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5f\5f transitions of U4+ ions in high-field, octahedral fluoride coordination:
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The U–F bond length, totally symmetric vibrational frequency, and 5f2 energy levels of the
Cs2GeF6:U4+ crystal are predicted through quantum-chemical calculations on the embedded
�UF6�2− cluster. The U4+ ions substitute for much smaller Ge4+ retaining octahedral site symmetry,
which is useful to interpret the electronic transitions. The structure of the 5f2 manifold: its energy
range, the crystal splitting of the 5f2 levels, their parentage with free-ion levels, and the energy gaps
appearing within the manifold, is presented and discussed, which allows to suggest which are the
possible 5f2 luminescent levels. The effects of Cl-to-F chemical substitution are discussed by
comparison with isostructural Cs2ZrCl6 :U4+. The energy range of the 5f2 manifold increases by
some 6000 cm−1 and all levels shift to higher energies, but the shift is not uniform, so that noticeable
changes of order are observed from Cs2ZrCl6 :U4+ to Cs2GeF6:U4+. The comparison also reveals
that the green-to-blue up-conversion luminescence, which has been experimentally detected and
theoretically discussed on Cs2ZrCl6 :U4+, is quenched in the fluoride host. The results of the
Cs2GeF6:U4+ are used as a high-symmetry model to try to understand why efficient radiative
cascade emissions in the visible do not occur for charged U4+ defects in low-symmetry YF3 crystals.
The results presented here suggest that theoretical and experimental investigations of 4f /5f ions
doped in octahedral, high-symmetry fluoride crystals may be conducted even when the mismatch of
ionic radii between the lanthanide/actinide ions and the substituted cations of the host is
considerably large. Investigations of these new materials should reveal interesting spectroscopic
features without the difficulties associated with more commonly used low-symmetry fluoride

hosts. © 2005 American Institute of Physics. �DOI: 10.1063/1.2121567�
I. INTRODUCTION

The interest of investigating U4+ in fluoride hosts has
been stressed recently by different authors.1–4 It is related, on
the one hand, to the wide transparency window of the fluo-
rides that allows for very high-energy excitation and, on the
other hand, to the potentiality of U4+-doped fluorides as ei-
ther tunable UV solid-state lasers or as phosphor systems
based on quantum cutting or cascade luminescence in the
visible range.1–4 When the highest 5f2-1S0 level of U4+ de-
fects is immersed in the 5f1 6d1 band and the lowest 5f1 6d1

level is well separated from the rest of lower f2 states, strong,
broad, and fast UV 5f1 6d1→5f2 luminescence may be ob-
served after high-energy excitation,1,3 whereas if the 5f2

-1S0 level is lower in energy and close to the 5f1 6d1 band,
nonradiative decay to the 1S0 may occur and be followed by
a number of 1S0 emissions �in the visible range� that may be
followed, on a second step, by a series of lower-frequency
emissions �also in the visible� from lower f2 levels.3 Whether
one or the other occurs depends on the relative position of
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the 5f2 and 5f1 6d1 manifolds, but also on the energy range
of both manifolds and the number and size of energy gaps
appearing between the numerous excited states, all of which
result from the interplay of host effects and spin-orbit cou-
pling on the U4+ free-ion levels and are controlled by the
choice of host crystal. Fluoride crystals can affect this inter-
play very strongly: In effect, fluoride ligands are expected to
produce smaller reductions of the energy of free-ion 5f1 6d1

levels with respect to the 5f2 ground state than the more
polarizable chloride or bromide ligands, which may result in
higher-energy 5f1 6d1 crystal levels.5–7 They are also known
to induce stronger electrostatic field than chlorides and bro-
mides which definitely affects the structure of the 5f1 6d1

manifold and also of the 5f2 manifold.8,9 Vibrational fre-
quencies of fluoride complexes are much higher due to the
fluorine small mass, which favors nonradiative decay. Fur-
thermore, it has been recently shown that different combina-
tions of these features, through the choice of different fluo-
ride hosts, may result in strong and fast 5f1 6d1→5f2

emission, such as in LiYF4:U4+,1,3 or slow 5f2→5f2 lumi-
nescence, such as in YF3:U4+.4 However, the fluoride hosts

studied so far, of which LiYF4 and YF3 are good examples,
accomodate the U4+ impurities in low-symmetry sites and
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 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1063/1.2121567
http://dx.doi.org/10.1063/1.2121567
http://dx.doi.org/10.1063/1.2121567


204502-2 Ordejón, Seijo, and Barandiarán J. Chem. Phys. 123, 204502 �2005�
lead to charged defects, all of which make it very difficult to
get detailed descriptions of the defects actually formed and
of their electronic structure. So, the lack of inversion center
at the substitutional site allows for 5f2–5f1 6d1 configuration
mixing. Also, the need for charge compensation leads to sev-
eral U4+ defects whose luminescence properties sum up into
a complex emission spectra. In effect, variation of tempera-
ture has revealed the existence of two different crystallo-
graphic sites in YLiF4 and YF3 hosts, which differ in the
way U4+ excess charge is compensated; the emission of these
two sites sums up and leads to two groups of 5f1 6d1→5f2

emissions in LiYF4:U4+ and to 5f2→5f2 and 5f1 6d1→5f2

emissions in YF3:U4+.4

Taking all this into account, the study of U4+ defects in
highly symmetric �in particular, centrosymmetric� fluoride
hosts is timely and interesting because of two reasons: �i�
their potentiality as either UV solid-state lasers or as quan-
tum cutters in the visible and �ii� their use as highly symmet-
ric models for more complex, low-symmetry U4+-doped
fluorides, such as those referred above. Consequently, we
have decided to study the structure and 5f2→5f2 and 5f2

