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Optical spectra are reported of several new U'+ centers of noncubic symmetry appearing after x or y
irradiation of LiF crystals doped with uranium oxides. Two of these centers are studied in detail. First, all of
their seven energy levels are determined by absorption, emission, and excitation experiments. Second, optical
and ESR studies of the growing rates of these centers under irradiation show that one of them can most likely

be associated to a (U'+O, F) center of C4, symmetry already known in ESR, Finally, the energy levels and g
factors of the U'+ ions in C4„symmetry are calculated in a crystal-field model by using a best-fit procedure
whose validity is discussed,

I. INTRODUCTION

The optical and paramagnetic properties of
transuranium elements have been extensively
studied experimentally as well as theoretically
over the last three decades' so that many detailed
results concerning the 5f" shells are now avail-
ab le.

In the case of uranium ions, many ionization
states have been studied in various compounds.
The most studied ion has been U'" (5f') for which

many optical results as well as electron and ultra-
sonic paramagnetic resonance studies have been
published. ' " Since its identification by Bleaney
et +l." in CaF, and BaF, few optical studies of
V" have been reported although some recent
works on this ion were concerned with the spin-
lattice relaxation" and the electric field effect
on EPR spectra. " Only optical-absorption spec-
tra4 and gyromagnetic factors" of presumed U"
ions in CaF, have been recently published.

Early detailed results on 5f' configurations with

which me will be mainly concerned here mere
obtained on neptunium hexafluoride by Eisenstein
et gl."and Hutchinson et gl. ' ' and on tetravalent
protactinium in Cs, ZrCI. , by Axe et al." In the
case of uranium, man/ complexes of pentavalent
uranium were grown by Penneman et al."and

the absorption spectrum of CsUF, was studied
in detail by Reisfeld. ' EPR studies were per-
formed recently on LiUF„NaUF„NOUF, and

CsUF, by Rigny et al."'"and Drifford et al."
Recently, a study of presumed U'+ ions in zir-
con" mas reported, however no detailed interpre-
tation of the optical results mas made to reinforce
the experimental observations.

In the case of alkali halides doped with uranyl
acetate, nitrate, and sulfate, emission spectra

of uranium have been recorded for a long time"
but it is only recently that experiments on the
emission as wel. l as the absorption spectra have
been performed to understand the origin of the
numerous l.ines appearing in these spectra. In
particular, many detailed investigations on the
piezospectros copic effect, "the temperature
shifts, "and the linear Stark effect"' have been
made on the lines appearing in LiF and NaF crys-
tals doped with uranyl salts. However, the origin
of the very complex spectra appearing in these
compounds is not yet understood; most of the
authors working on this subject consider the ob-
served spectra as being due to U' ions whose
electronic configuration is that of radon so that
the observed spectra could be due to excited con-
figurations of U'+.

A recent study by Lupei and Yuster" of new

paramagnetic uranium centers created under y
or x irradiation in alkali halides doped with urani-
um oxides, and an analysis by Lupei and Ursu"
of a magnetic center associated to U" in C,„
symmetry led us to study the optical spectra of
these ions and elaborate a coherent interpretation
of both their optical and ESR spectra.

In Sec. II we will present typical optical spectra
of LiF-U in nonirradiated and y- or x-irradiated
crystals and tmo sets of seven energy levels for
U" centers in low symmetry. Section III mill
be concerned with the theoretical analysis of op-
tical and magnetic properties of U" in C4„sym-
metry and a discussion of the results.

II. EXPERIMENTS

A. Samples and experimental procedure

The crystals were grown by the Kyropoulos
method. Three concentrations of uranium were
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obtained by starting from the fol.lowing quantities:
80-g LiF+0.2-g U,O» 80-g LiF+0.08-g U,O„
80-g LiF +0.04-g U, O, . Either natural uranium
or uranium enriched in "'U was used. Pure LiF
crystals grown by Eagle-Picher were used as
reference crystals in experiments under irradia-
tion.

