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UniversitéPierre et Marie Curie, Laboratoire des Milieux De´sordonne´s et Hétérogènes, Case 86, 4, Place Jussieu,

75252 Paris Cedex 05, France

C. Naud
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An overall analysis of the energy levels of U61O5F and U51O5F centers ofC4v symmetry in LiF is
presented. First, the experimental energies of the fine-structure lines of sevenp-f transitions of the prominent
(U61O5F)51 center ofC4v symmetry are determined from well resolved absorption spectra in the UV range
and from polarized emission and excitation experiments in the range 18 000–40 000 cm21. Second, a com-
parison with thef-f energy levels of U51 previously observed in x org irradiated UO5F centers shows that the
energies of thep-f transitions of U61 can be approximately accounted for by shifting the energies of thef-f
transitions of U51 by D519 493 cm21, D representing the energy difference between the center of gravity of
the fine-structure levels of the first excited level and the fundamental level of the configuration 5f 0. Finally, an
analysis of the fine-structure lines associated to thep-f transitions and a comparison with the relativistic
electronic structures of configurations 5f 0 and 5f 1 of cubic molecules UF6 , UF6

2 , and NpF6 are made in order
to determine whichp and f orbitals are associated to the observedp-f transitions of U61.

DOI: 10.1103/PhysRevB.69.035112 PACS number~s!: 71.55.Ht, 71.70.Ch, 61.72.Ji
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I. INTRODUCTION

The experimental and theoretical analyses of the e
tronic structure of actinides such as uranium, neptunium,
plutonium has long attracted much attention.1–4 In the case
of very strongly ionized actinides in molecules, many stud
have been performed on configuration 5f 0 of U61 in octahe-
dral molecules UF6 ,1–3 on configuration 5f 1 of U51 in UF6

24

and NpF6 ,1 and on configuration 5f 2 of PuF6 .1 Concerning
the theoretical models, relativistic effects and configurat
interactions are of primary importance to calculate the
ergy levels of heavy atoms~see, for example, a recent calc
lation on lawrencium and lutetium in Ref. 5!, and to deter-
mine the energy levels of molecules involving heavy io
such as UF6,1,2 NpF6 ,1 and PuF6 .1

In the case of U61O5F and U51O5F centers in LiF the
molecular models are much more complex than for octa
dral molecules such as UF6 and NpF6 for two main reasons
~i! the site symmetry isC4v instead ofOh ~see the structure
of the UO5F centers in Fig. 1! and two different neares
ligands F and O intervene, thus considerably complicat
the model for the molecule and~ii ! it is necessary to accoun
for the influence of the crystal on the molecular orbitals
order to determine the multielectronic wave functions and
the case of U61, the fine-structure of the charge-transf
transitions~CTT!. Therefore, for U61 centers, it would be
very interesting to determine from experiments the symme
of the fine-structure lines associated to the CTT’s and
0163-1829/2004/69~3!/035112~6!/$22.50 69 0351
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orbitals involved in the CTT’s in order to check the validi
of the molecular models.

In molecular models involving strongly ionized ions o
transuranium elements~see Refs. 1–4!, a CTT is a transition
associated to the internal transfer of one electron of a m
lecular center from filledp orbitals of the ligands to emptyf
orbitals of the transuranium element. More specifically,
the case of U61 in the UO5F molecular center, the funda
mental state~formally denoted 5f 0) is filled, and thep-f
CTT’s are due to the promotion of one electron from fille
molecular orbitals which are predominantly built from thep
orbitals of fluorine and oxygen to empty molecular orbita
which are predominantly 5f orbitals of uranium. When add
ing one electron to the U61O5F molecular center, this elec
tron is located on the 5f orbital at lower energy and the
formal configuration becomes 5f 1.

The relativistic Dirac-Slater~DS! model of Onoeet al.3

for octahedral molecules UF6 , and the relativistic DS mode
of Koelling, Ellis, and Bartlett1 for UF6 and NpF6 are of
particular interest since they correctly account for many
tical levels of the configurationsf 0 and f 1. They will be used
as a guide to analyze the optical energy levels of U61O5F
and U51O5F centers in LiF.~In fact, we propose a metho
analogous to that developed for iron group ions in crystals
particular, for d5 ions, where the multiplets and the fine
structure lines are determined from experiments and wh
the crystal-field model, which approximately accounts
few multiplets at lower energy only,6 is used as a guide
©2004 The American Physical Society12-1
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Molecular models are then elaborated to account for w
defined experimental results.7!