→5f1 6d1 transitions of U4+ defects in cubic Cs2GeF6 host
using quantum-chemical methods that, making explicit use
of wave functions, incorporate electron correlation, relativis-
tic effects including spin-orbit coupling, and host embedding
effects in Cs2GeF6: �UF6�2− embedded-cluster calculations,
which are similar to the ones performed on U3+ and U4+

defects in the Cs2NaYCl6 and Cs2ZrCl6 hosts.10,11 The cubic
Cs2GeF6 crystal has been used to dope tetravalent transition-
metal ions such as Mn4+,12 Os4+,13 and Pt4+,14 and it is
known to provoke strong octahedral field effects on their d
-d spectra. Therefore, it is a good candidate host to study
neutral defects of U4+ ions in high-field, octahedral fluoride
coordination. The mismatch between the U4+ and Ge4+ ionic
radii in sixfold coordination is large �it is estimated to be
about 0.44 Å�,15,16 however, in this crystal, consecutive GeF6

units are separated 9.021 Å from each other in the �100�
directions, which allows for the necessary outwards distor-
tion of the fluorines of the �UF6�2− defect.

In this paper we present and discuss in detail the struc-
ture of the 5f2 manifold: its energy range, the crystal splitting
of the 5f2 levels, their parentage with free-ion levels, and the
energy gaps appearing within the manifold, all of which al-
low to suggest what are the possible 5f2 luminescent levels.
We also discuss here the effects of Cl-to-F chemical substi-
tution on the 5f2 manifold by comparison with previous mea-
surements and calculations on Cs2ZrCl6 :U4+. In particular,
these effects allow to predict that the green-to-blue up-
conversion observed in Cs2ZrCl6 should not occur in the
fluoride host. The results of the high-symmetry, high-field
Cs2GeF6:U4+ model are used to try to understand why radia-
tive cascade transitions with high enough efficiency do not
occur for U4+ in YF3 host. The electronic structure of the
5f1 6d1 manifold will be presented and analyzed in a forth-
coming paper;17 the results show that the 5f2-1S0 level is
immersed in the 5f1 6d�t2g�1 band which rules out

Cs2GeF6:U4+ as a phosphor material based on cascade emis-
sion initiating in the 5f2-1S0 state.
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II. METHOD AND DETAILS OF THE CALCULATIONS

The local structure and electronic transitions of the U4+

defects in Cs2GeF6 have been studied using the relativistic
ab initio model potential �AIMP� embedded-cluster
method.18,19 The method allows to partition the crystal into
the �UF6�2− defect cluster and its environment, the remaining
host ions. Within the cluster, valence-electron correlation and
relativistic effects, including spin-orbit coupling, are consid-
ered. The classical and quantum-mechanical effects of the
host ions are incorporated in the cluster Hamiltonian through
full ion effective one-electron operators that constitute the
AIMP embedding. More detailed descriptions of the method
as applied to f element ions in ionic crystals, including jus-
tifications for the choice of basis sets, active spaces, reduc-
tion of spin-orbit operators, and modification of shifting pa-
rameters referred below, can be found in Refs. 10 and 20
where U3+ and U4+ defects in chloride hosts were studied.
Comparisons of the results of the method with available ex-
perimental data that serve to support its application to this
new system can also be found in Refs. 10 and 20. The details
corresponding to its application to the �UF6�2− defect cluster
and to the Cs2GeF6 embedding host are given next in this
section.

The embedding potentials which represent the Cs2GeF6

ions external to the �UF6�2− cluster in the Cs2GeF6: �UF6�2−

calculations presented here were obtained in a previous study
of the structure and spectroscopy of Mn4+ defects in
Cs2GeF6.21 They accurately reproduce the quantum-
mechanical interactions between the �frozen� Hartree-Fock
descriptions of the external crystal ions �e.g., Cs+, Ge4+, and
F− in Cs2GeF6� and the �multiconfigurational� wave func-
tions associated with the point defect cluster �UF6�2−. They
include �i� a long-range Coulomb term, which in ionic crys-
tals is the corresponding Madelung potential, �ii� a short-
range Coulomb term, which corrects the latter taking into
account that the lattice ions are not point charges but charge
densities associated with Hartree Fock wave functions, �iii�
an exchange term, which stems from the fact that the gener-
alized antisymmetric product of the cluster and the external
ion wave functions fulfil the first-principles requirement of
antisymmetry with respect to interchange of electrons be-
tween the cluster and lattice group functions, and �iv� a pro-
jection term, which guarantees that the defect cluster and
external ion wave functions are built using linearly indepen-
dent sets of orbitals; this term actually prevents variational
collapse of the cluster wave functions on the lattice ions.
Embedding AIMPs were used for all external ions located
within a cube of length 2a0 �a0=9.021 Å for Cs2GeF6

22�
centered on the impurity site. The ions located between this
cube and a concentric one of length 4a0 were represented as
�formal or fractional, if at the borders of the cube� point
charges.

