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Spectrum analysis, correlation crystal-field effects and f – f transition
intensities of U 3¿ in LaCl 3

M. Karbowiak, J. Drożdżyński,a) and M. Sobczyk
Faculty of Chemistry, University of Wrocław, ul. F. Joliot-Curie 14, 50-383 Wrocław, Poland

~Received 16 January 2002; accepted 11 April 2002!

High resolution polarized absorption spectra of U31:LaCl3 single crystals were recorded in the
4000– 50 000 cm21 range at 7 K. The experimental crystal-field energy levels of the U31 ion were
fitted to a semiempirical Hamiltonian employing free-ion, one-electron crystal-field as well as
two-particle correlation crystal-field~CCF! operators. The performed analysis of the spectra enabled
the determination of crystal-field parameters and reassignment of some of the observed 5f 3

→5 f 3 transitions. The effects of selected CCF operators on the splitting of some specific U31

multiplets have been investigated. On the basis of the obtained electronic wave functions the
electric-dipole intensity parameters of the total transition dipole strength were determined by fitting
the calculated and experimental transition intensities. Among 67 transitions observed in the
4000– 22 000 cm21 range 56 were sufficiently well resolved for quantitative calculations. ©2002
American Institute of Physics.@DOI: 10.1063/1.1482372#
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I. INTRODUCTION

The first crystal-field analysis of a U31 system has been
reported in 1980 by Crosswhiteet al.1 for U31:LaCl3 single
crystals and subsequently revised by Carnall.2 In recent years
further analyses were reported for U31 doped LiYF4 ,3

RbY2Cl7 ,4 K2UX5 ~X5Cl, Br or I!,5 Cs2NaYCl6 ,6 and
Cs2LiYCl 6 ~Ref. 6! single crystals as well as for some pol
crystalline samples.7–9 However, from among the so far ob
tained U31 doped single crystals only LaCl3 and LiYF4 ex-
hibit a suitable site symmetry for precise energy-le
structure investigations with application of electric a
magnetic-dipole transition selection rules. In the latter o3

the uranium~31! ions were obtained byg irradiation of 700
to 1500 ppm U41 doped single crystals. Since the record
spectrum obviously contained additional lines of unkno
origin, the crystal-field spectrum analysis may not be cons
ered as unambiguous.

In this paper we have performed correlation crystal-fi
~CCF! calculations for U31 doped LaCl3 single crystals in
order to use the obtained wave functions for simulation
transition intensities. So far such analyses have been repo
for a number of lanthanide ions and the U31:LiYF4 single
crystal.10

Krämeret al.11 have obtained an excellent agreement
tween the experimental and calculated line strengths for E31

doped LaCl3 single crystals by utilizing the wave function
received from CCF calculations for simulation off – f tran-
sitions intensities and have proved the correctness of
theoretical model for the lanthanide ions. The analysis
ported by Hubertet al.10 for U31 in LiYF4 is limited to the
4540– 11 760 cm21 absorption range and therefore seems
be of not much significance. The aim of our study was
show how this model will work for an actinide ion. Th
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experimental intensities were determined from lo
temperatures andp-polarized absorption spectra. Since t
transition intensities depend very strongly on the calcula
wave functions they are a good test for the correctness of
crystal-field analysis, as well.

II. EXPERIMENT

Uranium~31! doped single crystals of LaCl3 with a
nominal 0.5 and 0.1 mol % uranium concentration we
grown in silica ampoules by the Bridgman–Stockbarg
method. LaCl3 was synthesized from the oxide by the am
monium chloride route and sublimed under high vacuu
UCl3 was prepared according to the method reported in R
12. Polarized absorption spectra of the LaCl3 :U31 single
crystals were recorded on a Cary 5 NIR-Vis-UV spectroph
tometer in the 4000– 50 000 cm21 range at 4.2 K using an
Oxford Instruments cryostat. The crystal with inductive
coupled plasma~ICP! determined uranium concentration o
0.0399 mol/dm3 and the thickness of 0.055 cm was used
quantitative measurements of oscillator strengths. The cry
was protected from moisture on air by a thin layer of nu
oil and in the Oxford Instruments cryostat by He gas.