The molecular UO5F center in LiF is of particular interes
since several CTT’s of U61 show a fine-structure which
gives the symmetry of the involved molecular orbitals. F
thermore, a comparison with thef-f transitions of U51 ob-
tained by x org irradiation can be made, thus permitting
direct comparison of the energy levels associated to the
ionization states.

Early experiments including the uniaxial stress effect,8 the
external electric-field effect,9 and polarization effects on
electric and magnetic dipole transitions10 have been per-
formed on prominent optical lines appearing in the visib
region of the U61O5F center.

Electron paramagnetic experiments performed on U51

created from x org irradiation have permitted to study nu
merous U51 centers appearing in LiF and to unambiguou
determine the structure of the prominent U51O5F center
which shows a hyperfine coupling with only one fluorin
ion.11

A systematic study of the absorption, emission, and e
tation spectra of the optical energy levels of the U51O5F
center has permitted to determine the energy levels of U51

FIG. 1. U61O5F centers in LiF.~a! Excitation spectrum of the
emission line at 527.8 nm~18 947 cm21! and polarization effect for
the line at 503.3 nm~19 869 cm21! for Eex"Eem and, see inset, for
Eex'Eem. The zero phonon lines are marked by an arrow. Two z
phonon lines appear at 19 286 and 19 869 cm21. The structure of
the UO5F centers is given to the left. The U-F bond is along t
cubic @100#, @010#, and@001# axes of LiF,T577 K. ~b! Absorption
spectrum of LiF-U3O8 in the range 19 150–20 620 cm21, at T
577 K. One zero phonon line of the prominent center appear
19 286 cm21. As shown in Sec. II B, the line at 19 802 cm21 is due
to another uranium center. The line at 19 286 cm21 is 4.5 more
intense than the line at 19 802 cm21. The horizontal axis gives the
wavelength in nm. The energies of the lines are in cm21.
03511
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and to elaborate a parametric model to account for the en
levels and the Lande´ g factors of the fundamental level.12

Polarized excitation spectra of U61 centers in the visible
and near ultraviolet~UV! region have permitted an unam
biguous determination of the symmetry of several fin
structure lines of the prominent UO5F center.13,14

Very recently, the absorption spectra of U61 centers in
LiF and NaF have been determined by Pustarovet al.15 up to
40 eV. Amongst the numerous experimental lines, they
served one absorption line in the UV region which, due
the limited range of our spectrometer, was lacking in o
absorption spectra of U61 and therefore in our model which
was based on the comparison of sevenp-f CTT’s of U61

with the sevenf-f energy levels of thef 1 configuration of
U51.

Up to now the optical levels of U61O5F centers in LiF
have never been compared with the optical levels of U51O5F
centers reported in Ref. 12. Thus, the aim of this paper is~i!
to compare the energy levels of U61 and U51 centers in LiF,
~ii ! to present an overall analysis for thep-f CTT’s of U61

which appear in the visible and near UV region,~iii ! to
present an overall analysis for thef-f transitions of U51

which appear in the visible and near infrared region, and~iv!
to elaborate a common molecular model for these cente

In Sec. II, the energy levels of the U61O5F center in LiF
are determined from well resolved absorption spectra,
from previous polarized emission and excitation experime
in the visible and UV region. It is shown in Sec. III that th
energy levels of U61 can be approximately obtained by sim
ply translating those of U51. In Sec. IV, the symmetry of the
molecular orbitals of thep-f CTT’s of U61 is deduced from
the symmetry of the orbitals of thef-f transitions of U51 and
the symmetry of the fine-structure levels of thep-f CTT’s.
Then, the molecular orbitals are compared with those of
molecules UF6 , UF6

2 , and NpF6 as given by the relativistic
DS models.1–4

II. EXPERIMENTS

A. Samples and apparatus

The LiF crystals doped with U3O8 were grown by the
Kyropoulos method at Argonne National Laboratory. T
initial concentrations are 80 g LiF–0.2 g U3O8, 80 g LiF–
0.08 g U3O8, and 80 g LiF–0.04 g U3O8.