Within the �UF6�2− cluster, relativistic core AIMPs were
used to represent the �Xe,4f� core of U �Ref. 23� and the
�He� cores of F.24 The corresponding U valence basis set
�14s10p12d9f�,23 supplemented with three g-type functions

that give maximum radial overlap with the 5f atomic orbital,
was used and contracted as �6s5p6d4f1g�. In the case of F,
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the valence basis set used �5s6p1d��3s4p1d� �Ref. 24� in-
cludes one p-type diffuse function for anions25 and one
d-type polarization function.26 Electron correlation and spin-
orbit coupling were combined together as follows: In a first,
spin-orbit free step, state-average complete active space self-
consistent field calculations27 �SA-CASSCF� were done us-
ing the relativistic Wood-Boring AIMP �Refs. 28� embedded
cluster Hamiltonian omitting the spin-orbit operators �cf. Eq.
�1� in Ref. 10�. These calculations account for scalar relativ-
istic effects and nondynamic electron correlation within the
5f2 manifold. The active space results from distributing the
two open-shell electrons in 13 active molecular orbitals with
main character U 5f , 6d, 7s; it will be referred to as
CASSCF�5f ,6d ,7s�.10 Dynamic electron correlation was
taken into account using the SA-CASSCF wave functions in
subsequent multistate second-order perturbation theory cal-
culations �MS-CASPT2�,29–32 where 68 valence electrons oc-
cupying the cluster molecular orbitals of main character F 2s,
2p, and U 5d, 6s, 6p, and 5f /6d were correlated; these cal-
culations will be referred to as MS-CASPT2�F48,U20�. In a
second, spin-dependent step, we performed double-group
spin-orbit configuration-interaction �CI� calculations using
the whole Wood-Boring AIMP Hamiltonian.10,28 The shifting
operator included in this Hamiltonian, the so-called spin-
free-state-shifting �sfss� operator,33 transports the dynamic
electron correlation effects retrieved at the spin-orbit free
MS-CASPT2�F48,U20� level onto the smaller configura-
tional space used in the spin-orbit CI calculations, which
includes the CAS�5f ,6d ,7s� plus all single excitations to the
virtual molecular orbitals. For these calculations the bases
described above were trunctated to U �6s5p6d4f�, F �3s4p�.

The errors associated with the Wood-Boring spin-orbit
operator and with the level of valence-electron correlation
used can be analyzed by comparing the computed and mea-
sured 5f2→5f2 spectra of the free ion, U4+ in this case.
Since these errors are expected to propagate onto the
embedded-cluster calculations, this analysis allows to intro-
duce empirical corrections to the Wood-Boring spin-orbit op-
erator and to the spin-free-state-shifting operator to be used
in the embedded-cluster calculations. This type of analysis
was done on the calculated 5f2→5f2 spectrum of U4+ free
ion and the corresponding empirical corrections were intro-
duced in the calculations of U4+ defects in Cs2ZrCl6.20 It was
shown that the one-electron Wood-Boring spin-orbit operator
overestimates the spin-orbit splittings by some 10%; it was
also shown that the highest 5f2 3P and 1I terms of U4+ free
ion were calculated some 1000 cm−1 too high compared to
experiments.20 In consequence, the spin-orbit operator of U
�see details of this operator in Refs. 19 and 20, Eq. �3��,

ĥSO
I �i� = �I �

n��valence
VSO,n�

I,MP �ri�Ô�
I l̂IŝÔ�

I �1�

�with I=U�, was scaled by a factor of �U=0.9 in the
embedded-cluster calculations. The ��iS�� parameters of the

2 6
spin-free-state-shifting operator �see details of this operator
in Refs. 19 and 20, Eqs. �1� and �2��,
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�
iSMS��

��iS����P�iSMS������P�iSMS���� , �2�

that are defined as

��iS�� = �EG�iS�� − EG�1 3T1g��

− �EP�iS�� − EP�1 3T1g�� , �3�

that is, the difference between the MS-CASPT2 transition
energies �first term in square parentheses� and the
CASSCF�5f ,6d ,7s�+singles transition energies from the
1 3T1g ground state �second term in square parentheses�,19,20

were substituted by ���iS��= ���iS��−1000� cm−1 for those
iS� terms emparented with the free-ion 3P and 1I, that is,
4 3T1g�3P�, and 2 1A1g, 1 1A2g, 3 1Eg, 2 1T1g, 3 1T2g, and
4 1T2g�1I�. In this work, we also scaled the U spin-orbit op-
erator by a factor �U=0.9. Analogously, we added
−1000 cm−1 correction to the embedded-cluster terms related
to the free-ion 3P and 1I. However, due to the fact that the
mixture of free-ion terms is larger in the higher-field fluoride
than in the chloride host, we decided to establish the corre-
spondence between free-ion and embedded-cluster terms and
to weight the correction, in accord with the results of a pro-
jection of the embedded-cluster 5f2 wave functions
��UF6�2−

�iSMS��� on the 5f2 free-ion space
	�U4+

�jSMSLML�
, as follows:

�os
�UF6�2−

�iSMS���

= �
jLML

��os
U4+

�jSMSLML��

���os
U4+

�jSMSLML���os
�UF6�2−

�iSMS����

+ residue. �4�

As indicated with the subscript os, the projection and, there-
fore, the overlaps in Eq. �4� were calculated integrating only
the open-shell parts of the SA-CASSCF wave functions
�U4+

