9276 9276~47.613F 43.271G) 9585 9434 ~49.633F 42.281G)
3H6 13 114 11 831 11 779~94.283H) 11 711 11 514 ~94.613H)
1D2 17 794 17 044 16 727~54.611D 34.213P) 16 554 16 455 ~55.011D 33.433P)
1G4 18 121 16 581 16 581~51.423F 45.921G) 16 929 16 656 ~49.533F 47.861G)
3P0 18 424 18 159 17 232~92.903P) 17 471 17 128 ~93.513P)
3P1 21 808 21 044 20 044~99.983P) 20 145 19 819 ~100.03P)
1I 6 24 309 23 278 22 330~94.301I ) 22 581 22 276 ~94.611I )
3P2 27 106 25 663 24 986~65.053P 32.741D) 24 979 24 653 ~65.853P 32.041D)
1S0 44 619 43 352 43 278~92.921S) 46 230 43 614 ~93.511S)

rmse

1S0 excluded 1478 681 198 231
1S0 included 1444 657 214 787
3PJ , 1I 6 excluded 273

aLabels as3H4 are customarily used to identify atomic spin–orbit levels even though they may be very inadequate in some cases~cf. 3F4 , 1G4 , and1D2 ,
3P2). Their subindexJ is the only valid quantum number.

bRelativistic Dirac–Coulomb coupled cluster calculation from Ref. 46.
cExperimental absorption spectrum from Refs. 44 and 45. Weights of theSL terms larger than 15%, which result from diagonalization of the parame
Hamiltonian of Ref. 45, are given in parentheses.

d
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Weights ofSL terms larger than 15% are given in parentheses.
eRoot-mean square deviations relative to experimental data.
In Eqs. ~1! and ~2! @EG( iSG)2EG(1 3T1g)# are the MS-
CASPT2~Cl48,U10! electronic transition energies relative
the ground state 13T1g . P is a small CI space defined by th
complete U 5f , 6d active space reference mentioned befo
plus their single excitations to the virtual space.@EP( iSG)
2EP(1 3T1g)# are the corresponding spin-free CI ener
differences.15,25 The spin–orbit part of the sfss WB-AIMP
Hamiltonian has been described in detail in previo
works15,32,36 and defined as a sum of atomic one-electr
spin–orbit~SO! terms,41 ĥSO

I ( i ) (I 5U, Cl, in our case!

ĥSO
I ~ i !5l I (

n,Pvalence
VSO,n,

I ,MP ~r i !Ô,
I l̂ I ŝÔ,

I . ~3!

The details of this operator can be found in Ref. 32@cf. Eq.
~8!#; the only purpose to rewrite it here is to stress on
presence of the parameterl I , which may act as a scalin
factor for the spin–orbit contribution of atomI . This factor
has been used as 1.0 in most applications, but it will be gi
the valueslU50.9, lCl51.0, in this work as it will be jus-
tified below in Secs. III and IV B. The valence basis s
described above were used in the spin–orbit CI calculati
after removal of the polarization functions: U@6s5p5d4 f #,
Cl @3s4p#. The calculations corresponding to this level w
be referred to as sfss spin–orbit WB-AIMP calculations,
simply as spin–orbit CI, from now on.

A modified version of theCOLUMBUS package was use

for all spin–orbit CI calculations.42

Downloaded 26 May 2003 to 150.244.37.189. Redistribution subject to A
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III. THE ABSORPTION SPECTRUM OF U4¿

IN GAS PHASE

The calculation of the absorption spectrum of the U41

free-ion is very useful because it helps to interpret the sp
troscopy of U41-doped crystals and it helps to establish t
quality of basis set, spin–orbit operator, and electron co
lation at the atomic level. Consequently, we have calcula
the 5f – 5f absorption spectrum of the U41 free-ion at the
sfss spin–orbit WB-AIMP level. The calculated spect
which are presented in Table I and Fig. 1~see also Fig. 6 in
the Supplementary Material Section of Ref. 43 as EPA
document file! can be compared to available experimen
data44,45 and to very accurate relativistic Dirac–Coulom
coupled cluster calculations46 where 4f , 5spd f, and 6sp
electrons were correlated.

The results of the spin–orbit CI spectrum calculated
explained in the previous Section, by using the atomic M
CASPT2~U10! spin-free results to define the spin-free sta
shifting parametersd( iSG) @Eq. ~2!# and the usuallU51.0
value for the scaling factor of the spin–orbit contribution
U @Eq. ~3!#, are the first ones presented in Table I. Th
comparison with the experimental values from Refs. 44 a
45 ~Fig. 1! shows an increasing error with the transiton e
ergy value. An analysis of the sources of these errors follo
based on the fact that the present approximated relativ
Hamiltonian shows a separated, pure spin–orbit operator

the one hand, and that the correlation effects are handled in

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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separated calculation and transferred into the spin–orbit
on the other.

First of all, the spin–orbit splittings are calculate
slightly larger than experimentally observed, as illustrated
the splittings of the3H term ~see Table I and Figs. 1 and 6!.
In effect, 3H4 , 3H5 , and3H6 have very small contributions
from other terms than3H and, in consequence, their splittin
is almost enterily due to the direct effect of the spin–or
component of the Hamiltonian, which suggests that the
contribution to the spin–orbit operator should be reduced
effect, the errors of the spin–orbit splittings decrease nota
when the calculations are repeated using the scaling fact
Eq. ~3!, lU50.9 ~see Table I and Fig. 1!.

After doing so, the results show errors lower th
500 cm21, except for the transitions to the3P0 , 3P1 , 1I 6 ,
3P2 levels ~see Fig. 1!, which suggests that the3P and 1I
terms are being calculated some 1000 cm21 too high at the
MS-CASPT2~U10! level, this revealing itself as the secon
source of discrepancy. Consequently, we performed a
calculation where an empirical correction of21000 cm21

was added to the sfss parametersd(3P) andd(1I ) @Eq. ~2!#.
The results are very satisfactory when compared to exp
ment and to accurate relativistic Dirac–Coulomb coup
cluster calculations,46 the final root-mean square deviatio
with respect to experiments being 214 cm21. The compari-
son with the Dirac–Coulomb coupled cluster results46 indi-
cate that the main effect of including more electron corre
tion than that corresponding to U 6s,6p, and 5f included
here, seems to be the lowering of3P and 1I by around
1000 cm21. We produce a quite reasonable result for1S0 and
we cannot identify with this analysis the source of the la
error (2600 cm21) found in the Dirac–Coulomb couple
cluster calculation.

In summary, the atomic calculations indicate that t

FIG. 1. Errors of calculated U41 free-ion 5f 2– 5f 2 transition energies with
respect to experimental values from Refs. 44 and 45.~h! sfss spin–orbit
WB-AIMP calculations using the atomic spin–orbit scaling constantlU

51.0 @Eq. ~3!#. ~s! Same as before, butlU50.9. ~d! Same as before, bu
21000 cm21 empirical correction is added to the spin-free state shift
parametersd(3P) andd(1I ) @Eqs.~1! and ~2!#. DC ~dotted line! stands for
relativistic Dirac–Coulomb coupled cluster calculations~Ref. 46!.

7444 J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
WB spin–orbit operator overestimates spin–orbit couplin
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by around 10% and this can be corrected with a scaling
tor of 0.9. They also indicate that the present theoretical le
of correlation overestimates the energies of the3P and1I by
some 1000 cm21 and this can be corrected with an empiric
addition of 21000 cm21 to the sfss parametersd(3P) and
d(1I ).

Finally, we would like to remark that the sources of err
have been identified as a result of the structure of the Ha
tonian, in the first place, and that, once identified it is ag
the structure of the Hamiltonian what has allowed for t
correction of the errors in a very simple, though efficie
way. Also remarkable is the fact that the corrections on
Hamiltonian have been empirical in this case but, they co
have been done on the basis of the accurateab initio Dirac–
Coulomb coupled cluster calculations instead. This is imp
tant because experimental data on atomic spectra are in
very rarely available for the actinoids, whereas Dira
Coulomb coupled cluster calculations are feasible and v
reliable. As we show in this paper, the atomic corrections
have just studied should be transported to the study of
spectroscopy of the U41 ion in the solid. This fact enhance
the importance of atomic Dirac–Coulomb coupled clus
spectroscopic calculations, which, together with the s
technique and the AIMP embedded cluster Hamiltonian,
an important source of information for practical studies
solids doped with actinide ions, in addition to providin
atomic benchmarks for simpler relativistic methods.