The absorption experiments were performed with a C
14 spectrometer.

For excitation experiments performed in the limited ran
19 800–20 100 cm21, a krypton laser coherent radiation C
3000 K was used to excite a dye laser CR 3500 with C
marin 30. The output power from the dye lasers was abou
mW, the linewidth being 0.1 Å. The emission lines we
analyzed with a Jobin Yvon spectrometer HRS 2 operating
the visible region~1200 lines per mm grating, blazed at 550
Å!.

B. p-f transitions of U6¿O5F centers in LiF

Since several uranium centers exist in LiF, absorption
periments were performed on crystals having the initial c
centrations given in Sec. II A in order to determine the a
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sorption lines and bands associated to the prominent uran
center. In fact, when increasing the concentration in urani
new absorption lines appear. For the highest initial conc
tration of 80 gr. LiF–0.2 gr. U3O8, many new centers ar
created so that numerous new absorption lines and at
ten new emission lines clearly appear in the visible regi
Fortunately, these new lines are sharp, at liquid-nitrogen t
perature, and easily recognizable on the spectra. Furt
more, absorption experiments performed on crystals with
initial concentrations given in Sec. II A have shown that t
new centers have different growing rates in terms of the
tial concentration. Practically, the lines observed in the
sorption spectra can unambiguously be associated eith
the prominent center or to other centers. Of course, the
sorption, excitation, and emission experiments were p
formed on the same crystal.

We will now present an overall view of the absorption a
excitation spectra which permitted us to determine the
ergy levels of the U61 centers in LiF. For the chosen con
centration, only one strong and sharp~at liquid-nitrogen tem-
perature! emission line is associated to the prominent cen
The polarized excitation spectra represented in Fig. 1~a! have
already been published.13 Polarized excitation spectra of th
emission line of the prominent uranium center, in the ene
range of Figs. 1 and 2, have been published by Sriniva
et al.14 However, the absorption spectra reported here sho
much better resolution in the UV range@Fig. 2~c!# and, there-
fore, show new sharp lines which permitted us to define
zero phonon lines and phonon assisted lines in the UV ra
Furthermore, several lines due to another uranium cente
observed in our absorption spectra.

The selected absorption spectra presented here corres
to the lowest concentration in uranium oxide~80 g LiF–0.04
g U3O8). Figures 1 and 2 represent parts of a single abso
tion spectrum. Most of the absorption lines are associate
the prominent UO5F center whose structure is given in Fi
1. However, even for this low concentration, several we
lines appearing in the excitation, absorption, and emiss
spectra are due to other uranium centers. These other ce
show growing rates in terms of concentration which dif
from the growing rate of the prominent center.

We will first briefly recall the excitation experiments pr
viously performed in the range 19 200–20 100 cm21.13 Po-
larized excitation spectra in the visible region of the ve
strong emission line at 527.8 nm~18 947 cm21! are pre-
sented in Fig. 1~a!. An inset in Fig. 1~a! shows the polariza-
tion effects on the line at 503.3 nm~19 869 cm21!. By mea-
suring the polarization effect by the ratioR of the amplitude
of the line when the electric fieldEex of the excitation light is
perpendicular to the electric fieldEem of the emission light
to the amplitude of the emission line whenEex is parallel to
Eem, we obtainedR50 for the line at 503.3 nm~19 869
cm21!.

The excitation spectrum~not represented! of the emission
line at 518.5 nm~19 286 cm21! is identical to that of the line
at 527.8 nm~18 947 cm21! except for the polarization effect
for the line at 503.3 nm~19 869 cm21!. Polarization experi-
ments performed on the two lines at 518.5 nm~19 286 cm21!
and 503.3 nm~19 869 cm21! show thatR5`. Polarization
03511
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experiments performed on the two lines at 527.8 nm~18 947
cm21! and 518.5 nm~19 286 cm21! give R55. From these
experiments, it has been shown that the lines at 527.8
~18 947 cm21!, 518.5 nm ~19 286 cm21!, and 503.3 nm
~19 869 cm21! are of symmetry G2 , G1 , and G5
respectively.13