�jSMSLML� and ��UF6�2−
�iSMS���, which have the

same number of electrons; for this purpose, the same mo-
lecular basis set �described above� was used for the free-ion
than for the embedded-cluster wave functions, and the clus-
ter wave functions used were calculated at 2.17 Å U–F in-
ternuclear distance. The free-ion 3P, 1I, or, in general, jSL
contributions to the iS� embedded-cluster terms were then
estimated as

w�jSL,iS�� = �
ML

��os
U4+

�jSMSLML���os
�UF6�2−

�iSMS����2

�5�

and were used to weight the −1000 cm−1 empirical correc-
tions associated with 3P and 1I as

���iS�� = 	��iS�� − �w�3P,iS�� + w�1I,iS���

� 1000
 cm−1, �6�

where the ���iS�� are the new corrected parameters of the
spin-free-state-shifting operators of Eq. �2�. The values of the
w�jSL , iS�� components for all embedded-cluster terms are

presented in Table I; they show the considerable mixture of
free-ion terms in the spin-free 5f2 cluster wave functions.
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The small values of the residues indicate the notably local-
ized nature of the manifold.

We calculated the potential-energy surfaces of all 40 5f2

spin-orbit levels of Cs2GeF6: �UF6�2− using the methods we
have just described. We obtained the U–F equilibrium dis-
tances Re and totally symmetric harmonic vibrational fre-
quencies �̄a1g

from the potential-energy surfaces as in Ref.
34. The minimum-to-minimum transition energies Te which
should be very close to zero-phonon transitions were also
calculated. All these results are presented in Table II and are
discussed in the next section. The analysis of the embedded-
cluster spin-orbit wave functions in terms of spin-orbit free
wave functions is presented in Table II for R�U–F�
=4.10 a.u.=2.17 Å. This, together with the results in Table I
and the analyses of the U4+ free-ion spin-orbit wave func-
tions in terms of the free-ion terms presented in Ref. 20,
allows to find out the parentage of crystal levels with free-
ion levels.

The calculations were done using the MOLCAS program
system35 and a modified version of the COLUMBUS package.36

All AIMP data �for embedding and/or for cores� and valence
basis sets can be found in Ref. 37.

III. RESULTS AND DISCUSSION

The main features of the electronic structure of the 5f2

manifold, whose spectroscopic constants appear in Table II,
are discussed in this section paying particular attention to the
following aspects: An overall description of the 5f2 manifold
of Cs2GeF6:U4+ is given in Sec. III A which includes a dis-
cussion on what are the possible luminescent levels. The
large changes on the 5f2 manifold due to chlorine-to-fluorine

TABLE I. Analysis of spin-orbit free 5f2 embedde

free-ion wave functions �U4+
�jSL�. The tabulated va

calculated at 2.17 Å U–F distance. See text for detai

Free-ion jSL terms 1 3T1g 2 3T1g 1 3T2

3H 0.81 0.77 0.43
3F 0.07 0.17 0.48
3P

residue 0.12 0.05 0.09

1 1T1g 1 1A1g 1 1Eg

1G 0.79 0.58 0.90
1D 0.02
1I 0.12 0.31
1S

residue 0.09 0.11 0.07

3 1T2g 1 1A2g 4 1T2

1G 0.01
1D 0.51 0.29
1I 0.44 0.90 0.63
1S

residue 0.05 0.10 0.08
chemical substitution are discussed in Sec. III B, where pre-
vious theoretical and experimental results on �UX6�2−�X
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=F,Cl� are also used.8,9 The green-to-blue up-conversion lu-
minescence, observed in Cs2ZrCl6 :U4+,38,39 is predicted to
be quenched in the fluoride host, as described in Sec. III C.
And finally, the results of the high-symmetry model
Cs2GeF6:U4+ are used in Sec. III D to help understand the
quenching of the second step in photon cascade emission in
YF3:U4+.4

A. The electronic structure of the 5f 2 manifold
of Cs2GeF6:U4+: Luminescent levels

The 5f2 manifold is formed by parallel potential-energy
surfaces whose U–F bond lengths average to 2.174±0.005 Å
and a1g vibrational frequencies to 563±6 cm−1 �see Table II�.
The effects of the large crystal field on the U4+ 3H4 ground
state can be directly seen in Table II; they lead to the ground,
1A1g, and excited, 1T1g, 1Eg, and 1T2g, crystal components
and amount to 4300 cm−1 total splitting. They are also re-
sponsible for a large mixture of higher U4+ energy levels in
the remaining crystal components, which results in the loss
of the large energy gaps existing in the free ion �4200 cm−1

between 3H4 and 3F2 and 4900 cm−1 between 3H6 and
1D2�,40,41 on the one hand, and the difficulty to associate
crystal levels to U4+ levels, on the other hand, as shown by
the labels that indicate the free-ion term parentage in Table
II. In effect, Table I shows the large mixing of free-ion terms
in some spin-orbit free states such as 1 3T2g, 2 3T2g, 3 3T1g,
1 1A1g, 2 1A1g, 3 1T2g, and 4 1T2g. The mixing is wider at the
spin-orbit level and, as a result, the correspondence between
crystal levels and free-ion levels is extremely limited. As a
consequence, all states except the highest 7A1g�1S0� form a
dense set of close lying states below 32 000 cm−1 with some

ster wave functions ��UF6�2−
�iS�� in terms of 5f2

orrespond to w�jSL , iS�� in Eq. �5�; they have been

dded-cluster iS� terms

1 3Eg 2 3T2g 1 3A2g 3 3T1g 4 3T1g

0.91 0.50 0.20 0.07
0.44 0.91 0.59 0.10

0.14 0.78
0.09 0.07 0.09 0.08 0.05

1 1T2g 2 1T2g 2 1Eg 2 1A1g 2 1T1g

0.87 0.03 0.22 0.15
0.13 0.84

0.01 0.76 0.03 0.54 0.82
0.19

0.12 0.11 0.11 0.05 0.04

3 1Eg 3 1A1g

0.13
0.02
0.86 0.10

0.72
0.12 0.05
d-clu

lues c
ls.