IV. STRUCTURE AND SPECTROSCOPY
OF U4¿-DOPED Cs2ZrCl6

A. Local structure of 5 f 2 and 5 f 16d 1 states
of Cs 2ZrCl6 : „UCl6…

2À

Following the two-step procedure described in Sec.
we calculated the potential energy surfaces of all 5f 2 and
5 f 16d1 electronic states of the embedded (UCl6)22 cluster
and, therefore, their U–Cl equilibrium distance,Re , totally
symmetric vibrational frequency of the (UCl6)22 unit, n̄a1g

,
and minimum-to-minimum energy relative to the grou
state,Te , using the spin-free and spin–orbit Hamiltonia
referred to above. The procedure followed to compute
U–Cl equilibrium distances and vibrational frequencies fro
the numerical energy–distance values has been deta
somewhere;23 they are stable in some 0.001 Å an
1 – 3 cm21, respectively. In this subsection we concentra
on the local structure parameters and on the effects of e
tron correlation, crystal field, and spin–orbit coupling o
their values; the electronic transition energies will be d
cussed later on. The structural parameters obtained
should show the same accuracy as that already proven
very similar applications on Cs2ZrCl6 :Pa41 ~Ref. 17! and
Cs2NaYCl6 :U31.19

A summary of the results of the geometry optimizati
of all 3,1Gg,u electronic states of the (UCl6)22 embedded
cluster using the spin-free Cowan Griffin AIMP Hamiltonia
is presented in Table II, where only spin-triplet electron
states have been tabulated; the parentage with U41 free ion
terms, although approximate, is indicated. Since all the c

Z. Barandiarán and L. Seijo
gculations use the Cs2ZrCl6 AIMP embedding potential, host
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TABLE II. Spectroscopic constants of the 5f 2 and 5f 1 6d1 spin-triplet manifolds of Cs2ZrCl6 :(UCl6)22 @U–Cl
bond distanceRe(Å), breathing mode vibrational frequencyn̄a1g

(cm21), and minimum-to-minimum energy
Te(cm21)] as calculated with the spin-free Hamiltonian. Mean averages and mean square deviations are
for Re andn̄a1g

, and energy ranges forTe ; their respective values for individual electronic states are prese
in Table V in the Supplementary Material Section of Ref. 43 as an EPAPS document file.

CASSCF(5f ,6d) MS-CASPT2~Cl48,U10!

Re n̄a1g
Te Re n̄a1g

Te

5f 2 manifold 2.67160.003 31760.5 2.60860.005 32060.9

from 3Hg : 1 – 2 3T1g , 1 3T2g , 1 3Eg 0–2007 0–3530
from 3Fg : 3 3T1g , 2 3T2g , 1 3A2g 5375–6549 4815–6534
from 3Pg : 4 3T1g 20 235 15 826

5f 16d(t2g)1 manifold 2.64160.004 32161 2.57160.005 32460.6

1 – 3 3T1u , 1 – 23T2u , 1 3A1u , 1 – 23Eu 33 286–41 149 29 113–36 508

5f 16d(eg)1 manifold 2.70960.003 30661 2.64360.008 29962

3 3 3
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4 – 5 T1u , 3 – 4 T2u , 3 Eu 65 871–71 347 64 226–69 602
effects beyond first neighbor are included even at the low
level of methodology, namely the CASSCF(5f ,6d) level,
where the effects of the ligands are naturally embodied in
multiconfigurational CASSCF wave functions of (UCl6)22.
The effects of dynamic electron correlation included throu
the MS-CASPT2 method, as mentioned above, can be as
tain by comparing the MS-CASPT2~Cl48,U10! results with
the CASSCF(5f ,6d) ones.

Three manifolds of states are found which include vir
ally parallel potential energy surfaces, sharing about
same U–Cl equilibrium distances anda1g vibrational fre-
quencies~spin-singlet electronic states, not included in t
table, can be classified in the same three groups!; each one of
them can be labeled according to the followingsuper-
configurations:35,47,48 5 f 2, 5f 16d(t2g)1, and 5f 16d(eg)1.
The mean values and mean square deviations of
bondlengths and vibrational frequencies over each mani
appear in Table II.

The effects of electron correlation on the spectrosco
parameters of the three manifolds are as follows: Elect
correlation appears to increase the ligand field splitting
the free ion3H and3F terms, and to lower considerably th
4 3T1g cluster state related to U41 3P. The effect of elec-
tron correlation on the 5f 16d1 states is a large stabilizatio
which, in average, amounts to 4900 cm21 in the 5f 16d(t2g)1

manifold, and to 2300 cm21 in the 5f 16d(eg)1 manifold,
approximately; this means that electron correlation also
creases the overall ligand field separation between
5 f 16d(t2g)1 and 5f 16d(eg)1 manifolds. The effect of elec
tron correlation on the equilibrium distances is a gene
shortening of the bond lengths which, approximate
amounts to an average of 0.063 Å in the 5f 2 manifold, and to
some 0.070 and 0.065 Å in the 5f 16d(t2g)1 and 5f 16d(eg)1

manifolds, respectively. The effects of electron correlation
the vibrational frequencies are very small.

The expected~octahedral! crystal field effect ond
orbitals49 is apparent in the different values ofRe of the
5 f 16d(t )1 and 5f 16d(e )1 manifolds: The energy differ-
g

he upperd(eg) states and the lowerd(t2g)
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states is known to decrease with the metal–ligand dista
~with an R25 dependence according to the crystal fie
theory49!, so leading to a larger bond distance in theeg states
than in thet2g states. In this case, their offset is 0.072
~Table II!; an analogous offset was obtained in t
Cs2ZrCl6 :Pa41 system: 0.080 Å.17 The crystal field effect on
the f orbitals is much smaller: The variations of the equili
rium distances of the states belonging to the 5f 2 manifold
are of the order of 1023 Å, too small so as to separate th
group into subsets of off-shifted potential energy surfac
moreover, the bondlengths become even closer as the s
orbit coupling is introduced. Work in progress in our labor
tory in U31 and Np41 doped ions, shows that, as the numb
of f electrons increases, the crystal field effects on theRe

values of different states within the 5f n superconfiguration
become non-negligible. Finally, the equilibrium distance
the 5f 2 states of Cs2ZrCl6 :U41 appears to be larger than th
of the 5f 16d(t2g)1 states by 0.037 Å and smaller than th
5 f 16d(eg)1 ones by 0.035 Å; these offsets were found to
0.021 and 0.059 Å, respectively, in Cs2ZrCl6 :Pa41.17

The optimization of the potential energy surfaces of t
Gg andGu spin–orbit states corresponding to the second-s
calculations, where the sfss spin–orbit WB-AIMP Ham
tonian is used, reveal a negligible change on the impur
ligand distancesRe , a1g vibrational frequencies, and th
structure of superconfiguration manifolds~see Table III; a
plot of the potential energy surfaces of all levels is presen
in the Supplementary Material Section of Ref. 43!. The val-
ues of the U–Cl equilibrium distance andn̄a1g

of the 1A1g

ground state of Cs2ZrCl6 :(UCl6)22 obtained in our calcula-
tions are 2.602 Å and 319 cm21, respectively. The Zr–Cl
distance of Cs2ZrCl6 perfect host is 2.446 Å, which mean
that a considerable outwards local distortion occurs up
U41 doping approaching the value 2.75 Å of the U–Cl d
tance in perfect Cs2UCl6 crystal.50 The n̄a1g

value of

319 cm21 we find in Cs2ZrCl6 :U41 is also very close to the
31565 cm21 reported for CsUCl by Pollack and Satten51
2 6

obtained from Raman spectrum in Cs2UCl6 . Experimental
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TABLE III. Results of sfss spin–orbit WB-AIMP calculations. Minimum-to-minimum energy differencesTe , in cm21 and analyses of the spin–orbit wav
functions of Cs2ZrCl6 :(UCl6)22. Manifold averages and root-mean square deviations of the equilibrium distancesRe , and breathing mode vibrationa
frequenciesn̄a1g

, are also given.

State Te Spin-triplet charactera Weight of spin-free wave functions larger than 15%a

5f 2 manifold Re52.60560.003 Å; n̄a1g
532062 cm21

from 3H4

1 A1g 0 91.20 90.88 13T1g

1 T1g 914 87.98 50.55 13T1g 28.83 13T2g

1 Eg 1282 87.65 43.11 13T2g 29.88 23T1g

1 T2g 2428 91.04 59.61 23T1g 24.49 13Eg

from 1D2 , 1G4 , and3P0

8 T2g 16 624 42.43 53.69 21T2g 22.19 43T1g

6 Eg 16 817 65.84 30.00 33T1g 23.77 11Eg 20.29 23T2g

4 A1g 16 903 59.26 41.22 33T1g 23.82 11A1g 15.62 21A1g

7 T1g 16 925 66.75 42.92 33T1g 24.99 11T1g 17.73 23T2g

7 Eg 17 790 46.98 43.83 21Eg 22.45 43T1g 22.38 23T2g

5 A1g 18 108 87.42 79.20 43T1g

9 T2g 18 192 54.09 41.35 11T2g 26.39 13A2g 15.22 23T2g

from 3P1 , 1I 6 , and3P2

8 T1g 20 478 71.74 67.47 43T1g 28.20 21T1g

6 A1g 20 556 26.58 71.88 21A1g 23.80 33T1g

9 T1g 20 937 45.26 54.04 21T1g 31.87 43T1g

10T2g 21 126 11.51 88.25 31T2g

3 A2g 21 525 6.52 93.43 11A2g

8 Eg 23 849 38.41 38.92 31Eg 35.65 43T1g 22.37 21Eg

11T2g 23 914 56.26 53.79 43T1g 26.08 41T2g 17.50 21T2g

12T2g 25 551 24.61 70.37 41T2g 21.38 43T1g

9 Eg 26 316 33.55 56.94 31Eg 31.36 43T1g

5f 16d(t2g)1 manifold Re52.57160.004 Å; n̄a1g
532461 cm21

1 Eu 31 148 94.23 69.74 13T1u 23.65 13T2u

1 T2u 31 345 95.75 73.84 13T1u

1 A1u 32 294 26.50 73.44 11A1u 13.30 33T1u

1 T1u 32 497 55.41 44.06 11T1u 17.50 13T2u 16.16 13A1u

2 Eu 33 577 39.83 60.09 11Eu 15.78 23T1u

2 T1u 33 865 95.72 26.08 13A1u 24.46 23T1u 21.79 13T2u

2 T2u 33 930 91.19 44.23 13T2u 16.23 13Eu 15.90 13A2u

1 A2u 34 918 88.34 78.05 13T2u

3 T2u 35 309 71.94 34.87 23T1u 27.64 11T2u 22.66 23Eu

3 T1u 35 843 93.39 60.14 13T1u 15.72 13Eu 15.52 13T2u

4 T1u 37 465 74.16 30.67 13Eu 21.79 11T1u 20.79 23T2u

2 A1u 37 860 99.88 49.27 23T1u 43.49 33T1u

3 Eu 38 057 94.10 52.83 13T2u 15.77 13T1u

4 T2u 38 939 92.26 38.19 13Eu 16.01 13T1u

5f 16d(eg)1 manifold Re52.64260.004 Å; n̄a1g
529963 cm21

11T2u 67 349 60.81 38.90 31T2u 36.46 43T1u 22.21 33Eu
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values ofRe and n̄a1g
for the ground state of Cs2ZrCl6 :U41

have not been published, to our knowledge.