An absorption spectrum in the visible region is presen
in Fig. 1~b!. The absorption and excitation spectra differ
the presence of a relatively strong absorption line at 50
nm ~19 802 cm21! with one and two phonon assisted line
the energy of the phonons being of\v5330 cm21. Emis-
sion experiments performed on this line show that it is
excitation line of an emission line at 513.6 nm~19 470 cm21!
which is not observed in absorption spectra. These emis
experiments show that the line at 505.0 nm~19 802 cm21! is

FIG. 2. U61O5F centers in LiF. Absorption spectra in the rang
24 800–33 300 cm21 at T577 K. The zero phonon lines ar
marked by an arrow. In~a!, two zero phonon lines appear at 24 81
and 26 580 cm21. In ~b!, two zero phonon lines appear at 27 76
and 28 185 cm21. In ~c!, two zero phonon lines appear at 30 70
and 31 115 cm21. The horizontal axis gives the wavelength in nm
The energies of the lines are in cm21. In Fig. 2~c!, the spectrum has
been translated vertically with respect to the other absorption s
tra.
2-3
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not an excitation line of the lines at 518.5 nm~19 286 cm21!
or 527.8 nm ~18 947 cm21!. Excitation experiments per
formed on the line at 513.6 nm~19 470 cm21! confirm that,
in the visible region, this line is excited by the line at 505
nm ~19 802 cm21!. However, optical and electron
paramagnetic-resonance experiments performed by Lu
Lupei, and Ursu11 on LiF strongly doped with uranium hav
shown that the emission line at 513.6 nm~19 470 cm21! and
the corresponding excitation lines are not due to the pro
nent U61O5F center but are to be associated to another u
nium center~center II in Ref. 11!.

Other lines associated to the configuration 5f 0 are shown
in Fig. 2. This figure represents the absorption spectra in
range 300–405 nm~24 590–33 330 cm21!. No line is ob-
served in the range 485–405 nm~20 620–24 690 cm21!. In
Fig. 2~a!, the lines at 403.0 nm~24 815 cm21! and 376.4 nm
~26 570 cm21! are associated to the U61O5F center. One and
two phonons assisted line with\v5760 cm21 of the line at
403.0 nm~24 815 cm21! are observed. In Fig. 2~b! the lines
at 360.4 nm~27 750 cm21! and 354.8 nm~28 185 cm21! are
associated to the U61O5F center. One broad band appears
28 260 cm21. One and two phonon assisted lines and ban
with \v5760 cm21, are clearly identified on the spectrum
In Fig. 2~c!, the lines at 325.7 nm~30 700 cm21! and 321.4
nm ~31 115 cm21! are associated to U61O5F centers. One
phonon assisted line with\v5760 cm21 is observed.

Polarized excitation experiments and magnetic circular
chroism experiments performed in the visible and near
range by Srinavasanet al.14 have clearly shown that the line
at 403.0 nm~24 815 cm21! and 376.4 nm~26 570 cm21! are
excitation levels of symmetryG5 of the point groupC4v of
the fluorescent level at 527.8 nm~18 947 cm21!. They also
observed excitation bands in the range 27 750–32 000 c21

with low resolution. By comparing these bands with t
much more detailed absorption spectra of Fig. 2~c!, it ap-
pears that the line at 360.4 nm~27 750 cm21! is of symmetry
G1 and that lines near 355.0 nm~28 170 cm21! are of sym-
metry G5 . Several broad bands observed by Srinava
et al.14 in the range 29 000–30 700 cm21 are phonon assiste
lines as shown in Fig. 2~b!. Furthermore, they have observe
a broad line of symmetryG5 at 325.0 nm~30 770 cm21!.

As it will be seen in the following section, one energ
level near 37 000 cm21 was predicted by the proposed mod
but not observed in our experiments due to the limited sp
tral range of our spectrometer.

Fortunately, experiments have recently been performe
the UV and far UV range on LiF and NaF doped with uran
nitrate and copper fluoride by Pustarovet al.15 For the au-
thors, the structure of the prominent uranium center is tha
the U61O5F center. Excitation spectra of a band at 2.38
~19 200 cm21! have been recorded in the range 5–40
Several excitation lines have been observed below the ga
LiF at 3.84 eV~30 970 cm21!, 4.84 eV~39 040 cm21!, 5.44
eV ~43 880 cm21!, 6.65 eV~56 640 cm21!, 9.40 eV~75 820
cm21!, 10.40 eV ~83 890 cm21!, and 11.24 eV~90 660
cm21!. Given the poor resolution of the spectra, it is n
possible to determine whether the observed lines are pho
assisted lines or not. However, given the large energy s
ration between the observed lines, we will simply assoc
03511
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the lines to the energy levels of uranium. The band at 19
cm21 approximately corresponds to the emission at 18 9
cm21. The band at 30 970 cm21 probably corresponds to th
line observed at 30 700 cm21 in our absorption experiments
The line at 39 040 cm21 is of particular interest since it is
probably the missing line of the model developed in the f
lowing section.