Embe

g

g

small energy gaps of 1000–1700 cm−1 �indicated in Table II
by single horizontal lines� and only three significant energy
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TABLE II. Results of sfss spin-orbit Wood-Boring-AIMP �UF6�2− embedded-cluster calculations that include Cs2GeF6 embedding, 68 valence-electron
correlation, and relativistic effects, including spin-orbit coupling. U–F bond distances Re, in Å, totally symmetric vibrational frequencies �̄a1g

, in cm−1,
minimum-to-minimum energy differences Te, in cm−1, and analyses of the spin-orbit wave functions of Cs2GeF6: �UF6�2− are listed. Manifold averages
�indicated by �5f2�� and root-mean-square deviations of the equilibrium distances Re and breathing mode vibrational frequencies �̄a1g

are also given.

State Re �̄a1g
Te

a Weights of spin-orbit free wave functions larger than 15%b

�5f2� 2.174±0.005 563±6

From 3H4

1A1g 2.165 564 0 �91.83� 90.4 1 3T1g

1T1g 2.168 563 1755 �90.14� 62.75 1 3T1g 19.11 1 3T2g

1Eg 2.170 559 2558 �87.58� 34.11 1 3T2g 27.50 2 3T1g 25.12 1 3T1g

1T2g 2.172 555 4262 �92.05� 69.65 2 3T1g

From 3F2, 3H5, 3F3, 3F4, and 3H6

2Eg 2.171 566 6 776 �95.58� 55.63 2 3T1g

2T2g 2.168 564 6 923 �92.74� 55.25 1 3T1g 15.63 1 3Eg

2T1g 2.168 556 7 836 �82.48� 37.08 1 3T1g 31.49 1 3T2g 17.49 1 1T1g

3T1g 2.170 571 8 761 �96.21� 63.89 2 3T1g 30.84 1 3T2g

3T2g 2.177 565 9 475 �84.08� 32.54 2 3T2g 17.47 1 3T1g 16.03 3 3T1g

2A1g 2.164 563 9 744 �63.66� 60.10 2 3T1g 36.19 1 1A1g

3Eg 2.174 554 10 665 �73.01� 38.56 2 3T2g 24.18 1 1Eg 17.66 1 3T1g

4Eg 2.168 567 12 038 �91.37� 47.39 1 3T2g 40.67 1 3T1g

4T2g 2.172 562 12 069 �76.18� 27.41 1 3T2g 23.60 1 1T2g 17.52 2 3T2g 16.41 2 3T1g