B. 5 f – 5f spectrum of Cs 2ZrCl6 : „UCl6…
2À

The two sources of errors detected in the calculation
the 5f – 5f spectrum of U41 in gas phase, discussed in Se
III, should be expected to reveal in the calculation of t
spectrum of the U41-doped Cs2ZrCl6 material as well. Con-
sequently, it is advisable to transport the same empirical
rections, which have been checked in the U41 ion, to the
solid state calculations. This means that we should us
spin–orbit scaling factorlU50.9 in order to avoid the U
spin–orbit Wood–Boring operator to produce 10% too la

Weights are given in % and correspond to calculations at R(U– Cl)54.90 a
splittings, and we should add the21000 cm21 correction to

Downloaded 26 May 2003 to 150.244.37.189. Redistribution subject to A
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the d( iSG) parameters@Eq. ~2!# corresponding to the
(UCl6)22 cluster levels resulting from the atomic3P and1I
terms, that is, to 43T1g ~related to U41 3P) and to 21A1g ,
1 1A2g , 3 1Eg , 2 1T1g , 3 1T2g , and 41T2g ~related to U41

1I ). ~This is done at all U–Cl distances at which the poten
energy surfaces are calculated.!

In order to add further support to the incorporation
these empirical atomic corrections into the solid-state ca
lations, we have done two different spin–orbit CI calcu
tions of the potential energy surfaces of all electronic sta
of Cs2ZrCl6 :(UCl6)22, namely:~a! One, usinglU51.0 and
unchanged sfss parameters, which are set relative to the
CASPT2~Cl48,U10! vertical transition energies, and~b! a

. 2.59 Å.
second calculation usinglU50.9, and the21000 cm21 cor-

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



e

es
e
pi
ie

d
I

he
i

ai

o-
r-
ts
e
q

al

o
in
er
ns

ls
f
e

in
ze

n

the
ri-
tals
-

ro-

ns;
en-
n,
ing

ro-
ergy

en-

so
ear

, to
ur
-

less

ero-
on

is.

se

ing

rable
ch
sly.
ic
ns
non
ure
ion

44
rected values of thed( iSG) listed above. We obtained th
same values of the local structure parameters (Re , n̄a1g

of all
levels! in both calculations. However, the transition energi
whoseTe values are given in Fig. 2, follow very closely th
expected trend approaching the experimental values. S
orbit splittings and absolute values of the transition energ
are both considerably improved when thelU50.9 is used
and 3P- and 1I -related spin-free states are shifte
21000 cm21. The results of this latter type of spin–orbit C
calculations are, therefore, the most accurate presented
They are the ones shown in detail in Tables III and IV, and
Fig. 2, and they will be discussed and compared with av
able experimental data from now on.

Table III collects a summary of the the minimum-t
minimum transition energiesTe , and the analyses of the co
responding spin–orbit CI wave functions. The weigh
which result from the projection of the spin–orbit CI wav
functions onto the spin-free CI wave functions used in E
~1!, are given in %, and the sums of the contribution of
spin-triplet wave functions are also given.~For a full tabula-
tion see Table VI in the Supplementary Material Section
Ref. 43!. It should be noted that the somewhat mislead
term ‘‘spin-free wave function’’ is customarily used to ref
to wave functions corresponding to spin-free Hamiltonia
which, therefore, have well defined total spin. Reference
made in Tables III and IV to the relation of the crystal leve
to SLJ levels of the U41 free ion, even though the mixing o
different J levels in the solid, as deduced from the analys
of the spin–orbit wave functions is usually high. Table VII
the Supplementary Material Section of Ref. 43 summari
elementary symmetry decomposition of the U41 free-ionSL

FIG. 2. Experimental and theoretical 5f 2– 5f 2 electronic transitions of U41

in gas phase and in chloride crystals.~a! sfss spin–orbit WB-AIMP calcu-
lations usinglU51.0. ~b! Same as~a! but lU50.9 and the21000 cm21

empirical correction is added to the sfss parametersd( iSG) of the iSG
levels related to3P and1I U41 terms~see text for details!. CFT stands for
crystal field theory fitting. Experimental values are taken from Refs. 13,
45, and 52.

J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
terms orJ levels in theOh or in the Ōh double group, re-
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spectively, to facilitate the reading of the wave functio
analyses and the discussion of the U41-doped spectroscopy
in relation to its gas phase spectroscopy. In Table IV,
calculatedTe values can be compared directly with expe
mental zero-phonon energies measured in different crys
containing the (UCl6)22 complex, which means that zero
point energy corrections to the calculatedTe values are ex-
pected to be negligible. In the experimental works, the ze
phonon lines of Cs2ZrCl6 :U41,13,14 Cs2UCl6 ,13,14,52,53and
@(CH3)4N#2UCl6 ~Ref. 54! @referred to as~TMA !2UCl6]
have been assigned following the CFT energy calculatio
we have followed those assignments to locate the experim
tal levels in Table IV, except for those in the last colum
which have been assigned and ordered in the table follow
the energy calculations of this work.

Taking the experimental spectrum of U41 in gas phase
as a guide,~see last column in Fig. 2!, we can first analyze
the global effects of the solid by tracing the changes p
duced on three groups of levels separated by large en
gaps (.4000 cm21): ~i! The ground-state3H4 , ~ii ! all levels
from 3F2 to 3H6 , and~iii ! all levels from1D2 to 3P2 ~Fig. 2
and Table IV!.

~i! The splitting of the ground levelJ54 (3H4) in the
octahedral field, although only partly observed experim
tally, seems to be well described by our calculations.~ii ! The
4200 cm21 gap to the first gas-phase level3F2 is reduced at
the same time that the3F2–3H6 group becomes wider in
energy in the Cs2ZrCl6 :U41,13,14 Cs2UCl6 ,13,14,52 and
~TMA !2UCl6 ,54 measured crystals, an effect which is al
observed in the calculated levels, although the latter app
to be higher in energy by less than 1000 cm21. ~iii ! The
4900 cm21 energy gap between3H6 and1D2 in gas phase is
strongly reduced, as shown by the experimental data
1700– 1900 cm21; this reduction is underestimated by o
calculations: 2800 cm21. The whole set of crystal levels re
lated to1D2–3P2 span some 9900 cm21 which is in closer
agreement with our calculations: 9700 cm21. All this means
that the transition energies are calculated too high by
than 2000 cm21 in this spectral region.

We can now take as a reference the values of the z
phonon transitons inferred from the experimental data
Cs2UCl6 ~Refs. 13, 14, 52! and Cs2ZrCl6 :U41 ~Refs. 13, 14!
which appear in Table IV for a more thourough analys
Cs2UCl6 is trigonal with site symmetryD3d at the uranium
site,50 although the close similarity of the spectrum to tho
of cubic Cs2ZrCl6 :U41 and ~TMA !2UCl6 shows that the
(UCl6)22 unit is only slightly distorted fromOh symmetry.
The difficulties to locate the electronic origins correspond
to the 5f 2 levels in crystals containing (UCl6)22 and
(UBr6)22 complexes have been pointed out by Sattenet al.13

and have been associated with the very large and compa
magnitude of crystal field and spin–orbit interactions, whi
makes it necessary to consider both effects simultaneou
In addition to this, practically the entire spectrum is vibron
and only a few pure electronic magnetic dipole transitio
can be observed weakly. This means that the zero-pho
levels tabulated have been inferred from low temperat
absorption spectrum by making use of vibronic select

,

7447U41 defects in Cs2ZrCl6
rules and temperature shifts,13 and electronic level splittings
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TABLE IV. Theoretical and experimental 5f – 5f spectra of (UCl6)22 in different chloride crystals. All number in cm21.

State (TMA)2UCl6 Cs2UCl6 Cs2ZrCl6 :U41

Ref. 54 Refs. 13, 52, 53a Ref. 14b Ref. 13c Ref. 14b this workd reassignmentse

from 3H4
1 A1g 0 0 0 0 0 0 0
1 T1g 897,979 914
1 Eg 1282
1 T2g 2428

from 3F2 , 3H5
2 Eg 5056 5060 5064 5058 5562 5058~504!
2 T2g 4901 4899 4929 5775 not observe

2 T1g 6371 6347,6399 6333,6387 6383 6740 6383~357!
3 T2g 7077 7011f 7109 7337 7109~228!
3 T1g 7209,7297 7143 7701 7143~558!
3 Eg 8189 @8197# 8280

rms 432

from 3F3 , 3F4 , and3H6
2 A1g 8485 8469 9372

4 T1g 9409 9467 9468 10 101 9242~859!
4 T2g 9237 9242 9242 10 345 9468~877!
1 A2g 9612 9540 9571 9572 10 367 9572~795!
4 Eg 10 468 10 762 10 107~655!
5 T1g 10 069 @10 065# 10 054 10 106 10 107 10 782 10 148~634!