III. COMPARISON WITH THE f -f TRANSITIONS OF
U5¿O5F CENTERS IN LiF

The energy levels of the U61O5F and U51O5F centers are
presented in Fig. 3.

Concerning the energy levels of U51 centers, it must be
noted that~i! the absorption experiments reported in Ref.
have clearly shown that only few U61 centers can be trans
formed into U51 centers by x org irradiation~not by visible
or UV light! so that both U61 and U51 centers are observe
in the same sample;~ii ! excitation experiments of the emis
sion line at 4778 cm21 @see Fig. 3~c!# were carefully per-
formed in the IR, visible, and near UV region in order
determine allf-f transitions of the U51 center; and~iii ! no
line of U61 centers was found to be an excitation line of U51

centers. It can be noted here that the CTT’s defined in
Introduction as intramolecular transitions differ from th
CTT’s used to explain some transitions associated to dif
ent ionic charges and bound holes of iron group ions as F31

and Fe21.16,17 CTT’s involving the U51 and U61 centers, in
the sense of Refs. 16 and 17, have not been observed.

In order to easily compare the energy levels of t
U61O5F center to those of the U51O5F center as obtained in
x or g irradiated crystals,12 the fundamental level of U51 and
the charge-transfer levelG5 of U61 at lower energy are rep
resented on the same horizontal line. The energies given
U61 are those of theG5 levels which appear in all observe
fine structures. We did not represent the center of gravity
the fine-structure lines since, as it will be shown in the f
lowing section, some fine-structure lines of several CT
are not observed in the experimental spectra.

Figure 3~b! gives the energies of the levelsG5 at 19 869,
24 815, 26 570, 28 185, and 30 700 cm21, the energies of the
levelsG1 at 19 286, 27 750, and 31 115 cm21, and the energy
of the fluorescentG2 level at 18 947 cm21. The band ob-
served by Pustarovet al.15 at 39 040 cm21 has been added in
Fig. 3~b!.

This figure shows that seven energy levels at lower ene
of the 5f 0 configuration correctly coincide with the corre
sponding energy levels of the 5f 1 configuration. More pre-
cisely, the energies, with respect to the energy of theG5 level
at 19 869 cm21, of the three lines at 24 815, 26 570, an
28 185 cm21 differ by at most 500 cm21 with respect to the
energies of the lines at 4778, 6903, and 7848 cm21 of the 5f 1

configuration. The broad lines at 30 700 and 31 115 cm21 can
most likely be associated to the two lines at 11 939 a
12 030 cm21 of the 5f 1 configuration. The band observed b
Pustarovet al.15 at 39 040 cm21 is shifted by'2800 cm21

with respect to the line at 17 240 cm21 of the 5f 1 configu-
ration.

The represented energy levels are those of the absorp
2-4
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lines observed in the absorption spectra. If some absorp
lines are phonon assisted lines, the represented energies
to be lowered by the energy\v of the relevant phonons in
order to obtain the electronic levels. However, from the p
non assisted lines observed in the absorption spectra, we
estimate that\v is, at most, of 760 cm21.

IV. f -f AND p-f TRANSITIONS OF UO 5F CENTERS IN LiF

We will first determine the symmetry (G6 or G7 in C4v*
symmetry! and the level ordering of thef-f transitions of U51

in U51O5F, and compare this level ordering to that obtain
from relativistic molecular models for UF6 , UF6

2 , and
NpF6 .