4T1g 2.174 560 12 249 �62.46� 38.72 2 3T2g 37.49 1 1T1g 17.41 1 3Eg

1A2g 2.174 561 12 325 �99.38� 76.53 2 3T2g 22.85 1 3T2g

5T2g 2.172 567 13 336 �92.08� 42.76 1 3T2g 22.11 1 3T1g

5T1g 2.178 562 13 501 �98.56� 50.29 1 3Eg 29.80 2 3T2g

5Eg 2.179 559 14 245 �59.52� 45.26 3 3T1g 34.13 1Eg

2A2g 2.175 565 14 811 �95.90� 72.64 1 3T2g 23.26 2 3T2g

6T2g 2.178 559 15 052 �77.50� 46.56 1 3A2g 21.19 1 1T2g 15.07 1 3Eg

3A1g 2.166 545 15 552 �48.08� 51.18 1 1A1g 37.53 2 3T1g

6T1g 2.175 556 16 669 �75.05� 22.57 1 1T1g 21.33 2 3T2g 20.77 2 3T1g

7T2g 2.179 552 17 246 �82.63� 30.30 3 3T1g 25.37 1 3Eg

From 1D2, 1G4, 3P0, 3P1, 1I6, and 3P2

8T2g 2.173 572 18 660 �44.24� 48.06 2 1T2g

6Eg 2.174 568 18 988 �77.98� 34.87 3 3T1g 34.53 2 3T2g 20.30 1 1Eg

4A1g 2.175 567 19 052 �61.48� 53.74 3 3T1g 34.73 2 1A1g

7T1g 2.176 571 19 204 �70.38� 59.80 3 3T1g 22.06 2 1T1g

9T2g 2.172 560 20 748 �56.98� 37.92 1 1T2g 29.64 1 3A2g

7Eg 2.177 562 21 057 �37.73� 59.49 2 1Eg 21.26 4 3T1g

5A1g 2.183 565 22 399 �89.31� 85.88 4 3T1g

8T1g 2.175 566 23 718 �41.53� 59.44 2 1T1g 22.86 4 3T1g

6A1g 2.175 567 23 905 �39.62� 59.50 2 1A1g 38.30 3 3T1g

10T2g 2.172 568 24 252 �13.70� 85.53 3 1T2g

3A2g 2.174 561 24 729 �4.54� 95.40 1 1A2g

9T1g 2.182 566 24 903 �84.00� 76.36 4 3T1g 15.42 2 1T1g

11T2g 2.178 569 27 381 �80.77� 79.21 4 3T1g

8Eg 2.179 566 27 745 �61.15� 59.66 4 3T1g 23.43 2 1Eg

12T2g 2.185 563 31 025 �9.85� 89.31 4 1T2g

9Eg 2.191 561 32 312 �15.79� 82.13 3 1Eg

From 1S0

7A1g 2.177 569 46 168 �6.54� 93.34 3 1A1g 6.44 4 3T1g

2 6
aEnergy gaps between spin-orbit states are indicated by a single �1000–1600 cm−1� or a double ��2500 cm−1� horizontal line.
bWeights are given in % and correspond to calculations at R�U–F�=2.17 Å. Total spin-triplet character is given in parentheses.
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gaps �indicated in Table II by double horizontal lines�, 1T2g

and 2Eg, and 9T1g and 11T2g states are separated by some
2500 cm−1 �=4.4�̄a1g

� and 8Eg and 12T2g by some 3300 cm−1

�=5.9�̄a1g
�. A detailed experimental study of the vibronic

spectra of U4+ in Cs2ZrBr6 by Flint and Tanner42,43 showed
that multiphonon relaxation dominates the radiative process
when the energy gap below the electronic level is less than
four quanta of the highest-frequency phonon coupled to the
lattice, i.e., 800 cm−1 for �UBr6�2−; they observed lumines-
cence from those levels located above energy gaps of four to
seven quanta. The application of this empirical rule to our
results in Cs2GeF6:U4+ sets the limit of smallest energy gap,
that favors radiative emission, to 4�̄a1g

=2250 cm−1, which
suggests that 12T2g, 11T2g, and 2Eg might be luminescent
levels in this material. In addition, the results of the analyses
of the spin-orbit wave functions presented in Table II show
that there is a notable change on the spin-triplet character of
12T2g�9.85� and 8Eg�61.15�, which supports further the
metastability of 12T2g based on spin selection rules.

B. Comparison of the 5f 2 manifolds of Cs2ZrCl6:U4+

and Cs2GeF6:U4+

The changes originated by the chlorine-to-fluorine
chemical substitution are considerable, as it is clear from the
comparison of the 5f2 manifolds of U4+ defects in isomor-
phous Cs2ZrCl6 and Cs2GeF6 hosts, calculated using the
same methods of quantum chemistry �cf. Table II and Ref.
11, Table IV, and Fig. 1�. Their local structure is very differ-
ent: The bond length difference is very large, 0.43 Å �Re

=2.605±0.003 Å for the chloride and Re=2.174±0.005 Å
for the fluoride�, and the totally symmetric vibrational fre-
quency of the fluoride is much higher, due to the ligands
smaller mass ��̄a1g

=320±2 cm−1 for the chloride and �̄a1g
=563±6 cm−1 for the fluoride�. The effects of the chemical
environment on the U4+ 5f2 levels are also much larger in the
Cs2GeF6 host. The total splitting of the 3H4 free-ion level is
76% larger in the fluoride �the energy difference between
1A1g and 1T2g is 2428 cm−1 in the chloride and 4262 cm−1 in
the fluoride� and analogous effects on the higher free-ion
levels make the energy range of the 5f2 manifold some
6000 cm−1 larger in the Cs2GeF6 host, which can be
illustrated by the following energy differen-
ces: Te�9Eg ;Cs2GeF6�−Te�9Eg ;Cs2ZrCl6�=6000 cm−1 and
Te�7A1g�1S0� ; Cs2GeF6� −Te�7A1g�1S0� ; Cs2ZrCl6� = 6300
cm−1. All levels shift to higher energies in Cs2GeF6, but the
shift is not uniform, so that noticeable changes of order are
observed going from Cs2ZrCl6 to Cs2GeF6. All these results
agree with available experimental studies that compare
hexafluoro and hexachloro complexes of tetravalent uranium
in solid salts and in solution,8,9 as we comment next.

Experimental data on octahedral hexafluoro complexes
of tetravalent uranium are very scarce. This is probably re-
lated to the fact that coordination 6 is very uncommon for
fluoride complexes of tetravalent actinides, as pointed out by
Ryan et al.,8 who reported the first preparation of the octa-
hedral hexafluoro complexes �AnF6�2− �An=U,Np,Pu� and

measured their absorption spectra both in solid salts
��C2H5�4N�2AnF6 and in solutions. From the comparison of
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their observations in the hexafluoro complexes with previous
results on octahedral hexachloro and hexabromo complexes,
the authors concluded that the absorption spectra are very
sensitive to the actinide chemical environment and that the
differences are more marked going from F to Cl than from Cl
to Br ligands. They found large shifts of the transitions to
higher energies in the fluorides compared to the chlorides,
which are not uniform for all levels, and result in severe
change of order of transitions. They also pointed out large
mixings of vibronic groups due to larger vibrational frequen-
cies in the fluorides. As a result, few transitions in the room-
temperature spectra of the �AnF6�2− could be unambigously
matched to corresponding transitions in the �AnCl6�2−,8 and a
detailed analysis of the 5f2→5f2 transitions was not
possible.8