5 Eg 11 200 @11 176# 11 180 11 220 11 607
5 T2g 11 263 11 836 11 220~616!
6 T2g 11 926 11 263~663!

2 A2g 12 129 12 128 12 133 12 178 12 180 12 657 12 180~477!

3 A1g 13 601
6 T1g @12 984# 13 761 13 370 13 768 13 050~718!
7 T2g 12 969 @12 878# 12 889,12 995 13 059 13 061 13 856 13 059~797!

rms 719

from 1D2 , 1G4 , and3P0
g

8 T2g 15 776 ~15 760! 15 774 15 775 16 624 15 228~1396!
6 Eg 15 234 15 213 15 218 15 227 15 228 16 817 15 775~1042!g

4 A1g 14 839 14 789 14 789 14 703 14 704 16 903 14 704~2199!g

7 T1g 15 754 ~15 677! 15 799 16 925 15 799~1126!

7 Eg 17 790
5 A1g 16 835 16 797 16 809 16 883 16 884 18 108 16 884~1224!
9 T2g 17 338 ~17 381! 18 192

rms 1459g

from 3P1 , 1I 6 , and3P2
8 T1g 18 870h 18 826,18 832 18 839 18 867 18 871 20 478 18 871~1607!
6 A1g 20 556
9 T1g 20 500 ~20 552! 20 937
10T2g ~20 764! ~20 794! 21 126
3 A2g 21 525

8 Eg 22 229 @22 183# 22 216 22 246 22 257 23 849 21 883~1966!
11T2g 21 899 @21 814# 21 834 21 876 21 883 23 914 22 257~1657!

12T2g 23 447 23 399 23 416 25 551

9 Eg 24 739 24 700 24 745 24 820 24 820 26 316 24 820~1496!
rms 1691

from 1S0
7 A1g 41 403i 41 893i 39 942

aUranium site symmetry isD3d , which results in splitting of the magnetic dipole transitionsA1g→T1g ; corresponding polarization data from Ref. 52 a
tabulated wherever available. Values in square brackets cannot be assigned on the basis of experiment alone~Ref. 13!. See text for details.

bElectronic origins 5058 to 7143 cm21 in Cs2ZrCl6 :U41 correspond to 85 K luminescence spectrum under argon ion laser excitation@from the 8T1g(3P1

level#. Values in parentheses correspond to uncertain measurements or assignments~Ref. 14!.
cElectronic origins measured at 4 K.
dResults of spin–orbit CI calculations of minimum-to-minimum energy differenciesTe relative to the 1A1g ground state.
eExperimental origins from Ref. 14 are listed and reassigned according to the results of spin–orbit CI calculations of this work. The differences beeen the
spin–orbit CI results and the experimental values are given in parentheses. rms stands for root mean square deviation within a group of statesonic
origins deduced in this work by substracting the calculatedn̄a1g

5320 cm21 are given in italics.
fFrom Ref. 52.
gThe assignments in this group of states, based on the present calculations, could change if (6Eg14 A1g) ^ e pseudo-Jahn–Teller coupling were considere
See text for details.

h 21

7448 J. Chem. Phys., Vol. 118, No. 16, 22 April 2003 Z. Barandiarán and L. Seijo
Splitting of this level~18 852 and 18 864 cm) has been observed in Ref. 52 and attributed to Jahn–Teller effect.
iFrom crystal field theory energy calculation in the corresponding experimental reference.
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observed in polarization spectra.52 As a result of this proce-
dure, and given that the symmetry of the (UCl6)22 ground
state isA1g , only the electronic origins belonging to th

A1g , A2g , and T1g irreducible representations of theŌh

double group can be identified with certainty in Cs2UCl6 ,
whereas those belonging toEg or T2g symmetries cannot; in
the cubic lattices, like Cs2ZrCl6 :U41 and ~TMA !2UCl6 ,
only the electronic levels ofA1g andA2g symmetries can be
identified by vibronic selection rules, whereas those belo
ing to Eg , T1g , or T2g irreducible representations canno
These facts limit the assignments of all observed lines
energy level calculations are not available. This inconven
is usually overcome by resorting to iterative CFT fittin
procedures,13 which are considered to perform satisfactori
It must be noted though, that these procedures can lea
different reasonable assignments of the levels whose sym
try is not certain from experiment when different values
the CFT parameters are used, as we comment below.13,53As
a matter of fact, Sattenet al.13 clearly distinguish the elec
tronic origins which appear in square brackets in Table IV
levels which ‘‘cannot be assigned on the basis of experim
alone,’’ or whose assignment ‘‘depends heavily’’ on the C
energy level calculation, from the rest of electronic origi
whose identification is considered to be highly certain. C
sequently, we will use the latter to establish the accuracy
our calculations by comparison, and will, eventually, propo
different assignments from CFT for the former.

The only crystal field level of3H4 experimentally ob-
served, 1T1g , is calculated fairly close to experiment.

The group of states from 2Eg to 3 Eg spans 2718 cm21

and appears to be split into two subgroups: 2Eg– 2 T2g and
2 T1g– 3 Eg with an energy gap of 965 cm21, in fairly close
agreement with experimental observations. First, let us c
pare our results with the experimental lines observed
Cs2UCl6 by Sattenet al.13,53 whose assignment has bee
confirmed by polarization data.52 These lines are the 2T1g ,
3 T2g , and 3T1g levels and the discrepancies our resu
show with them are very consistent: 397, 326, a
434 cm21, respectively. The situation in the first subgrou
2 Eg– 2 T2g , where the symmetry assignment of the o
served lines cannot be deduced from experiment, is so
what puzzling, as we explain next. In effect, Sattenet al.
reported the line at 5060 cm21 in Ref. 13, where it was as
signed as theEg component of3F2 ~note that this line was
also observed in Cs2UCl6 by Flint and Tanner14!; the authors
stressed that no other lines were observed below 5000 c21

for at least 1000 cm21, in spite of the fact that theT2g com-
ponent of3F2 was expected to be lower in energy, in analo
the the observations in Cs2UBr6 , where two origins sepa
rated by some 225 cm21 were detected in the order 2T2g

,2 Eg .53 Several CFT energy calculations were reporte13

where the 2Eg line at 5060 cm21 was used as input, an
they all led to the expected order 2T2g,2 Eg with different
energy separations, depending on the fitting stage: 105,
165 cm21.13 In a subsequent paper,53 a line below
5000 cm21, at 4899 cm21, assigned to 2T2g , appeared
tabulated as one of the observed lines without further co
ments~note that this line was not observed in the absorpt

J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
spectrum of Cs2UCl6 of Flint and Tanner14!. Both 4899

Downloaded 26 May 2003 to 150.244.37.189. Redistribution subject to A
-

if
nt

to
e-

f

s
nt

-
of
e

-
n

d
,
-
e-

0,

-
n

(2 T2g) and 5060 cm21 (2 Eg) data were used as input of
new CFT energy calculation,53 which led, this time, to in-
verted order: The output CFT energies were reported to
4865 (2Eg) and 4973 (2T2g), 108 cm21 apart. Given that
the CFT input and output assignments are not consistent,
unclear what the final assignment of these levels should b
the context of the usual combination of experimental a
CFT information, as it is unclear that there should be ana
priori reason to expect any order at all@note that the data in
the bromide crystal are also very confusing: whereas the
perimental levels are reported to be at 4717 (2T2g) and 4940
(2 Eg), 223 cm21 apart, the CFT calculated levels came o
in reversed order and almost degenerate: 4733 cm21 (2 Eg),
4763 (2T2g)53#; finally, and very important for energy level
lying above the ones we are discussing, it is unclear what
outcome of CFT energy calculations would be for these a
otherEg andT2g levels if the input assignment given to th
CFT calculations would be reversed in an attempt to m
CFT input and output data consistent. Consequently with
this, we can now compare our energy calculations with
periments disregarding anya priori assignments for the lev
els at 4899 and 5060 cm21. The discrepancy of our calcula
tion with the 5060 cm21 line comes out to be 506 cm21 if it
is assigned to 2Eg ; this error is very similar to the discrep
ancies observed in close lying and securely assigned le
we have discussed in the first place, above. The line
4899 cm21 gives a discrepancy of 876 cm21 with our calcu-
lated 2T2g , this error being much higher than expected
this spectral region. The discrepancies of our calculati
with these lines is also high if they are calculated in inver
order ~663 and 715 cm21). Consequently, our results coin
cide best with and support the former observations of Sa
et al.13 which concluded that only one electronic origin cou
be inferred in this energy region: That at 5060 cm21, this
being ascribable to the 2Eg state. Our results do not suppo
the existence of a second origin below and so close in ene
as the line at 4899 cm21 introduced in subsequent work
whose observation is not reported by Flint and Tanne14

Rather, our results point out that the 2T2g origin is, in fact,
some 200 cm21 away, but above 2Eg , this being the reason
why no other lines were observed below 5000 cm21 in the
works of Refs. 13 and 14 in Cs2UCl6 . In the second sub-
group, the discrepancy of our result with the line
8197 cm21 in Cs2UCl6 is 83 cm21, much smaller than ex-
pected, which, together with the fact that it is not observed
Cs2ZrCl6 :U41, makes its assignment as the zero-phon
line corresponding to 3Eg uncertain.