III. METHODOLOGY

A. Optical selection rules

LaCl3 crystallizes in the UCl3-type structure~space
group P63 /m, No. 176! which consists of@MCl9# polyhedra
formed by trigonal prisms capped on each rectangular fac13

The uranium doped ions are occupying the La31 position
with the C3h site symmetry. The crystal field splits th
atomic states of the 5f 3 configuration into Kramers doublet
which may be classified as having theE1/2(G71G8),
E3/2(G111G12) or E5/2(G91G10) symmetry in the C3h

double-rotation group.
il:
0 © 2002 American Institute of Physics
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FIG. 1. Polarized absorption spectr
of U31:LaCl3 at 4.2 K showing the
4I 9/2→4I 13/2 transitions. The new and
former1,2 ~in brackets! assignments of
observed lines are indicated. The ins
gives selection rules for electric-dipole
and magnetic-dipole transitions in
U31:LaCl3 ~site symmetry C3h!. s
and p correspond toE'c and Eic,
respectively.
ic
ld

e
s

w
a

ly

e
to

e
n
in

o
l

ec-
he

ac-

ti-
the
er–

-
d by

d is

ys-
or
rdi-

the
ng
rit-
The selection rules for electric-dipole and magnet
dipole transitions are given in Fig. 1. The lowest crystal-fie
level of the ground4I 9/2 multiplet manifold of U31 has the
E5/2 symmetry. Since the transitions observed in liquid h
lium temperature originate only from this level they mu
terminate on theE3/2 or E1/2 excited level fors polarization
andE1/2 for p polarization. Hence, the selection rules allo
one an unambiguous assignment of the irrep labels of
lines observed in the spectrum.

B. Crystal-field energy calculations

Crystal-field calculations have been performed by app
ing the f -shell empirical program of Reid~University of
Canterbury, New Zealand! and running on PC under th
Linux Mandrake operating system. The effective opera
model was used for the analysis of the obtained data.14 The
eigenvectors and eigenvalues of the crystal-field levels w
obtained by diagonalization of the combined free-ion a
crystal-field energy matrices. The complete Hamiltonian
cludes the following terms:

Ĥ5ĤA1ĤCF1ĤCCF, ~1!

whereĤA contains the isotropic~atomic! parts ofĤ and is
defined as

ĤA5Eave1 (
k50,2,4,6

Fk~n f ,n f ! f̂ k1z5 f ÂSO

1aL̂~ L̂11!1bĜ~G2!1gR̂~R7!

1 (
i 52,3,4,6,7,8

Ti t̂ i1(
j

M jm̂j1(
k

Pkp̂k , ~2!

whereEave is the spherically symmetric one-electron part
the Hamiltonian,Fk(n f ,n f) and z5 f represent the radia
parts of the electrostatic and spin–orbit interactions, whilef k
Downloaded 07 Oct 2002 to 156.17.55.206. Redistribution subject to A
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and ASO are the angular parts of these interactions, resp
tively. The a, b, and g parameters are associated with t
two-body correction terms.G(G2) and G(R7) are Casimir
operators for theG2 andR7 groups andL is the total orbital
angular momentum. The three-particle configuration inter
tion is expressed byTit i ( i 52,3,4,6,7,8), whereTi are pa-
rameters andt i are three-particle operators. The electrosta
cally correlated spin–orbit perturbation is represented by
Pk parameters and those of the spin–spin and spin–oth
orbit relativistic corrections by theM j parameters. The op
erators associated with these parameters are designate
mj and pk , respectively. TheĤCF term of the Hamiltonian
represents the one electron crystal-field interactions an
defined as

ĤCF5 (
k,q,i

Bq
kCq

(k)~ i !, ~3!

where Cq
(k)( i ) is a spherical tensor of rankk and Bq

k are
crystal-field parameters. For theC3h symmetry the crystal-
field Hamiltonian is expressed14 as follows:

HCF5B0
2C0

21B0
4C0

41B0
6C0

61B6
6~C26

6 1C6
6!

1B68
6i ~C26

6 2C6
6!. ~4!

Depending on an arbitrary choice of the coordinate s
tem theB6

6 parameter can be either complex, purely real
purely imaginary. In the present analysis, the chosen coo
nate system of the imaginary part ofB6

6 vanishes.
The last term of the complete Hamiltonian represents

correlated two-electron crystal-field interactions. Followi
Reid15 the parametrization of these interactions may be w
ten in Judd’s notation16 as a set ofGiQ

K parameters:

ĤCCF5 (
i ,K,Q

GiQ
K ĝiQ

(K) , ~5!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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where K runs through the even integers from 0 to 12i
distinguishes differentĝiQ

(K) operators with identicalK, andQ
is restricted by the crystal-field symmetry.