A comparative study of the low-temperature absorption
spectra of ��C2H5�4N�2UX6 �X=F,Cl,Br, I� and of Cs2UCl6
was reported by Wagner et al.9 a few years later. The authors
concluded that the spectrum of the ��C2H5�4N�2UF6 shows
almost no similarity to the other �UX�6

2− and that the peaks
are strongly shifted to higher energies. Nevertheless, for the
assignments of the levels below 12 000 cm−1 they assumed
that the order of levels in the hexafluoride was the same as in
the other hexahalides, whereas the assignments of levels
above that threshold were determined by the proximity of the
crystal-field-fitted and observed levels. Given that the mea-
sured peaks are predominatly vibronic, because the f → f
transitions are electric dipole forbidden in centrosymmetric
sites, the missing electronic origins were deduced by assum-
ing they are at the center of the space between two peaks
resulting from the coupling of an odd vibrational mode with
the ground and the excited electronic states, respectively
�namely, peak 1=zero-phonon−�odd and peak 2=zero-
phonon+�odd�; following this procedure, the odd vibrational
mode was deduced as approximately equal to one-half the
separation between peaks. With this procedure, sixteen zero-
phonon lines were deduced up to 18 051 cm−1 from the ob-
served vibronic lines and they were used in the crystal-field
fitting. The values of the odd vibrational frequencies deduced
are very high �from Ref. 9, Table II: 362, 457, 596, and
661 cm−1�, as expected for a hexafluoride or for the combi-
nation of normal modes. The main features of their spectra
and ours coincide: The peaks shift to higher energies and the
5f2 energy range increases going from Cl to F coordination.
The results of their fitting for ��C2H5�4N�2UF6 has been in-
cluded in Fig. 1 where the energy levels and the overall
energy range of the manifold can be compared with our re-
sults in Cs2GeF6.

Finally, we would like to comment on the possible errors
our minimum-to-minimum energy values Te listed in Table II
might have. We estimate them with the root-mean-square
deviations of the calculated versus experimental data avail-
able given in Ref. 11 for Cs2ZrCl6 :U4+, which seem reason-
able because the methods used for the calculations are basi-
cally the same. Consequently, we might expect increasing
errors with energy in the order of11 2Eg→7T2g:

400–700 cm−1 and 8T2g–9Eg: 1500–1700 cm−1. In all
cases, the errors are overestimations.
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C. Quenching of green-to-blue up-conversion
luminescence in Cs2GeF6

Green-to-blue up-conversion luminescence was ob-
served experimentally in U4+-doped Cs2ZrCl6 by Xu et al.38

and by Tanner et al.39 Different interpretations were given
that ascribed the up-converted luminescence to either the U4+

defects38 or to unavoidable UO2
2+ impurities in the

Cs2GeF6:U4+ crystals.39 The observations and the two appar-
ently conflicting interpretations were conciliated by an up-
conversion mechanism proposed, on the basis of quantum-
chemical calculations, which pointed out the important role
of the lowest-lying levels of the 5f1 6d1 manifold in the
up-conversion.11 According to the calculations, the excitation
produced by a first green photon �19 436 cm−1� would be
followed by nonradiative relaxation to lower energy levels,
namely, 8T1g and 8T2g, which could be the origins of an
efficient, dipole-allowed second absorption of a green photon
leading to 8T1g /8T2g→5f1 6d1 transitions that could be fol-
lowed by either nonradiative relaxation to high 5f2 levels of
the U4+ impurity, emitting in the blue, and/or by energy
transfer from the lowest 5f1 6d1 state to levels of the UO2

2+,
which, after nonradiative decay, would emit also in the
blue.11 Very important in this mechanism is the fact that
both 8T2g and 8T1g are separated from the next lower-lying
levels by large energy gaps of 2800 and 2300 cm−1, respec-
tively, larger than 8�̄a1g

and 7�̄a1g
��̄a1g

=320 cm−1 in
Cs2ZrCl6 :U4+�, which makes them stable enough so as to be
the origins for the second green-photon absorption.

FIG. 1. 5f2→5f2 transition energies for Cs2ZrCl6 :U4+ �Ref. 11�,
Cs2GeF6:U4+ �this work�, and ��C2H5�4N�2UF6 �Ref. 9�.

2 6
None of the important steps of the preceding mechanism
that follow the first green-photon absorption should occur in
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the Cs2GeF6:U4+ crystal, with or without UO2
2+ impurities

present. This is due to the lack of stable energy levels that
could stop the nonradiative decay and, at the same time, be
the origins for efficient 5f2→5f1 6d1 second green-photon
absorption. In effect, given the shift of levels to higher ener-
gies, commented above, and assuming that our Te values
could be calculated some 1500 cm−1 too high in the
19 436 cm−1 energy region, the green absorption could excite
5f2 vibronic levels around the 7T1g and 9T2g origins, far
below the first stable high energy level 11T2g �Table II�. In
any case, after the first excitation and as a consequence of the
lack of large energy gaps, nonradiative decay should
dominate42,43 and should occur down to the 2Eg state. From
this low energy level, a second green-photon absorption
could only lead to low intensity, dipole-forbidden 5f2→5f2

excitation to 9T1g or lower levels, which would decay again,
nonradiatively, to 2Eg �Table II�. Consequently, the pumping
of states in the blue of U4+ or UO2

2+ through nonradiative
decay or energy transfer from the lowest 5f1 6d1, respec-
tively, is not possible in the hexafluoride and up-converted
blue emission should not be observed.