The energies of the levels of this group observed
Cs2ZrCl6 :U41 have not been inferred from low temperatu
absorption spectra, but from 85 K luminescence spectr
under argon ion laser excitation14 @from 8 T1g(3P1)]; more
recently, this spectrum has been referred to as tentative
Tanneret al.12 These lines are very close to the levels
Cs2UCl6 we have just discussed and compared with, exc
for the near degeneracy observed between 3T2g and 3T1g ,
which is not observed in the certainly assigned levels

7449U41 defects in Cs2ZrCl6
Cs2UCl6 nor in our results, this indicating that it might not
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correspond to a zero-phonon line. All we have discus
above applies to the rest of lines of Cs2ZrCl6 :U41, which
means that the one at 4929 cm21 should be associated with
vibronic feature of the emission spectrum rather than to
2 T2g electronic origin.

The group of states from 2A1g to 7 T2g appears to be
split in subgroups separated by four gaps of so
700– 900 cm21 that are consistent with the available expe
mental information; the subgroups are: 2A1g , 4 T1g– 5 T1g ,
5 Eg– 6 T2g , 2 A2g , and 3A1g– 7 T2g . The discrepancies
with the certainly assigned experimental levels measure
Cs2UCl6 at 8469 (2A1g), 9540 (1A2g), and 12 128 cm21

(2 A2g), are 903, 827, and 529 cm21. Only the last two have
been observed in the diluted crystal Cs2ZrCl6 :U41 and the
discrepancies with our calculations appear to be very sim
795 (1A2g) and 477 (2A2g). We discuss now the electroni
origins whose assignment is not certain, but derived fr
CFT calculations. After the first gap, all the leve
(4 T1g– 5 T1g) have similar energies in all crystals whic
appear in Table IV except the line at 10 468 cm21, which has
only been reported in Cs2ZrCl6 :U41 in Ref. 14. Our results
suggest that this level could correspond to the first mem
of the a1g progression (n̄a1g

5320 cm21) on the 5T1g elec-

tronic origin, whose non-negligible intensity comes from t
fact that the potential energy surfaces of 5T1g @Re(5 T1g)
52.608 Å# and 1A1g @Re(1 A1g)52.602 Å# are offshifted
by some 0.006 Å along theQa1g

normal coordinate~see be-

low!; if this is so, the electronic origin would be a
10 148 cm21, almost degenerate with the line
10 107 cm21, in agreement with theab initio calculations
which indicate that 4Eg and 5T1g are almost degenerate
and consistent with the fact that only one origin has be
reported close to 10 100 cm21 in all other crystals and works
collected in the table. The discrepancy with theory would
then larger, but more consistent with that observed in
states in the 4T1g– 5 T1g subgroup where our energy calc
lations also suggest that the CFT assignments should
changed~see last column of Table IV!. As we move to the
next subgroup 5Eg– 6 T2g , our results show the 5T2g and
6 T2g states are almost degenerate, which corresponds
with the two close lying lines observed by Flint and Tann
in Cs2ZrCl6 :U41 at 11 220 and 11 263 cm21; this suggests a
different assignment with respect to that of CFT, as it can
seen in the last column of Table IV. Finally, our calculatio
indicate that the three states in the last subgro
3 A1g– 7 T2g , have offshifted potential energy surfaces re
tive to the 1A1g ground state by 0.008, 0.009, 0.009
respectively, which makes it more likely to observe the fi
and second members of thea1g progression~see below!. As
a matter of fact, Flint and Tanner14 have ruled out as a zero
phonon line the level observed by Sattenet al. at
13 370 cm21 in Cs2ZrCl6 :U41; instead, they have inter
preted this line as corresponding to the first member of
a1g progression of the 13 059 cm21 origin ~using n̄a1g

5310 cm21). However, then̄a1g
is calculated to be slightly

higher, 320 cm21, in this work ~Sec. IV A!, which means
that the electronic origin that can be deduced from the lin

7450 J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
13 370 is 13 050 cm21, and is, therefore, almost degenerate
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with that at 13 059 cm21. Our ab initio calculations agree
with this, as the 6T1g and 7T2g are found to be almos
degenerate; consequently we have made the assignm
13 050 (6T1g), 13 059 (7T2g) that are shown in the las
column of Table IV. Also, Flint and Tanner14 have reported
high frequency wave numbers in the vibronic structure of
7 T2g line at 13 061 cm21 which, following Pollack and
Satten,51 can be interpreted as superposition lines result
from the combination of a strong odd mode with the fund
mentala1g mode~this accounting for 60%–80% of the hig
frequency lines51! or as the combination of two even and on
odd, or three odd frequencies.51 In this way, the high-
frequency wave numbers 426 or 586 cm21 listed by Flint
and Tanner for the 13 061 cm21 line, match the combina-
tions: 1061320 and 2661320 cm21, where the values 106
and 266 cm21 fall into the 105–109 and 265– 270 cm21 val-
ues of low-frequency modes which appear in the vibro
structure of many lines of Cs2ZrCl6 :U41.14 We can also con-
sider the second member of thea1g progression of both ori-
gins 13 050 (6T1g) and 13 059 (7T2g): They would have a
considerably lower intensity~see below! and would lie at
about 13 690 and 13 699 cm21, respectively. This resul
could be taken into account to understand the line
13 761 cm21 observed in Cs2UCl6 by Flint and Tanner,14 at
liquid Helium temperature, which has been reported to
too weak to be observed in the diluted material; this li
could be associated with the weak second member of thea1g

progression on a false origin associated with 6T1g or 7 T2g

states. The intensity profile of the 0–0, 0–1, 0–2 member
the a1g progression (n̄a1g

5320 cm21) on the 7T2g elec-
tronic origin can be observed in Fig. 8 in the Supplement
Material Section of Ref. 43. The same effects are obser
for other electronic origins mentioned above whose equi
rium distance is offshifted by 0.006–0.009 Å relative to t
1 A1g ground state.

A notable characteristic of the next group of states,
cluding 8T2g to 9 T2g , which will be instrumental in the
upconversion mechanism discussed below, is a consider
lower spin-triplet character, as it can be seen in Table
This group is calculated to be 2768 cm21 higher in energy
than the previous one, in clear contrast with the mu
smaller 1645 cm21 separation observed experimentally
Cs2ZrCl6 :U41. It appears to be split into two sub-groups
four (8 T2g– 7 T1g) and three (7Eg– 9 T2g) lines separated
by an energy gap of some 865 cm21, which is consistent
with experiments, but the energy extension of the first s
group is calculated to be too small (300 cm21) compared
with the observations~some 1100 cm21). As before, we start
by comparing the results of our calculations with the lev
whose assignment can be deduced from experiments, w
in this case are ofA1g symmetry. The lines assigned as th
4 A1g origin have been observed at 14 789 in Cs2UCl6 and
14 704 in Cs2ZrCl6 :U41. Their assignment toA1g symmetry
is associated with the absence of itst2u vibronic transition.13

A puzzling fact remains, however: Flint and Tanner14 derived
a vibrational frequency of 94 cm21 from the vibronic struc-
ture of the 14 704 cm21 origin, which coincides with the
93 cm21 t vibrational frequency deduced from the who

Z. Barandiarán and L. Seijo
2u

spectrum14 ~we will comment further on this below!. Our

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



ve

ne

n

e
m

ri-

in
es

d
m

h
th

b
a

d

pe
e
th

T
,
er

-
im

rg
on

t
a

ly,

th

an
of

it.
ch
s
the

e;

ces

rre-
nd

in

ct,
he-

tion
ger

he-

r-
ble

he

the
e-

pa-

he
al.

rk,
e
the
eal

ore
it

of
er-
calculation shows a very large discrepancy with the obser
origins, as the 4A1g is found to be 2199 cm21 higher in
energy. This discrepancy is much higher than that obtai
for the 5A1g (1224 cm21) in whose vibronic structure the
t2u mode is absent in all reports.13,14 The 4A1g origin has
been associated with the gas phase3P0 state by Satten
et al.;13 however, the analysis of the corresponding spi
orbit wave functions~Table III! points out 5A1g as the level
mainly related to3P0 . This connects with the fact that th
U41 free ion energies that were calculated in Ref. 52 fro
the CFT fitting in Cs2UCl6 by assuming zero crystal field~cf.
Fig. 1 of Ref. 52!, led to ‘‘effective’’ U41 levels ordered as
3P0,1D2,1G4 . This order does not agree with the expe
mental U41 gas phase spectrum,44,45 which is 1D2,1G4

,3P0 . However, the effective U41 levels that are inferred
from our calculations do agree: The analysis of the sp
orbit wave functions of Table III points out that the stat
with lowest spin-triplet character in this group, 8T2g and
7 Eg , can basically be related to U41 1D2 , the intermediate
spin states~54%–66% triplet character!, can be associate
with U41 1G4 level ~getting the larger spin character fro
the notable mixture of3F and1G free ion terms observed in
Sec. III!, the highest spin 5A1g should be associated wit
3P0 , and their corresponding weighted averages show
gas phase order: 17 090 (1D2),17 321 (1G4),18 108
(3P0). We can now discuss the rest of levels assigned
other thanA1g symmetry. The CFT assignments seem to
particularly unstable in this part of the spectrum. In fact, in
first attempt Sattenet al.13 assigned the lines at 15 213 an
15 754 cm21 in Cs2UCl6 to the T1g /T2g and Eg symmetries
since these lines appear to be split into three and two, res
tively, in triphenyl phosphine uranium hexabromid
crystals;13 the final assignement was done on the basis of
CFT energy calculation: 15 213 (7T1g), 15 754 cm21