Since there are 41 independent correlation crystal-fi
~CCF! parameters it is not possible to include all of them
a fit with a set of 67 experimental data only. However, Li a
Reid17 in an analysis of a number of Nd31 doped crystals
have shown that the inclusion of only a few of them ha
markedly improved the fits and could resolve problems w
poorly fitted levels by the one-electron crystal-field opera
HCF. On the other hand, there arises the question which
the 41 parameters should be chosen. One possibility is to
those with the largest influence on the problematic lev
Although such a selection may be statistically justified, m
probably it would have little physical meaning. Judd18 had
invented the simpled-function model in which the correla
tion effects are considered from paired electrons within
same angularf orbital only~with opposite spin!. The validity
of this model has been tested and proved by Quagli
et al.19 for neodymium nonahydrate tris~trifluoromethane-
sulfonate!. Consequently, in the case of the 4f 3 configuration
only multiplets of a predominantly doublet character sho
be significantly influenced by two-electron correlatio
crystal-field interactions. In the present analysis we h
found the levels of the2H29/2 multiplet to be the most prob
lematic ones~see Sec. IV! and therefore we reduced the s
of CCF parameters by applying thed-function model restric-
tions.

The d-function model are only contributing theg1
(k) ,

g2
(k) , g3

(k) , and g4
(k) operators from among which theg1

(k)

contribution is already incorporated inHCF. We have
checked the effect of all these parameters and have pro
that only the threeG10A,0

4 , G10B,0
4 , andG2,0

4 fourth-rank pa-
rameters and oneG10B,0

6 sixth-rank parameter are statistical
significant.

C. Transition line strengths

The experimental line strengths of transitions from t
lowest Stark component of the4I 9/2 ground multiplet to ex-
cited levels have been determined from the 7 Ks and
p-polarized absorption spectra. The observed transition
profiles were integrated and the line strengthsSi→ f in
squared Debye units (D2) (D[3.3356310230 C m) deter-
mined from the equation

Si→ f~D2!5
9.18631023

xedñ
E i→ f«~ñ !dñ, ~6!

where assuming a predominance of electric-dipole contr
tion to the transition intensities, the correction factor for bu
refractivity xed is defined as

xed5
~n212!2

9n
, ~7!

and is forn51.849 equal to 1.7645.
Assuming, that the observed line strengths arise ex

sively from electric- and magnetic-dipole transition mech
nisms, the line strengths may be calculated by the evalua
of
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Si→ f5u^c i um̂effuc f&u21u^c i um̂uc f&u2, ~8!

wherem̂eff is an effective electric-dipole operator,m̂eff is the
magnetic-dipole operator,C i andC f are eigenvectors of the
initial and final levels for thei→ f transition.m̂eff is defined
as an even-parity operator that operates only within thef 3

electronic configuration. Them̂eff operator includes the com
bined perturbation of odd-parity crystal-field interactions a
odd-parity electric-dipolar radiation field interactions on t
5 f electrons of the system. The radial dependence
electric-dipole matrix elements is entirely absorbed in
parametric form of them̂eff operator. Theqth component of
the m̂eff operator in a spherical basis representation is gi
by

~m̂eff!q52e~21!q (
l,t,p,l

At,p
l ^l l ,12qutp&Û l

l , ~9!

where l52,4,6; t5l, l61; p50,61,62,...,6t, and 1
5q1p. Û l

(l) are interconfigurational many-electron un
tensor operators that act within the 5f 3 electronic configura-
tion, and Atp

l are parameters that contain structural a
mechanistic details about the interaction of the odd-pa
crystal-field and the electric-dipolar radiation field with th
5 f electrons of the U31 ion.

For theC3h site symmetry thep values are restricted to
63. The Atp

l parameters are related by the express
(At,p

l )* 5(21)t1p1 lAt,2p
g . There are seven independe

complex parameters:A3,3
2 , A3,3

4 , A4,3
4 , A5,3

4 , A5,3
6 , A6,3

6 , and
A7,3

6 . In the line-strength calculations the^c i uÛ l
(l)uc f& matrix

elements were directly evaluated by using theC i and C f

eigenfunctions obtained from the energy-level calculatio
In the fitting procedure of the calculated and experimen
line strengths theAtp

l parameters are treated as variables. T
magnetic-dipole contributions were obtained from dire
evaluation of thê C i um̂quC f& matrix elements. This contri-
butions are considerable only for transitions to levels of
4I 11/2 multiplet.