FIG. 3. ~a! Monoelectronic energy levels of UF6 as calculated
by Onoeet al.3 and schematic model for U61 and U51 transitions
in UO5F centers. The vertical scale gives the energies of the mo
electronic levels as given by Onoeet al. In ~a!, the filled p levels
and emptyf levels of UF6 are represented on the left, the filled lev
at higher energy is denotedG8* , and the empty level at lower en
ergy is denotedG7* . The experimentalf-f transitions andp-f CTT’s
of U51 and U61 in UO5F centers are also schematically repr
sented. For U51, the G7** state is filled and one electron is on th
G7* state. Onef-f transitionG7* ↔G6 is represented. For the U61O5F
centers, thep-f CTT’s are due to the transfer of one electron fro
the filled levelG7** to the empty levelsG7* , G7 , G6 , G7 , etc. at
higher energy. One CTT from the fundamental levelG7** to a fine-
structure levelG7** 3G6 is shown.D is the energy difference be
tween the center of gravity of the fine-structure lines of the fi
excited level and of the fundamental level 5f 0. D can be considered
as a measure of the ‘‘gap’’ between the filledp orbitals and the
empty f orbitals. ~a! also shows the splitting of theG8 states of
octahedral UF6 into G7 and G6 states for theC4v symmetry of
UO5F centers. The detailed experimental energy levels of U61O5F
and U51O5F centers in LiF are given in~b! and ~c!. In order to
conveniently compare the energies, theG5 level of U61 at 19 869
cm21 is represented on the same horizontal line as the fundame
G7 level of U51. The symmetry of the levels of U51 is given to the
right. The symmetry of the fine-structure lines is given for U61.
03511
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In the parametric model previously proposed to analy
the energy levels of the configuration 5f 1 of U51O5F center
in a crystal field ofC4v symmetry, the calculations are pe
formed in theC4v* spinor group.12 This model has permitted
fitting the energies of the fourG7 states and the threeG6

states of the configuration 5f 1 and thegi and g' values of
the fundamental level. For the fits reported in Ref. 12,
level ordering is, for increasing energy:G7 ~fundamental
level!, G7 @G8(3/2)#, G6 @G8(1/2)#, G7 , G6 @G88(1/2)#,
G7 @G88(3/2)#, andG6 . The brackets indicate which double
G6 or G7 is due to splittings of two quartetsG8 and G88 ,
which would be obtained in cubicOh* symmetry. Therefore,
in cubic Oh* symmetry, the level ordering for increasing e
ergy would beG7 , G8 , G7 , G88 , and G6 ~see Fig. 3~a! for
U51O5F centers!.

It will now be shown that an overall description of thep-f
andf-f transitions of U61 and U51 in LiF can be obtained by
adapting the symmetry and the interpretations given for U6
and NpF6 by Koelling et al.,1 for UF6 by Onoeet al.,3 and
for UF6

2 by Lewis et al.2

The relativistic Dirac-Slater scheme has been used in
molecular model developed by Koellinget al.1 to determine
the molecular orbitals of UF6 and NpF6 ~and also PuF6 for f 2

configurations!. The molecular wave functions are con
structed from the followingnlj orbitals: 6p1/2, 6p3/2, 5f 5/2,
5 f 7/2, 6d3/2, 6d5/2, and 7s1/2 for uranium and from the or-
bitals 2p1/2 and 2p3/2 for fluorine. The molecular energy lev
els are given in the spinor groupOh* imposed by the relativ-
istic model. The transitions, the associated electronic sta
the nature~electric or magnetic dipole!, and the energies ar
given by Koellinget al.1 In the DS model of Onoeet al.3 the
orbitals 6s1/2 of uranium and 2s1/2 of fluorine have also been
considered to determine the one electron energies of6
@see Fig. 3~a!#. It must be noted that the level ordering
UF6

22 and NpF6
3 for f-f transitions is in agreement with tha

given by the parametric model, that is, for increasing ener
4G7u , 13G8u , 5G7u , 14G8u8 , and 11G6u . Furthermore, for
UF6 , the relativistic molecular models predict that the occ
pied orbital at highest energy is 12G8u @level G8* in Fig. 3~a!
for UF6].1,3

It will now be shown that seven emptyf orbitalsG7 and
G6 and one filledp orbital G7 @denotedG7** in Fig. 3~a!#
intervene in the interpretation of thep-f transitions of
U61O5F in LiF. The three linesG2 , G1 , andG5 , appearing
at 18 947, 19 286, and 19 869 cm21, respectively, are fine-
structure lines associated top-f charge-transfer transition
from the filled p orbital G7** to the emptyf orbital G7* at
lower energy@see Fig. 3~a!#. More generally, inC4v symme-
try, orbitalsG73G7 or G63G6 give fine-structure levelsG1 ,
G2 , and G5 , while orbitalsG73G6 give only one allowed
transition to aG5 level and two forbidden transitions to lev
els G3 and G4 . The corresponding transition of uranium
UF6 is 12G8u→4G7u @levelsG8* andG7* of UF6 in Fig. 3~a!#.