Optical-absorption experiments reported here
were performed with a Cary 14 spectrometer and
with Jobyn-Yvon HRS-2 spectrometers. Several
preliminary analyses in the infrared region (1.5-
3.5 ym) of the emission spectrum of x- and y-
irradiated LiF-U crystals were performed with
a spectrometer manufactured by Huet (model
GIRARD); further analysis in the 2-4-ljm region
was made with a HRS-2 spectrometer equipped
with a 300-lines/mm grating blazed at 3 pm. The
excitation light came from a 450-%' xenon lamp
and was filtered by a prism monochromator (Zeiss
SPM 1). In excitation experiments, the exciting
light (3500 A to 1.8 pm) was filtered by HRS-2
spectrometers equipped with different gratings,
the fluorescent light passed through a germanium
filter (thickness 0.5 mm, transparent for A. & 1.8
pm) and was detected by a PbS cell cooled at 195
K. These experiments were performed either at
room temperature or at liquid-nitrogen temper-
ature in cryostats with quartz windows.

The EPR experiments were made with a Varian
4502 spectrometer operating in the X band (9.2
GHz). A temperature regulated gas flow of cooled
nitrogen permitted obtaining any temperature be-
tween 93 and 300 K.

The x irradiation was performed with 50-keV
x rays. The y irradiation was performed with a
Co source.

B. Optical experiments, energy levels

Figures 1(b) and 2(b) show clearly the com-
plexity of the absorption spectrum of nonirradiated
LiF-U crystals appearing at liquid-nitrogen tem-

0

perature in the region 3300-5300 A and the ab-
sence of any absorption line in the region 5300-
25 000 A.

As usually recognized, the absence of either
an absorption line or emission line in the near
infrared region is an indication that no U", U",
and U' centers exist in nonirradiated LiF-U
crystals since their spectra should extend from
the ir region to the uv region as demonstrated
for example by Conway' for U" and more recently
by Hargreaves4 for U", U", and U4'; further-
more U" centers are not expected since both the
high value of the spin-orbit coupling constant
(X-1800 cm ') and experiments in other com-
pounds indicate that emission and several ab-
sorption lines should appear in ihe ir region. This
remark l.ed us to consider the possibility of ob-
taining and clearly recognizing strongly ionized
uranium centers by irradiating LiF-U crystals.
After unsuccessful attempts to create new uranium
centers by uv irradiation either at room or liquid-
nitrogen temperature, y- and x-irradiation ex-
periments were performed.

Figures l(a) and 2(a) represent absorption spec-

LiF-0308
T= 77K

FIG. l. Absorption spec-
tra of (a) y-irradiated and
(b) nonirradiated LiF-U308
crystals. The new lines
appearing in y-irradiated
crystals are indicated by
arrows.
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FIG. 2. (a) Infrared absorption spectra of p-irradiated LiF-U308 crystals. The vertical bars give the positions of
the observed absorption lines. The inserts represent the absorption lines of the center C~ studied in this paper. The
arrows give the positions of another uranium center (center C2). The spurious absorption bands of the Cary 14 spec-
trometer are indicated by broken arrows. (b) No absorption line is observed in the infrared region in nonirradiated
crystals.

tra obtained at liquid-nitrogen temperature after
y irradiation at room temperature. The band

0

centered at 4400 A can be one of the absorption
bands of the M centers in LiF-U. These bands
appear in pure LiF crystals irradiated under like
conditions of irradiation. Two other bands cen-
tered at 5700 and 9500 A appear in LiF-U but did
not in pure LiF. In addition to these bands many
new narrow lines can be distinguished on these
spectra in the visible region as well as in the
ir region. [Several very small lines indexed in

Fig. 2(a) appear clearly after a very long period
of irradiation. ] In order to refute the objection
that these lines or several of them could be due
to the formation on the surface of the crystals
of uranium oxides or nitrates during the irradiation
in presence of air, absorption experiments were
carried out on irradiated samples and on the core
of these samples. No difference in the spectra
was observed. In an attempt to simplify the ab-
sorption spectra, we tried to avoid electron trap-
ping and therefore the creation of color centers
such as E, M centers and F, molecular centers.
Absorption experiments were therefore performed
by irradiating briefly the crystals at l.iquid-nitro-
gen temperature and maintaining this temperature
during the optical experiments. A spectrum show-
ing only the three new lines given in the inserts

0
in Fig. 2(a) and one new line at 5628 A [see Fig.
1(a)] was observed under these conditions. This
experiment indicates that electron trapping in the
neighborhood of the uranium ions could be the
origin of the appearance of many different centers
in low symmetry. We will demonstrate below by
means of emission and excitation experiments
that the three lines given in the inserts in Fig.
2(a) are three absorption lines of one U'+ center
which will be denoted C, center and that the three
hnes marked by an arrow in Fig. 2(a) are three

absorption lines of another U" center (denoted
I, center in the following). We will also demon-
strate that none of the new absorption lines ap-
pearing in Fig. 1 can be associated to centers
C, orC, .