IV. RESULTS AND DISCUSSION

A. Energy level calculations

In his latest analysis2 of the U31:LaCL3 absorption
spectrum, Carnall had included in the fitting procedure
experimental energy levels which could be recorded up
25 723 cm21. However above 22 000 cm21 the f – f bands
are obscured by strong and broadf –d bands and also one
cannot be fully sure as well about the origin and assignm
of these sharp lines superimposed on the envelope of
f –d bands. Since the main purpose of our analysis was
obtain reliable eigenfunctions with a quality high enough
reproducing transition intensities, we have confined o
analysis to the 0 – 22 000 cm21 region, i.e., below the ap
pearance of thef –d bands. Hence, from 7 K unpolarized as
well ass- andp-polarized absorption spectra we could is
late and assign 67 energy levels which were fitted to
parameters of the phenomenological Hamiltonian. The ini
values of the free-ion and crystal-field parameters were ta
from Carnall’s analysis.2 The calculations were done for th
full 5 f 3 electron configuration leading to a 3643364 energy
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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matrix. In the final fitting procedure, 14 atomic paramete
four one-electron crystal-field parameters, and four CCF
rameters were freely varied. TheT8 andM j parameters were
kept at constant value. TheP2 parameter was varied whil
P4 andP6 were kept at a constant ratio toP2. For compari-
son we have performed also a fit without the CCF para
eters. The complete parameter sets for both fits are prese
in Table I. The experimental and calculated energy level v
ues are given in Table II. The atomic parameters are ge
ally similar to those reported by Carnall. One may not
somewhat lower values of theFk parameters and slightly
larger fora andb. The largest difference exhibits theg pa-
rameter with a factor almost of twice larger value than in
previous analysis. However, this parameter was usually s
a constant value of ca. 1000– 1100 cm21. As compared with
Nd31 ions20 thea andb parameters display somewhat larg
values. The g parameter for Nd31 is usually about
1500 cm21. Hence, the value of about 2000 cm21 obtained
in this analysis seems to be reasonable. The three-bodTi

parameters assumed in our fit are also similar values to th
reported earlier. In the application of the one-electron para
etrization scheme we could receive the standard deviatio
s534.0 cm21. The Bq

k parameters obtained in this fit wer

TABLE I. Hamiltonian parameters~in cm21! obtained from crystal-field
~CF! and correlation crystal-field~CCF! analyses of U31:LaCl3 . The M j

and Pk parameters were constrained by Hartree–Fock determined fi
ratios.

Parametera CF CCF

Eavg 19 418~40! 19 426~34!
F2 38 269~149! 38 459~128!
F4 30 530~189! 30 786~161!
F6 19 770~206! 19 981~174!
a 31 ~5! 31 ~4!
b 2886 ~38! 2886 ~34!
g 2059 ~109! 1928 ~93!
z 1612 ~13! 1614 ~11!

T2 394 ~78! 388 ~68!
T3 48 ~24! 39 ~22!
T4 169 ~37! 154 ~33!
T6 2192 ~43! 2233(38)
T7 358 ~40! 401~35!
T8 @300# @300#
M0 @0.672# @0.672#
P2 1579 ~61! 1491 ~52!
B0

2 339 ~39! 312 ~33!
B0

4 2399 ~71! 2459 ~66!
B0

6 21549 ~63! 21462 ~55!
B6

6 934 ~55! 1027 ~47!
G10A,0

4 1001 ~98!
G10B,0

4 484 ~91!
G2,0

4 817 ~181!
G10B,0

6 21590 ~108!
sb 34 29
n 67 67

aThe parameters are defined in Sec. III B. Values in brackets indicate pa
eter errors. Parameters in square brackets were kept constant durin
fitting procedure.

bStandard deviation:s5S i@(D i)
2/(n2p)#1/2 whereD i is the difference be-

tween the observed and calculated energies,n is the number of levels fitted
andp is the number of parameters freely varied.
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close to those reported by Carnall except ofB0
4, which in our

fit has a distinctly different value (2399 cm21) as compared
to the former one (2662 cm21).