(6 Eg); the D3d splitting of the 15 213 cm21 line was not
reported in the polarization spectra of Ref. 52, therefore,1g

symmetry could not be confirmed. In a subsequent paper53 a
new CFT calculation using a different set of paramet
changed their assignment to 15 213 (6Eg) and 15 754 cm21

(7 T1g), as shown in Table IV.53 On the other hand, a mis
match between the input and output CFT assignments, s
lar to that described above for 2Eg and 2T2g , also occurs
here for the 7T1g and 8T2g levels. Flint and Tanner14 have
assigned them in Cs2ZrCl6 :U41 to the following almost de-
generate lines: 15 775 (8T2g),15 799 (7T1g), both of
which have been used as input to two different CFT ene
calculations. However, these two CFT energy calculati
~which use different parameter values! invert their energy
order as follows: 15 721 (7T1g),15 866 cm21 (8 T2g), and
15 675 (7T1g),15 813 cm21 (8 T2g), at the same time tha
their relative energy separation becomes larger: 145,
138 cm21; these CFT values are very different in Cs2UCl6
crystal:53 15 620 cm21 (7 T1g),16 224 cm21 (8 T2g),
which means a 604 cm21 energy separation. Consequent
we have reassigned all the levels 8T2g– 9 T2g that do not
belong to theA1g symmetry according to ourab initio cal-
culations~see last column of Table IV!; it is very clear that
the discrepancies in this group are larger than those in

J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
lower energy group, which is reasonable as we get to high
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energies, and amount to 1000– 1400 cm21, but it is also
clear that the 4A1g level appears to be a special case with
error which is almost double. From the theoretical point
view, there is no obvious reason why this 4A1g level should
be more difficult to reproduce than any other one around
However, we would like to point out a circumstance whi
basically affects the 6Eg state and which is specific of thi
part of the spectrum. In effect, our results show that
potential energy surfaces of 6Eg and 4A1g are parallel and
almost degenerate~their energy separation is 86 cm21) along
the Qa1g

totally symmetric octahedral normal coordinat

what they do not show is how these potential-energy surfa
would be like along the Jahn–Teller active tetragonal Qeg

normal coordinates, since we have not explored the co
sponding tetragonal distortions. If the wave functions a
energies were calculated along the Qeg ,u axis (Qeg ,e50), to

explore theE^ e Jahn–Teller coupling, as we have done
transition metal impurities in previous works,15 the octahe-
dral 6Eg state would split into itsA1g(6 Eg) andB1g(6 Eg)
D4h components, so that theA1g(6 Eg) and 4A1g wave
functions would have no symmetry restrictions to intera
and, given their near degeneracy in the undistorted octra
dral structure, their actual pseudo-Jahn–Teller interac
would be strongly enhanced. This should result in a lar
Jahn–Teller stabilization energy of theA1g(6 Eg) wave func-
tion from that expected from an otherwise isolated octa
dral Eg state; whereas the effect on the octahedral 4A1g state
would simply be that of a different curvature from an othe
wise isolatedA1g octahedral state. As a result, a considera
lowering in energy of theA1g(6 Eg) electronic origin should
be expected relative to the 6Eg one, and this origin would
correspond to that at 14 704 cm21 assigned toA1g symmetry.
Furthermore, if the 14 704 cm21 is assigned to theA1g(6 Eg)
electronic origin, the appearance of the 94 cm21 wave num-
ber in its vibronic structure~mentioned above! could be un-
derstood as aD4h component of the octahedralt2u vibra-
tional frequency. This would also explain the reduction in t
(UCl6)22 symmetry suggested by Flint and Tanner14 to try to
understand the complex vibronic structure around
14 704 cm21 origin. This pseudo-Jahn–Teller interaction b
tweenEg andA1g states could also occur between 7Eg and
5 A1g , also in this group. However, since their energy se
ration is 3.7 times larger, the lowering of theA1g(7 Eg) ori-
gin should be proportionally smaller. All otherEg and A1g

states in the 5f 2 spectrum are further apart, which makes t
(6 Eg14 A1g) ^ e pseudo-Jahn–Teller interaction speci
We have considered the study of the (6Eg14 A1g) ^ e
pseudo-Jahn–Teller coupling out of the scope of this wo
yet, we think it is very likely that this is the reason for th
inconsistently large discrepancy between our results and
experiments in this part of the spectrum and we should d
with this problem in a forthcoming study.

As we move to the 8T1g– 9 Eg group, the total spin-
triplet character decreases even further. This results in m
levels lacking in the experimental spectra, which makes
more difficult the comparison with our results. As a matter
fact, only one line has been assigned in this group with c

7451U41 defects in Cs2ZrCl6
ertainty: The 8T1g level, whose splitting in Cs2UCl6 has been
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observed in the polarization spectrum of Ref. 52, and wh
has been associated with the3P1 free ion level.13 Our results
agree in that this spin–orbit level can be associated with3P1

and the error of its calculated energy comes to
1650 cm21. Above the 8T1g state and within the first sub
group of levels, 8T1g– 3 A2g , the measurement/assignme
of the few electronic origins reported is uncertain, accord
to Flint and Tanner14 ~see Table IV!. Their discrepancies with
our calculations are not consistent with those observed
the rest of levels in this group: They are much smalle
(;300 cm21); therefore, we have not included them in o
final assignments. Two lines at 23 399 and 24 700 cm21, as-
signed to 12T2g and 9Eg , respectively, on the basis of th
CFT energy calculation, have been associated with the
crystal components of3P2 , since they are the two level
observed at highest energy before the continuous absorp
sets in at about 28 800 cm21 in Cs2UCl6 . The analysis of the
wave functions of Table III do not support their associati
with 3P2 : In effect, our results show that 11T2g , rather than
12T2g , can be clearly identified as theT2g component of
3P2 U41 level, and that the mixture of1I 6 and 3P2 is too
large so as to allow for a clear identification of theEg com-
ponent of3P2 in the crystal, although the 8Eg level is found
to have larger3P2 character than the 9Eg one according to
our wave function analysis. This means that our results p
the levels related with3P2 , 8 Eg and 11T2g , much lower in
energy than described by Sattenet al.13 and by Tanner
et al.,12 who place them above 23 000 cm21 ~associated with
12T2g and 9Eg), and in agreement with Xuet al.6 who have
indicated that the blue 21 837 cm21 argon ion laser excites
the Cs2ZrCl6 :U41 samples directly into the3P2 crystal
level,6 in this case, into a vibronic sideband of the 8Eg ori-
gin at 21 883 cm21.

It is possible to summarize the quality of the calculat
5 f – 5f spectrum of Cs2ZrCl6 :U41 by assigning two quanti-
ties to each of the five groups of states we have just
cussed: The calculated/experimental energy spread of
group~including the lowest and highest observed levels! and
the root-mean square deviations of the calculated levelsver-
susthe experimental levels. These quantities are as follo
1 A1g– 1 T2g group: 914/938 and 24 cm21 ~in Cs2UCl6);
2 Eg– 3 Eg group: 2193/2085 and 432 cm21; 2 A1g– 7 T2g

group: 3755/3817 and 719 cm21; 8 T2g– 9 T2g group: 1484/
~2180/1656! ~including/not the 14 704 cm21 level! and
1459 cm21; 8 T1g– 9 Eg group: 5838/5959 and 1691 cm21.
The agreement in the energy spreads is in general very g
and the root-mean square deviations show increasing
crepancies with increasing energy, a fact which should
related with increasing residual electron correlation effe
however, deficiencies in the spin–orbit coupling appear to
less likely. Yet, the general agreement with experiment
be considered very satisfactory and the remaining discre
cies sufficiently understood so as to allow for the discuss
of the possible upconversion mechanisms in
Cs2ZrCl6 :U41 material we present in this work.