For convenience, the experiments in emission
and excitation were performed under x irradiation.
In order to get an adequate signal to noise ratio,
we had to irradiate the crystals so heavily that

Center Ci

Wave&ength (pm)

CD
C4

FIG. 3. Emission spectra of the centers C& and C2.
(a) The zero-phonon lines. (b) The zero-phonon emis-
sion lines and emission bands of the centers C& and C2.
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absorption lines of other centers appeared in the
region 6-18 kG after the x irradiation, however,
the ESR spectrum of the center C, was not un-
ambiguously identified in these experiments.

A comparison of Figs. 6(a) and 6(b) cLearly shows
that the growing rates of the center C, and of the
U" center of C,„symmetry are identical so that
the center C, can most likely be attributed to the
molecular center given in Fig. 7.

III. INTERPRETATION

The crystal-field calculations were performed for
U" ions in C~„symmetry. In a first step we de-
termined all sets of parameters (five crystal-field
parameters and the spin-orbit coupling constant
t» ) giving an exact fitting for all energy levels.
Next the g factors of the fundamental level were
deduced from the calculated wave functions. The
calculated g~ factors not being in good agreement
with the experimental values, the fitting procedure
was extended to the g factors of the fundamental
level.

The crystal-field parameters B» for a 5f, elec-
tron in C,„symmetry can be defined, in the axis
system given in Fig. 7, by the crystal-field Ham-
iltonian

+ BGCO+ B6(C» + C' 4).

formula:

& t 7q l c,"l t rq'
&

( I)2+I/2([j][jf])1/2((3C»3)
3 —.

' 3]'

x g (-1) '(trjj 3ml)(trj'j 3ml')
ml, mt '

X
3 0 3I

j
([j]=2j+1).

—ml q ml'j

The needed g tensors were easily calculated by
writing the Zeeman Hamiltonian in terms of ten-
sor operators of rank 1 for the orbital momentum
and for spin. Since no plausible solution was ob-
tained giving a lower I', doublet (anticipating the
results of the fitting procedures), we will only
give the general form of the tensor for the four
perturbed I', doublets. Defining the two components
of a perturbed I', doublet by

I r, ~) =nl r, (-') ~-'&+ pl r', (-') ~-')

+yl r, (-,')~-.'&+6I r,'(-', )~-,'&,

the two components of the g-tensors are given by

gii = (—5n + 8(5)'/'np+ (8/W3)ny —4n6

+ 1lP'+ [2(5)' '/&3]Py+ 2(5)'/'P6

+ 12y' + 16& 3 y5 —46'}

The C"'s are electronic tensor operators related
to the spherical harmonics F by

C» = [4x/(2u+ I)] '/' F».

The chosen basis (t hajj is defined in Table II. The
matrix elements of the spin-orbit interaction
36,o (diagonal in j) are ( —,'l Rsg»& = —2$» and

(-, l K,J-, ) = ,'t». Th—e matrix elements of Kc (di-
agonal in t v') were calculated with the following

and

g~ = —', [ —5 n+ / 8v3 yn5+p'-4&5np+2n5

—(v 5/v 3)Py —8v 3y5 —(5)'/'P6+ 12y' —1262].

Owing to the relative complexity of the (UO, F)'
molecular centers with respect to known U'+ cen-
ters, we did not try to use as a guide for the fitting
procedures, the previously determined values
of the crystal-field parameters in known cubic

TABLE II. Chosen basis for a Gf electron in a crystal field of |-"4„symmetry.