From Table II one can note, that for some levels t
Ecalc–Eobs differences are significantly larger. The large
differences can be observed for these recorded at 9446
9764 cm21 levels of the2H29/2 multiplet for which these
values are equal to283 and 101 cm21, respectively. Even
the order of the calculated values was reverse. The ove
splitting of this multiplet was underestimated by more th
100 cm21 in the one-electron calculation model. After inclu
sion of the CCF parameters the order became correct and
D values decreased to 30 and 34 cm21, respectively. The
standard rms deviation for the overall fitting decreased
28.9 cm21. In the two-electron parametrization scheme t
values of theBq

k parameters did not change markedly
compared to those obtained without CCF parameters but
obtained values were then somewhat closer to those repo
by Carnall. This was due to the fact, that the influence
inclusion of problematic crystal-field levels in the fit withou
CCF parameters was then absorbed by these parameter

The values of the fourth-rank CCF parameters are re
tively high, e.g.,G10A,0

4 is more than a factor of 2 larger tha
B0

4, and G10B,0
6 is of the same order asB0

6. Since theĝi
(K)

operators are normalized differently fori 51 and i .1 one
must multiply theBq

k parameters by15 143(12/17)1/2 for a
comparison. The renormalized ‘‘true’’G10A,0

4 /B0
4 and

G10B,0
6 /B0

6 ratios are then equal to20.39 and20.20, respec-
tively. For the Nd31 ions the average correctedG10A,0

4 /B0
4

ratio is about17 20.1. This may indicate stronger correlatio
effects of the 5f 3 electrons as compared with 4f 3. However,
the diagonal ‘‘free-ion’’ reduced matrix elements of theĝ10A

(4)

operator for the2H29/2 and2H211/2 multiplets of the U31 ion
~obtained after taking into account the Coulomb and sp
orbit interactions! are equal to 0.334 and 0.336, respective
and are somewhat lower in comparison with 0.427 and 0.
obtained for the analogous multiplets of the Nd31 ion. Thus,
the relatively largerG10A,0

4 /B0
4 ratio obtained for U31 may

simply result from stronger crystal-field interactions expe
enced by the U31 ions. It is also possible that the observe
improvement in the adjustment of some levels as well a
slightly better overall fit have nothing to do with the corr
lation effect but they result from the deficiency of the appli
theoretical model for description of the crystal-field ener
levels for the 5f 3 configuration.

As has been mentioned above we are not sure abou
origin of lines superimposed on the broadf –d bands ob-
served over 22 000 cm21. If one assumes that these aref – f
bands one should expect, that the distinct lines at 23 888
24 123 cm21 should belong to the2I 13/2 multiplet. However,
the inclusion of these levels in the calculations shows t
the lowest crystal-field level of this multiplet was calculat
to be at 24 377 cm21 giving a DE difference of about
400 cm21. Those levels have been omitted in Carnal
analysis. Other experimental levels observed in this reg
generally fit with the calculated ones. However, for mo
than 45 levels predicted by theory in this region we cou
register not more than 17. Hence, the assignment would

d

m-
the
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Downloaded 07 O
TABLE II. Electronic states, symmetry labels, experimental and calculated energy levels, and line stren
U31:LaCl3 .

Mutliplet Irrep.

Energy (cm21) Line strength (1026 D2)a

Expt.

CF CCF s p

Calc.b E–C Calc. E–C Calc. Obs. Calc. Obs.

4I 9/2 E5/2 0 47 247 39 239
E1/2 208 202 6 238 230 3876 360
E3/2 245 239 6 236 9 486 231
E5/2 440 437 3 403 36 397 210
E3/2 451 432 19 437 13 358 6

4I 11/2 E3/2 4446 4442 4 4446 0 760 171 131 392
E1/2 4508 4478 30 4486 22 22 127 7130 872 3553
E5/2 4534 4540 26 4527 7 124 8
E1/2 4564 4559 5 4575 211 907 1823 13 290 2100
E3/2 4580 4563 17 4569 11 791 2
E5/2 4610 4605 5 4598 12 0.6 0

4F3/2 E1/2 7081 7082 21 7083 23 5360 ~256! 2296 531
E3/2 7099 7099 0 7090 9 775 646 0

4I 13/2 E1/2 8133 8128 5 8128 5 20 927 ~1617! 12 413 ~1331!
E3/2 8221 8228 27 8219 2 28 0
E1/2 8242 8247 25 8253 211 7799 6368 13 198 7499
E5/2 8258 8271 0 0
E1/2 8291 8319 228 8328 237 65 4912
E3/2 8381 8350 31 8355 26 66 215 0
E5/2 8422 8418 0 0