C. 5f 2 – 5f 16d 1 spectrum of Cs 2ZrCl6 : „UCl6…
2À

The calculated 5f 2– 5f 16d1 spectrum of U41-doped

7452 J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
Cs2ZrCl6 is summarized in Table III where only the levels of
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the 5f 16d(t2g)1 manifold lying below 39 000 cm21 and the
lowest level of the 5f 16d(eg)1 manifold are presented.~See
Table VI in the Supplementary Material Section of Ref.
for a full tabulation of both manifolds.! There are not experi-
mental data available on the 5f 2– 5f 16d1 manifold, as far as
we know. The energies of the lowest 5f 16d(t2g)1 and
5 f 16d(eg)1 states appear at 31 100 and 67 300 cm21, re-
spectively. Their energy separation, which can be seen
ligand field effect, is 36 200 cm21. Although according to
Xu et al.6 the optical window of the Cs2ZrCl6 crystal is
4000– 30 000 cm21, the ultraviolet absorption spectrum o
the Cs2ZrCl6 :Pa41 crystal taken at 4.2 K20 shows the sharp
cutoff of the Cs2ZrCl6 host crystal at about 37 000 cm21.
Therefore, the onset of the (UCl6)22 5 f 2→5 f 16d(t2g)1

band associated with vibronic absorption transitions from
1 A1g ground state to even vibrational modes of the low
1 Eu , 1 T2u excited states should be observable. The o
symmetry allowed zero-phonon transitions from the grou
state (1A1g) calculated to be below 37 000 cm21 would ap-
pear at about 32 500 (1T1u), 33 900 (2T1u), and 35 800
(3 T1u), although that to 1T1u should show a considerabl
spin-forbidden character. The results of the calculation of
band profile of the first electric dipole allowed absorptio
1 A1g→1 T1u , and emission, 1Eu→1 T1g , can be seen in
Fig. 3. The band profiles have been calculated by apply
the time-dependent approach of Heller,55,56 which has been
summarized in Ref. 17. For that purpose, we have used
calculated equilibrium distances: 2.602 (1A1g), 2.605
(1 T1g), 2.567 (1Eu), 2.567 Å (1T1u), a commona1g vi-
brational frequency value of 320 cm21, and the correspond
ing minimum-to-minimum energy differences presented
Table III: 1 A1g→1 T1u : 32 497 and 1Eu→1 T1g :
30 234 cm21. As it can be seen, our calculations predict
very large gap between the symmetry allowed absorption
emission maxima, as a consequence of the emission~1! be-
ing produced from 1E after nonradiative decay from 1T ,

FIG. 3. Calculated intensity profile of the electric dipole allowed absorpt
1 A1g→1 T1u and emission 1Eu→1 T1g bands in Cs2ZrCl6 :U41. See text
for details.

Z. Barandiarán and L. Seijo
u 1u

and~2! having as the final state 1T1g , which is higher than
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the 1A1g ground state. Furthermore, an almost negligi
intensity is predicted for the 0–0 line of the 1Eu→1 T1g

emission~Fig. 3!.
We would like to compare our results with those of

very recent, well-resolved, high-resolution emission sp
trum of isoelectronic 4f 2 Pr31 ion doped in Cs2NaYCl6 cu-
bic elpasolite reported by Tanneret al.57 They identify all the
observed~dipole allowed! zero phonon lines on the assum
tion that the symmetry of the lowest 4f 15d(t2g)1 state isEu :
The highest energy zero phonon line measured
38 772 cm21, has been assigned as the 1Eu→1T1g emission
and the rest of transitions have been identified as emiss
from 1 Eu to several higher 4f 2 crystal levels. Our results in
U41-doped Cs2ZrCl6 show that the symmetry of the lowe
5 f 16d(t2g)1 state isEu . This supports the assumption o
Tanneret al.57 Here, the 1Eu→1 T1g zero phonon line is
calculated to be 30 234 cm21 ~cf. Table III!, some
8500 cm21 lower in energy than that of Cs2NaYCl6 :Pr31.
This lowering from Pr31 to U41 is comparable to that ob
served in the lowestf 1→d1 transition in isoelectronic 4f 1

Cs2NaYCl6 :Ce31 and 5f 1 Cs2ZrCl6 :Pa41 materials:
8196 cm21.20,58,59

We cannot ascertain the accuracy of the energies of
5 f 16d1 levels directly, given that experimental data are n
available for the Cs2ZrCl6 :U41 crystal; we can only estimat
it by comparing with the results of analogous calculations
effect, spin–orbit CI AIMP embedded cluster calculation17

have been recently done on Cs2ZrCl6 :(PaCl6)22 which have
been compared to available experimental data.20,58 The two
lowest 5f 1→6d(t2g)1 transition energies have been found
be low by some 1700 cm21 compared to experiment. How
ever, the basis sets and the methods we use here to
electron correlation are expected to be more accurate, so
smaller errors should be expected in the results of this w
In particular, in Cs2NaYCl6 :U31, using the same basis se
and methods we use here, the discrepacies between the
culated energy of the lowest 5f 3– 5f 26d(t2g)1 electronic ori-
gins and their measured values60 are smaller than
1000 cm21.19

In order to help to understand the structure of t
5 f 16d1 manifold, in Fig. 6 in the Supplementary Materi
Section of Ref. 43, we present a correlation diagram betw
the levels of the 5f 16d(t2g)1 and 5f 16d(eg)1 manifolds of
Cs2ZrCl6 :(UCl6)22 and the 1-open shell electron levels
Cs2ZrCl6 :(PaCl6)22. It shows the correlation between th
irreducible representations of the one electron levels
their two-electron products. Only the correlations with t
lowest and highest one-electron states are indicated in
diagram for the 5f 16d(t2g)1 manifold, for clarity:
5 f 1(G7u ,G8u)36d(t2g)1(G8g) leading to 1Eu– 3 T1u , and
5 f 1(G6u)36d(t2g)1(G8g ,G7g) to 9 T2u– 11T1u . Similarly,
the lowest 11T2u– 14T1u and highest 10Eu– 18T1u states of
the 5f 16d(eg)1 manifold can be correlated with
5 f 1(G7u ,G8u)36d(eg)1(G8g8 ) and 5f 1(G7u8 ,G8u8 ,G6u)
36d(e )1(G8 ) couplings~where Bethe’s notation has bee

J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
g 8g

used for the one-electron Kramer’s doublets!.
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V. UPCONVERSION MECHANISM IN Cs2ZrCl6 :U4¿

As mentioned in the Introduction, different interpret
tions have been given to the observed green to blue up
version luminescence of Cs2ZrCl6 :U41 samples at room
temperature, which associate the emission with either U41 or
UO2

21 luminescent impurities. The points we stress and d
cuss here are the following:~i! Whatever the luminescen
impurity is: U41 or UO2

21 , it has to be pumped to energ
levels higher than 19 436 cm21, the energy of the inciden
photons, and~ii ! possible pumping mechanisms for U41 and
UO2

21 exist which involve energy levels of the 5f 16d(t2g)1

manifold of U41 and, therefore, efficient electric dipole a
lowed 5f 2– f 16d(t2g)1 transitions. In what follows we
briefly describe the common observations in the first pla
then, we summarize the pumping mechanisms which h
been suggested by each group and we include the me
nisms that can be considered if the 5f 16d(t2g)1 levels are
taken into account~which are compatible with the observa
tions and with the spectroscopic data available for b
Cs2ZrCl6 :U41 and Cs2ZrCl6 :UO2

21 materials!.
Both Xu et al.6 and Tanneret al.12 have experimentally

observed that green laser (19 436 cm21) excitation of
U41-doped Cs2ZrCl6 crystals is followed by the emission o
higher energy photons at room temperature. In particu
five band centers at 19 780, 20 010, 20 280, 20 700,
20 970 cm21 have been reported by Xuet al.,6,61 which have
also been observed by Tanneret al.,12 together with a total of
eleven emission lines between 19589 and 20 982 cm21.12

The variation of the relative intensity of the blue emissi
lines as temperature is lowered to 200 K has been studie
Xu et al.61 using the same 19 436 cm21 excitation; they have
shown that the intensity of the 19 780, 20 010, 20 280 cm21

bands is higher at 200 K than at 300 K, whereas the inten
of the 20 700 and 20 970 cm21 bands decreases to the poi
that they are not observed at 200 K.61 The emission spectrum
of UO2

21-doped Cs2ZrCl6 crystals upon 19 436 cm21 excita-
tion has not been reported, to our knowledge.

In the upconversion mechanism proposed by Xuet al.6

the pumping occurs through a two-photon absorption of
U41 ions: A first green photon (19 436 cm21) is expected to
excite the sample into the3P1 level,6 which corresponds to
8 T1g ~at 18 871 cm21, see Table IV!; nonradiative decay is
expected to follow from 8T1g(3P1) to the lowest level as-
sociated with3F2 , that is the 2Eg(3F2) state, from where
the second green photon is absorbed to end in a virtual
assigned level. If the experimental values of the energy l
els listed in Table IV are used, the energy of the final state
the 2Eg(3F2) excited state absorption would be arou
24 500 cm21, which suggests that the 5f 2 low-spin 9Eg

state might be reached through a low intensity, hot vibro
absorption. Nonradiative decay down to the emitting 5f 2 lev-
els of U41 would follow.6

On the other hand, according to Tanneret al.,12 the blue
emission is due to UO2

21 and the pumping of the eleve
levels whose energies (19 589– 20 982 cm21) are higher
than the green 19 436 cm21 photons is explained differently
The authors state that the anti-Stokes emission is not du

7453U41 defects in Cs2ZrCl6
upconversion but to absorption of the incident photons by
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thermally populated vibronic states of UO2
21.12 However, the

lowest electronic origin of UO2
21 ion doped in the Cs2ZrCl6

host~where it createsD4h UO2Cl4
22 defect clusters!, associ-

ated with theA1g↔Eg transition has been measured in low
temperature, high-resolution luminescence spectra u
21 470 cm21 excitation and it has been found to be
19 692 cm21 at 20 K.62 Its position has been shown to sh
to higher energy values with temperature; this shift be
about 10 cm21 as temperature is increased from 20 to 1
K.62 The lowest values of the ungerade vibrational frequ
cies for the ground state of the UO2Cl4

22 defects deduced
from the low-temperature luminescence spectra are: 116~O–
U–Cl out of plane bend! and 247 cm21 ~O–U–O bend!.62

Thus the corresponding hot vibronic absorptions from
A1g ground state would lie at 19 576–19 586 a
19 445– 19 455 cm21 if the 20–125 K values of the zero
phonon transition are used. All these data indicate that
19 436 cm21 laser cannot be expected to excite directly t
uranyl ions at 300 K, and make it reasonable to search
alternative pumping mechanisms which enable the b
UO2

21 emission upon 19 436 cm21 excitation.
Let us now discuss how the pumping of either U41

or UO2
21 ions could occur, taking into account the e

perimental energy levels known for the Cs2ZrCl6 :U41,
Cs2ZrCl6 :UO2

21 , and Cs2UO2Cl4 crystals and the energie
of the Cs2ZrCl6 :U41 5 f 16d1 levels obtained in this work.