States Wave functions

?
2

r? ~&

I6+-
2

r?'~ Yi

I 6+&i

r, +$

r,'+&i

r? +-,i

[1/(6) / ] j
—» ) —[(5) /(6)'/ ] j

—'+ 3)

j
5~1)

((5ji/2 j(6)i/2]( 5 ~ 5) + [ g/(6)i/2]
(

5 ~ 3)

y[(5) / /(]2) / ] j
~ p —) y[(7) /~/(12) / ] j

~ » ~)

+~2Wsjp ~$) +pl~+&)
+[ (7) ~/ /(12)~/ ] j / wy) + [(6) / /(12) t ] j

~ + +)
+ -,'j-1+$) + -', Wsj -,'+-,')
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721 1027 1612 1624 1819

B2 7571 6968 — 7966

B4 30 085 29 285 -25 160

B4 9847 -9559 8518 — 8606 9039

B6 3566 3930 — 2734

B6 -773 772 949

2664 6463

1080 1134

O. 232O

I 6 0.2186

gii 0.7756 0.2985 I 6

g i 1.12g1 0.7266 I 6

or nearly cubic compounds. Instead, we first
tried to systematically find all mathematical so-
lutions (even if physically implausible) for the
spin-orbit parameter and the crystal-field pa-
rameters by fitting only the energy levels. Five
different solutions for f,f and the B~'s giving an
exact fitting for the optical. transitions were found
(see Table III). Two solutions giving very low

values for g& (t',f = 721 cm ' and t,&
=1027 cm ')

can be safely rejected. Two solutions correspond-
ing to f,f —-1612 and 1624 cm ' give a lower I',
level and one solution corresponding to f»
= 1819 cm ' gives a fundamental level I', whose

TABLE III. Values (in cm ') of the spin-orbit coupling
constants 05f and of the crystal-field parameters B&~

giving an exact fitting for the optical levels of the &'4„

center of Us+ in LiF. The calculated (but not fitted) com-
ponents of the g tensor are also given except when the
fundamental level is a I'& level.

and minimizing the quantity:
8

exot i i

expt &

(2)

V pt is the ith experimenta l value. V, is the
value computed from a set of six parameters P, .
The introduction of V,„, ; in the denominators
of formulas (1) and (2) is a coherent way to obtain
a correct least-mean-squares fitting for bah the
energy levels (expressed in cm ') and the g fac-
tors. 'The best fit was obtained for a physically
implausible value for f,z (r.,z = 1210 cm ',
s =2.7x10 '). However, ten false minima in
the sense of Mackey et a/. ' have been obtained
during the calculation. Four physically implaus-

gii factor is in relatively good agreement with
experiment (g„,„„=0.2523; gi „„=0.2320), but

g~ factor is in poor agreement with experi-
ment (gi,„„=0.4708; g, „„=0.2186).

Ne will now present the results obtained by
fitting simultaneously the energy levels and the
g factors of the fundamental. l.evel assumed to be
a perturbed I", level. Of course, an exact fitting
is no longer expected since eight experimental
values (six for the optical transitions and two
for the g factors are to be fitted with six param-
eters. The parameters were computed by solving
the foll. owing system of eight equations:

6
exode i i i dP ( I 8)6Pexpt expt t 2- 1

TABLE IV. Values of 45f and of the B~&'s (in cm ) given by the best fit and by two "false"
minima when fitting both the optical energy levels and the g factors for the &'4„center of U5+

in LiF. The mixing parameters &, P, y, & are defined in Sec. III.

BO
2

B4
0

B4

B60

B4
6

gii

g ii,„ t
= 0.2523

gz
g~expt = 0.4708

False minimum 1
(s=5.3x 10 3)

1g37

6069

22 826

9928

6674

102

0.2496

0.4654

0.935 61

0.034 24

0.350 93

—0.017 44

Best fit
(s= 4.9x 10-3)

1762

7549

21 418

11761

6946

586

0.2497

0.4667

0.919 58

0.093 00

0.381 73

0.002 11

False minimum 2
(s= z.2x 10 2)