2H29/2 E5/2 9510 9368 0 0
E3/2 9446 9529 283 9476 230 314 222 0
E3/2 9648 9670* 222 9671 223 711 369 0
E1/2 9764 9663* 101 9730 34 92 247 701 692
E5/2 9789 9751 7 1

4F5/2 E5/2 9888* 9879 0 0
E3/2 9889 9885* 4 9897 28 913 831 0
E1/2 9969 9938 31 9941 28 47 762 7222 11 098 826

4G5/21 E1/2 11 083 11 084 21 11 076 6 4245 1753 11 352 2745
4S3/21 E1/2 11 160 11 156 12 342 10 662
4F7/21 E3/2 11 174 11 174 0 11 170 4 7545 0
4I 15/21 E5/2 11 199 11 188 0 0

E1/2 11 234 11 216 1603 15 598
E3/2 11 247 11 238 9 11 238 9 5307 0
E1/2 11 437 11 484 247 11 483* 246 359 244
E3/2 11 467 11 494 227 11 464* 3 6945 0
E5/2 11 499 11 471 0 0
E5/2 11 570 11 557 0 0
E1/2 11 575 11 574 1 11 579 24 168 5722
E3/2 11 620 11 630 210 11 621 21 757 0
E5/2 11 725 11 681 0 0
E1/2 11 727 11 748 221 11 745 218 272 1089
E3/2 11 890 11 865 25 11 862 28 27 0
E3/2 11 941 11 934 7 11 926 15 136 0
E5/2 12 051 12 034 0 0

4G7/2 E5/2 13 233 13 268* 235 13 260 228 0 0
E3/2 13 294 13 265* 29 13 271 23 6553 3096 0
E5/2 13 320 13 326 26 13 324 24 0 0
E1/2 13 344 13 394 250 13 387 243 11 814 6668 1248 7706

4F9/2 E5/2 14 636 14 585 0 0
E1/2 14 675 14 669 6 14 684 29 515 178 999 ~103!
E5/2 14 722* 14 697 0 0
E3/2 14 701 14 708* 27 14 707 26 90 78 0
E3/2 14 745 14 772 7 0

2H211/2 E3/2 15 415 15 423* 28 15 382 33 228 141 0
E1/2 15 422 15 365* 57 15 395 27 1456 692 466 1107
E1/2 15 457 15 476* 219 15 497* 240 489 438 2649 784
E3/2 15 462 15 435* 27 15 427* 35 72 92 0
E5/2 15 536 15 431* 0 0
E5/2 15 641 15 541 0 0

4D3/2 E1/2 15 825 15 853 228 15 853 228 3253 4799 2077 4999
E3/2 15 881 15 875 6 15 880 1 214 102 0

2K13/2 E1/2 15 961 15 970 29 15 955 5 934 4176 4730 3323
ct 2002 to 156.17.55.206. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. ~Continued.!

Mutliplet Irrep.

Energy (cm21) Line strength (1026 D2)a

Expt.

CF CCF s p

Calc.b E–C Calc. E–C Calc. Obs. Calc. Obs.

E5/2 16 086 16 033 0 0
E5/2 16 115 16 096 0 0
E3/2 16 145 16 100 148 0
E1/2 16 153 16 177 1517 104
E3/2 16 231 16 224 44 0
E1/2 16 231 16 225 6 16 268 237 2953 5300 3170 7450

4D1/2 E1/2 16 507 16 523 216 16 518 211 1607 6218
4G9/21 E5/2 16 803 16 518 0 0
2G17/2 E3/2 16 863 16 825 38 16 822 40 98 122 0

E3/2 16 893 16 864 29 16 867 25 240 392 0
E1/2 16 930 16 908 22 16 888 42 994 2044 327 ~2952!
E5/2 16 940 16 919 0 0
E3/2 16 947 16 999* 252 16 980 233 275 0
E1/2 16 974 16 996* 222 17 017 243 699 312
E5/2 17 051 17 044 0 0
E5/2 17 137 17 097 0 0

4D5/2 E5/2 17 491 17 515 0 0
E3/2 17 536 17 538 22 17 545 29 976 1477 0
E1/2 17 564 17 588 663 2833

2L15/2 E1/2 18 514 18 486 25 18 495 19 445 129
E1/2 18 558 18 593* 235 18 580 222 1241 2445 2593 3899
E3/2 18 583 18 569* 14 18 581 2 1357 2054 0
E5/2 18 704* 18 674 0 0
E3/2 18 688 18 688* 0 18 677 11 394 0
E1/2 18 743 18 732 11 18 713 30 453 1777
E3/2 18 756 18 785 229 18 773 217 135 0
E5/2 18 825 18 812 0 0