D. Cs2GeF6:U4+: A high-symmetry model to interpret
photon cascade emission in YF3:U4+

Now we can use the results of the electronic structure of
Cs2GeF6:U4+ to try to understand the low efficiency in the
second step of photon cascade emission in the low-symmetry
YF3:U4+ crystal.

Isoelectronic 4f2 Pr3+-doped fluorides have been exten-
sively investigated in a search for new luminescent materials,
useful for luminescence lamps, capable of emitting more
than one photon in the visible spectral range after excitation
by high-energetic Xe noble-gas discharge. This process,
called photon cascade emission, quantum cascade emission,
or quantum cutting, has been described in a recent overview
about Pr3+-doped fluorides,44 as resulting from a two-step
4f2→4f2 emission where 1S0→ 1I6 is followed by 3P0
→ 3H4 emission after high-energetic excitation to the 4f1 5d1

band, whose lowest energy level is above 1S0. Given that the
first step �1S0→ 1I6� in photon cascade emission in
Pr3+-doped fluorides occurs in the ultraviolet spectral range,
U4+-doped YF3 has been investigated as more interesting
phosphor, since this emission occurs in the visible.4 How-
ever, it has been found that the second step in cascade emis-
sion, 3P0→ 3H4, seems to be quenched, which makes the
overall efficiency of quantum cutting in U4+-doped YF3 very
low.4 The authors have pointed out that either multiphonon
relaxation or cross relaxation could be the possible loss
mechanisms, but none of these have been investigated.4 Ac-
cording to the present calculations, in Cs2GeF6:U4+, 7A1g is
clearly related to U4+ 1S0 and appears to be immersed in the
5f1 6d�t2g�1 band.17 Therefore, 7A1g cannot be a luminescent
level and cascade emission, originating in it, should not be
observed in this crystal.

Yet, given that the 5f2 manifold should be less sensitive
to the fluoride host change than the 5f1 6d1 manifold, the

results in this high-symmetry model system should be useful
to try to interpret the reasons behind the quenching of the
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second step in the cascade emission observed in the YF3

host, as we do next. As discussed in Sec. III A, the energy
gaps found in Cs2GeF6 are, in general, very small, which
favors multiphonon relaxation. In the high-energy part of the
manifold, only the levels 12T2g�1I6� and 11T2g�3P2� are pre-
dicted to be luminescent levels. �Note that the main free-ion
level is indicated in parentheses, even if this is an approxi-
mation; see Tables I and II for the corresponding associa-
tions�. Below 11T2g�3P2� no other metastable state is found
down to 2Eg; in particular, the crystal level which is most
closely related to 3P0, 5A1g�3P0�, which should be the origin
for the second-step photon cascade emission, appears to be
only 1400 cm−1 �=2.5�̄a1g

� above the next, lower state. Ac-
cording to the four-quanta empirical law of Flint and
Tanner42,43 referred above, this small energy gap makes it
very likely that nonradiative decay takes place, which leads
to the quenching of the second step in photon cascade emis-
sion. The same conclusions should hold if the structural dif-
ferences between Cs2GeF6 and YF3 are taken into account
qualitatively. The higher coordination of U4+ in YF3 �9�
should result in an energetically shorter 5f2 manifold due to
smaller crystal-field splitting and correspondingly smaller
mixings of the energy levels; on the oposite direction, the
lower site symmetry of U4+ in YF3 should cause splittings
and mixings of the crystal levels which are degenerate in an
octahedral site. As a result, a not too different structure of
energy gaps in the 5f2 manifold should be expected in the
ninefold, low-symmetry fluoride coordination in YF3:U4+.
In particular, too small energy gaps below 5A1g�3P0� or
nearby levels should be expected in the YF3:U4+ crystal that
quench the second step of photon cascade emission.

IV. CONCLUSIONS

We present here the results of AIMP embedded-cluster
calculations on �UF6�2− that include Cs2GeF6 embedding, 68
valence-electron correlation, and relativistic effects, includ-
ing spin-orbit coupling. The U–F bond length, totally sym-
metric vibrational frequency, and energy of the 5f2 levels
have been calculated and show large effects of the fluoride
host on the U4+ free-ion levels and wave functions. Only a
few large energy gaps between 5f2 states are found and,
therefore, only three states are expected to be luminescent
levels below the 5f1 6d1 band. The effects of Cl-to-F chemi-
cal substitution are discussed by comparison with isostruc-
tural Cs2ZrCl6 :U4+; they are found to be very large, the en-
ergy range of the 5f2 manifold increases by 6000 cm−1 and
all levels shift to higher energies, but the shift is not uniform
and noticeable changes of order are observed going from
Cs2ZrCl6 :U4+ to Cs2GeF6:U4+. The comparison allows to
predict that the green-to-blue up-conversion luminescence,
which has been experimentally detected and theoretically
discussed on Cs2ZrCl6 :U4+, should be quenchend in the
fluoride host. Cs2GeF6:U4+ is ruled out as a phosphor mate-
rial based on cascade emission initiating in the 7A1g�1S0�
level; however, the results of the electronic structure of this
highly symmetric crystal are used as a model system to try to

understand why the second step in photon cascade emission
is not efficient in the low-symmetry YF3:U4+ crystal.
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