As suggested by Xuet al.,6 the first 19 436 cm21 green
photon excites the U41 impurity ions to their 5f 2 8 T1g(3P1)
level ~note that 6A1g and 9T1g states should be some 78 an
459 cm21 above, according to our calculations, and cou
also be excited!. The notable low-spin character~Table III!
of the states in the 8T2g– 9 T2g group, which lie below the
excited 8T1g level, together with the significant 1645 cm21

energy gap with the set of levels lying further below, co
mented in Sec. IV B~Table IV!, makes it reasonable to ex
pect that some of them could be stable enough so as t
capable of producing the second green excited state abs
tion ~ESA!. If the experimental values of the energy leve
listed in Table IV are used, the final states corresponding
the ESA from the 8T2g– 9 T2g group and from 8T1g lie at
around 34 100–36 300, and 38 300 cm21, respectively,
which means that the 5f 16d(t2g)1 manifold would be
reached in an energy region where electronic states of di
ent spatial symmetry and total spin-triplet character oc
~see Table IV!. This is so, even if the errors of the calculat
energy values were those estimated in Sec. IV C. This typ
ESA is very different from that proposed by Xuet al.,6 since
the latter corresponds to a 5f 2→5 f 2 dipole forbidden~and
largely spin-forbidden! absorption whereas the former corr
sponds to a more efficient 5f 2→5 f 16d(t2g)1 dipole allowed
broad absorption. The proposed two-photon absorption
schematically illustrated in Fig. 4. From the 5f 16d(t2g)1

states nonradiative relaxation could occur down to thef 2

manifold as indicated in Fig. 4, this enabling 5f 2→5 f 2

U41-doped emission spectrum in the blue~upconversion!,
green, and red, as described by Xuet al.6

Alternatively, the excitation of the U41 ions into their
5 f 16d(t )1 states described above could be followed

7454 J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
2g

energy transfer to the UO2
21 impurities, in analogy to what
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has been observed in Pr31 and Ce31 co-doped
Cs2NaYCl6 ,22 which would be responsible for the blue emi
sion as stated by Tanneret al.12 In effect, violet and ultravio-
let ~UV! 4 f 5d→4 f 2 and 5d→4 f emission spectra of iso
electronic Pr31 and of Ce31 co-doped ions in Cs2NaYCl6
have been recently measured at room temperature and
after Pr31 blue (487 nm520 503 cm21) excitation.22 The
UV upconversion emission of the Pr31 ions has been inter
preted as resulting from a two-photon absorption proc
very similar to the one proposed here, where the first b
photon populates the3P0,1,2,

1I 6 levels of Pr31 and the sec-
ond one produces a strong dipole allowed3P0→4 f 15d1

ESA which populates the 4f 15d1 states and leads to 4f 15d1

emissions to different 4f 2 levels. The blue to violet1UV
upconversion emission of the Ce31 ions, which do not have
energy levels coinciding with the blue exciting light, ha
been interpreted to occur as a consequence of energy tra
from the 4f 5d excited Pr31 ions to the Ce31 co-doped ions.
This latter mechanism, could, in principle, also occur
U41-doped Cs2ZrCl6 crystals contaminated~or co-doped!
with UO2

21 impurities. For this energy transfer to occur,22 the
U41 5 f 16d(t2g)1→5 f 2 bands should overlap to a certa
extent UO2

21 ground-state absorption bands. In conecti
with this, it has been shown that theA1g→Eg electronic
origin of the UO2Cl4

22 defect in Cs2ZrCl6 crystal appears a
some 400 cm21 lower energy than the corresponding (D2h)
Ag→B2g ,B3g zero-phonons in neat Cs2UO2Cl4 crystals, a
shift which has been associated with the different crys
environments of the UO2Cl4

22 units.62 Therefore, the location
of the absorption bands of Cs2UO2Cl4 crystals, which have
been measured through one- and two-photon absorp
spectroscopy by Denning and co-workers,63,64 can give a
fairly good idea of possible pumping bands of uranyl
Cs2ZrCl6 , and, ultimately, of their overlap with
5 f 16d(t2g)1→5 f 2 U41 emission bands. Absorption band
corresponding to twelve electronic origins were observed
Cs2UO2Cl4 crystals in the 20 000– 28 000 cm21 spectral
range through one- and two-photon spectroscopy, and

FIG. 4. Green to blue upconversion mechanism proposed
Cs2ZrCl6 :U41.

Z. Barandiarán and L. Seijo
the 28 000– 32 000 cm21 interval through two-photon spec-
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troscopy.63,64 In Fig. 5 we show the intensity profiles of th
two highest electric dipole allowed emissions: 1Eu

→1 T1g , 1 T2g , connecting the 5f 16d(t2g)1 1 Eu excited
state with two crystal components of the U41 3H4 . ~Note
that the relative intensities of the two 1Eu→5 f 2 bands in
Fig. 5 are arbitrary.! The overlap between the 1Eu→5 f 2

U41 bands shown in Fig. 5 and the ground state absorp
bands that can be expected for UO2

21 is apparent, which
indicates that the U41→UO2

21 energy transfer can occur vi
intermediate 5f 16d(t2g)1 states, this being a plausibl
mechanism to explain the green to blue upconversion of
nyl impurities in Cs2ZrCl6 :U41 materials contaminated o
co-doped with UO2

21 ions.

VI. CONCLUSIONS

In this paper we have applied theab initio model poten-
tial embedded cluster method~AIMP! to the calculation of
the U–Cl equilibrium distances, totally symmetric vibr
tional frequencies, and 5f 2→5 f 2, 5f 2→5 f 16d1 electronic
transitions of the octahedral (UCl6)22 defect cluster in the
Cs2ZrCl6 host crystal. The Cs2ZrCl6 AIMP embedding po-
tential produced in previous works incorporates quantu
mechanical host effects. The Cowan–Griffin AIMP and t
multistate second-order multiconfigurational perturbat
~MS-CASPT2! methods allow to account for spin-free rel
tivistic effects and correlation of 58 (UCl6)22 valence elec-
trons, respectively. These effects are incorporated in a fi
set of spin–orbit configuration interaction~CI! calculations
by means of the spin-free state shifted~sfss! Wood–Boring
AIMP Hamiltonian. We have calculated the 5f 2– 5f 2 spec-
trum of U41 in gas phase and we have compared our res
with experiments and with previous relativistic Dirac
Coulomb coupled cluster calculations to check the quality
the methods used at the atomic level; the root-mean sq
~rms! deviation of the 5f 2– 5f 2 transition energies relative t
available experimental data is 214 cm21. The results of the
spin–orbit CI calculations on the CsZrCl :(UCl )22 sys-

FIG. 5. Calculated intensity profile of the electric dipole allow
5f 16d(t2g)1 1 Eu→5f 2 1 T1g , 1 T2g emission bands in Cs2ZrCl6 :U41.

J. Chem. Phys., Vol. 118, No. 16, 22 April 2003
2 6 6

tem show that the 98 spin–orbit levels can be grouped
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three superconfigurations: 5f 2, 5f 16d(t2g)1, and
5 f 16d(eg)1; their calculated U–Cl equilibrium distance
and totally symetric vibrational frequencies are extrem
close within each superconfiguration and are: 5f 2 @Re

52.60560.003 Å, n̄a1g
532062 cm21], 5 f 16d(t2g)1 @Re

52.57160.004 Å, n̄a1g
532461 cm21], and 5f 16d(eg)1

@Re52.64260.004 Å, n̄a1g
529963 cm21]. The rms devia-

tions of the 5f 2→5 f 2 transition energies of
Cs2ZrCl6 :(UCl6)22 relative to experimental data grow wit
energy as follows: 1A1g– 1 T2g : 24, 2Eg– 3 Eg : 432,
2 A1g– 7 T2g : 719, 8T2g– 9 T2g : 1459, and 8T1g– 9 Eg :
1691 cm21. The energies of the crystal levels of th
5 f 16d(t2g)1 and 5f 16d(eg)1 manifolds are predicted to b
31 100–51 000 and 67 300– 85 500 cm21 above the ground
state, respectively. Our results show a large energy ga
23 00 cm21 between the lowest electric dipole allowed zer
phonon absorption from the 5f 2 ground state, 1A1g

→1 T1u (32 500 cm21), and the highest electric dipole a
lowed zero-phonon emission from the first 5f 16d(t2g)1 ex-
cited state, which is found to be 1Eu→1 T1g

(30 200 cm21). Both transitions should be observable befo
the strong absorption of the host. The results of our calcu
tions give new insight into the discussion on the green
blue upconversion of U41-doped Cs2ZrCl6 . They suggest
that 5f 16d1 excited electronic states of the embedd
(UCl6)22 cluster are involved in the upconversion mech
nism irrespective of which impurity is the luminescent ce
ter: U41 or UO2

21 in contaminated samples.
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