4D3/2 E1/2 19 203 19 182 21 19 191 12 1814 2746 1917 491
E3/2 19 196 19 215 161 0

2H111/2 E1/2 19 753 19 782 229 19 779 226 282 277 189 83
E3/2 19 801 19 784 169 0
E5/2 19 842 19 790 0 0
E5/2 19 847 19 804 0 0
E3/2 19 833 19 811 77 0
E1/2 19 875 19 812 63 19 835 40 600 577 1218 136

2D15/2 E1/2 20 204 20 242 238 20 230 226 279 129 22 30
E3/2 20 310 20 282 28 20 286 24 21 161 0
E5/2 20 358 20 335 0 0

2G19/21 E5/2 21 239 21 220 0 0
2P1/2 E1/2 21 294 21 316 222 21 309 215 77 ~629! 1384 1338

E3/2 21 337 21 348 22 0
E1/2 21 400 21 378 22 21 394 6 396 ~4748! 1555 1069
E3/2 21 424 21 437 89 0
E5/2 21 487 21 485 0 0

aCalculated on the basis of eigenvalues resulted from CCF analysis.
bCalculated Stark components denoted by an asterisk have been reordered to correspond to the exp
assignment.
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very unrestricted and finally we did not include these lev
in our calculations.

As compared with the other U31 systems the receive
final rms deviation is somewhat larger which may res
from a lesser discretion in the assignment of the experim
tal crystal-field levels, because in systems with a low s
symmetry of the central ion they cannot be classified by ir
and therefore may be, to a certain degree arbitrary assig
within a multiplet to the closest calculated one.

The crystal field is somewhat weaker due to the co
paratively long La–Cl distances which causes that the p
ticular multiplets are relatively well separated and, except
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two, they do not overlap. The correctness of the obtain
crystal-field values may be checked also by calculations
the total crystal-field strength, expressed by the sca
parameter21

Nv5F(
k,q

~Bq
k!2

4p

~2k11!G1/2

. ~10!

The calculated Nv value for U31:LaCl3 is 1891 cm21

~largest total splitting valueD5451 cm21! and is expected
to be larger than that determined for Nd31:LaCl3 ~Nv
51070 cm21, D5241 cm21! ~Ref. 20! and somewhat
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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smaller than those for UCl3 ~Nv52042 cm21, D
5457 cm21 calc!.22 These values correspond also wi
those reported in our previous spectroscopic studies
uranium~31! complex chlorides: U31:K2LaCl5
(Nv53069 cm21, D5475 cm21!,5 U31:RbY2Cl7
(Nv54354 cm21, D5567 cm21!,4 U31:Li 2NaYCl6
(Nv55496 cm21, D5595 cm21!,6 and U31:Cs2NaYCl6
(Nv55816 cm21, D5626 cm21!.6

The determined energy and symmetry labels of the l
els are generally in agreement with those reported by C
nall, however we have found that some of them are inc
sistent with selection rules forf – f transitions and should b
reassigned.

In Fig. 1 the absorption spectrum in the4I 9/2→4I 13/2

transition region is presented. Carnall’s assignment is sh
in brackets and the new one is indicated above. The v
intense line observed at 8244 cm21 is undoubtedlysp po-
larized and one may label it asE1/2 only. The lines at 8335
and 8358 cm21 were assigned by Carnall as electronic tra
sitions. However, these lines are observed inp polarization
but disappear ins polarization, which is completely opposit
to the selection rules because electric dipole transitions
not be observed inp polarization only. Hence those band
are in our analysis labeled as vibronic. At 8159 a
8267 cm21 two lines are observed with similar intensitie
Downloaded 07 Oct 2002 to 156.17.55.206. Redistribution subject to A
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The latter one has been included in Carnall’s analysis
labeled asE1/2, whereas the former one has been omitt
Since they are at the same distance of 24 cm21 from a neigh-
boring strong line we assume that both of them are vibro
in origin.

The next change concerns a relatively strong line

TABLE III. At,p
l intensity parameter values~in units 10212 cm21! of

U31:LaCl3 . based on correlation crystal-field wave functions. The real p
of A4,3

4 and imaginary ofA5,3
4 are not statistically significant and have bee

set to zero.