1907

—3818

17 196

14 028

17g8,
—885

0.2503

0.4645

0.934 53

0.01100

0.352 43

0.048 19



R. PARROT, C. %AU D, C. J. DE I.HECT, AND P. H. Y US TER

lble solutions cori espondlng to f,y = 1266; 1268,
1270, and 1284 cm ' have been rejected. Amongst
the six remaining physically plausible solutions
corresponding to &,~=1708 cm ' (s =3.7xlo ');
1762 cm ' (s =4.9xlo '); 1834 cm '
(s - =3.0xio '); 1907 cm ' (s . =2.2xlo ');
1922 cm ' (s =2.5xlo '); 1937 cm '
(s;„=5.3xlo '); we selected the three solutions
corresponding to the three lowest values for s.
These three solutions are given in Table IV (in
this table the best fit is that obtained for the plaus-
ible solutions). The calculated energy levels cor-
responding to the best fit and to the two "false"
minima are given in Table I.

computed vRlue s given ln th6 lRst col-
umn of Table III, and in Table IV necessitate
severRI, comments.

First, during the calculations, it appeared that
the g factors (Table IV) depend on all the mixing
parameters. In partieu1ar, the contribution to
the g factors of the relatively small P and y mix-
ing para, meters is as important as the contribution
of the other parameters.

36cond the vahles x'epol'ted ln TRble pf show
that the sign of 8,'(andB', ) isnotthe samefor all
the plausible solutions. It is thus necessary to
discuss the physical validity of the B~'s

The crystal-field parameters 8'„/(r') were
calculated in a point-charge model by adapting
the results obtained by Barthou in octahedral
symmetry to our problem. " The calculation was
performed by assuming that no deformation of
the LlF stl'QctQI'6 occur's %'hen lntx'oduclng the
(UO, F) center in the lattice. (This hypothesis
is justified by the closeness of the ionic or co-
valent rad11 of Li and U, and 0 and F tons. )
1331 cel, ls were taken into account, each cell
containing eight ions. The calculated B~~/(r')'s
were found to be 8,'/( r') = —4010 cm '/a'„8,'/
(r') =169O cm '/a'„8,'/(r') =116O cm '/a,',
8,'/(r') =l4 cm '/a'„and 8,'/(r') = —63 cm '/
a', (a, is the first Bohr radius). Thus, the crys-
tal-fiel. d model justifies the signs of th.e B'„'s as
given by the false minimum 2 (see Table IV). How-
ever, a detailed analysis shows that the value
and even the sign of 8,' (and also 8,') depend upon
the electxic charges of the nearest neighbors so
that it could be misleading to eliminate the set
of parameters corresponding to the false min-
imum 1 or to the best fit or both (see Table IV).

Finally, we must remark that none of the so-

tutions given in Table III is in agreement with the
cx'ystal-fie1d model. In particu1ar, two solutions
giving a fundamental I; level can be safely rejected.

IV. INCLUSION

Amongst the numerous new centers created by
x and y irradiation of LiF doped with uranium
oxides, two have been elear1y identified as being
due to U'+ ions. All seven energy levels of these
ions in low symmetry have been determined by
absorption, emission, and excitation experiments.
One of these centers has been attributed to U"
centers in C~„symmetry whose g tensor for the
fundamental state was already known. Unfortunate-
ly, the sInall number of U" centers created under
irradiation did not allow us to perform Zeeman
experiments on the optica. l levels nor double-
resonance experiments which could have permitted
us to relate direet1y the fundamental level to the
excited 1.evels.

In the interpretation of the experimental xesults,
the difficulties often encountered in the studies
of uranide ions were strongly enhanced due to the
low symmetry and the expected effects of covaleney
of the SQI'r'oundlng oxygen lons. A parametl"iza-
tion procedure performed by fitting exactly a1.1

energy leve1S has shown that one set of param-
eters (five crystal-field parameters and the spin-
orbit coupling constant) gives a correct value for

gll fRctox' but a gx fRctox' %'hlch ls ln poox'
agreement with experiment. Another set of pa-
rameters was obtained from the best fit for both
the g tensor of the fundamental level and the op-
tica, l energy levels. This last set of parameters
permitted us to cal.cu1.ate all the energy level. s
with an error less than 550 cm ' and the g factors
with an error less than 0.01. However, the pres-
ence of two "false" minima appearing during the
computation indicates that one must be very eare-
fu1, in using this set of parameters for further
calculations.
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