The lines at 24 815 cm21 (G5) and 26 570 cm21 (G5) are
associated top-f charge-transfer transitions from the filledp
orbital G7** to emptyf orbitalsG7 andG6 , respectively. For
the line at 26 570 cm21 the orbitals areG73G6 and the fine-
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structure levels areG3 , G4 , andG5 , so that only one transi
tion to level G5 is observed since the other transitions a
strictly forbidden in symmetryC4v . We must note that one
transitionG1 is lacking when associating the line at 24 8
cm21 to orbitals G73G7 . In that case, three fine-structu
levelsG1 , G2 , andG5 are expected, two electric dipole tran
sitions to levelsG1 and G5 should be observed and a ma
netic dipole transition to the levelG2 should be very weak
The hypothesis that the filledp orbital isG6 must be rejected
since, in that case, other CTT’s from the orbitalsG6 ~filled!,
G6 ~empty! andG6 ~filled!, G7 ~empty! should be observed
~In UF6 , the corresponding transition is 12G8u→13G8u .)

The transitions at 27 750 cm21 (G1) and 28 185 cm21

(G5) are fine-structure lines associated to ap-f CTT from the
filled p orbital G7** to the emptyf orbital G7 , the associated
fine-structure levels areG1 , G2 , and G5 . In that case, the
very weak magnetic dipole transition to the levelG2 is not
observed.~The corresponding transition in UF6 is 12G8g
→5G7u .)

The line at 30 700 cm21 of symmetryG5 is a G7** 3G68
CTT. It corresponds to the level at 11 939 cm21 of the con-
figuration 5f 1. This line corresponds to the transitio
12G8u→14G8u of UF6 .

The broad line at 31 115 cm21 of symmetry G1 is a
G7** 3G7 CTT. However, this implies that oneG5 line is to
be found in the broad line at 31 115 cm21. This line is to be
associated to the level at 12 030 cm21 of the configuration
5 f 1. This line corresponds to the transition 12G8u→14G8u of
UF6 .

The broad band centered at 39 040 cm21 can tentatively
be considered as aG7** 3G6 CTT @Fig. 3~a!#; in that case,
the symmetry should beG5 . It is associated to the line a
17 240 cm21 of the configuration 5f 1. It corresponds to the
transition 12G8u→11G6u of UF6 .
.

ine
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V. CONCLUSION

An analysis of well resolved absorption spectra in t
near UV range and of previous polarized excitation a
emission spectra of the U61O5F center in LiF has been mad
and the energy levels of this center have been compared
those of the U51O5F center. First, it has been shown th
several well separatedp-f CTT’s of the U61O5F center can
be obtained by translating thef-f transitions of the U51O5F
center by'20 000 cm21. Second, the symmetry of sever
CTT’s has been determined from~i! the symmetry of the
levels of the U51O5F centers as previously given by a par
metric model;~ii ! the symmetry of the fine-structure lines o
the CTT’s; and~iii ! a comparison with the structures of UF6 ,
UF6

2 , and NpF6 . Third, a coherent overall description of a
observed energy levels has been proposed for the first
for both the U61O5F and U51O5F centers in LiF.

When comparing the U61O5F and U51O5F centers in LiF
to UF6 and UF6

2 molecules, several remarks can be made:~i!
the CTT’s of U61O5F as well as thef-f transitions observed
in U51O5F cannot be simply accounted for by considering
weak jj coupling as in UF6

2 ;2 ~ii ! the vibronic structures are
more simple for the U61O5F center in LiF than for UF6
molecules; and~iii ! the energy levels of the U61O5F and
U51O5F centers are well defined and separated thus fa
tating the interpretation of the CTT’s.

Finally, it must be noted that these molecular centers
unique in the sense that all energy levels of the configura
5 f 1 of U51 can be compared with seven energy levels
U61 centers.
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