Parameter

A3,3
2 293721387i (1041129i )

A3,3
4 137221298i (1061104i )

A4,3
4 21842i (90i )

A5,3
4 2584 ~83!

A5,3
6 26081848i (132194i )

A6,3
6 95212479i (911123i )

A7,3
6 18621326i (113194i )

Na 56
sb 0.45

aNumber of experimental transition line strengths used in the calculatio
bDimensionless standard deviation defined according to Eq.~11!.
-
ul-
lf
x-
FIG. 2. Experimental~4.2 K! and calculated~dotted
line! polarized absorption spectra of U31:LaCl3 in the
4I 9/2→(2H9/21

4F5/2) transition range. The figure pre
sents one of the best fits from among the analyzed m
tiplets. A Gaussian line shape with the full width at ha
maximum corresponding to that of the appropriate e
perimental line has been used.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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served at 9763 cm21 and assigned by Carnall as a magnet
dipole transition. Since for transitions to the2H9/2 multiplet
the magnetic-dipole contribution to their intensities is neg
gibly small and the line is clearly observed ins and p po-
larization we have assigned it as anE1/2 electric dipole tran-
sition.

The final change concerns two lines observed at 20
and 20 310 cm21 which have been omitted or assigned
vibronic in Carnall’s analysis. Since they are too far aw
from the preceding lines of the2H11/2 multiplet they cannot
be vibronic in origin. Hence, we have assigned them as c
ponents of the2D5/2 multiplet. As compared with Carnnall’s
calculations the position of this multiplet is now shifted b
about 100 cm21.

B. Line strengths

Among transitions observed in the polarized absorpt
spectra only 35 ins and 21 inp polarization were suffi-
ciently well resolved to permit quantitative line strength d
termination, according to Eq. ~6!. In the
11 000– 12 100 cm21 absorption range a number of leve
originating from four multiplets overlap and we have n
been able to determine reliable experimental line strength
this region. From the intensity calculations it results, th
magnetic-dipole transitions contribute markedly to the4I 9/2

→4I 11/2 transitions only. Since no lines of pure magnet
dipole transitions (E5/2→E5/2) were observed in the spectr
the intensity calculations were performed for the electr
dipole transitions only. The 56 experimental line streng
were fitted by the effective electric-dipoleAt,p

l parameters
using the differential least-squares method. In the fitting p
cedure the quantity@(I obs2I calc)/(I obs1I calc)#2 was mini-
mized, whereI obs and I calc are the observed and calculate
line strengths, respectively. The quality of the fit is describ
by the dimensionless standard deviation defined as

s5F 1

n2p (
i 51

n S I obs2I calc

I obs1I calc
D 2G1/2

, ~11!

wheren is a number of experimental data points andp is the
number of freely varied parameters. For theC3h site symme-
try one has to determine seven complexAt,p

l parameters for
which the real and imaginary parts should be independe
varied. However, the real part ofA4,3

4 and imaginary one of
A5,3

4 have proved to be statistically insignificant and ha
been set at zero which reduced the number of variables to
The obtainedAt,p

l parameters are listed in Table III. Th
uncertainties of the individual parameter values are
pressed by the square roots of the respective diagonal
ments of the error matrix multiplied bys. The final standard
deviation of the fit amounts tos50.45, which correspond
to the uncertainty factor of (11s)/(12s)52.6. Lines in
parentheses, shown in Table III were not included in
intensity fit due to the large discrepancies between obse
and calculated values.

The observed line strengths are one or two order of m
nitude stronger as compared with those of Nd31 in
@Nd(H2O)9#(CF3SO3)3 ~C3h site symmetry!19 and about
three orders of magnitude stronger as compared with E31
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ions in LaCl3 .11 In accordance with this theAt,p
l parameters

for U31 are larger by one or two orders of magnitude, to
As one could expect the obtained intensity simulation

not as good as for lanthanide ions. However, even if
absolute values for most multiplets are not very close to
experimental ones, the relative intensities of lines within
multiplet are quite well described. Figures 2 and 3 grap
cally present the results of one of the best fits for a multip
and those where the quality of the simulation is rather po
We have used a Gaussian line shape with the full width
half maximum corresponding to that of the appropriate
perimental line. Since the energies of the lines were ta
from our crystal-field calculation the figures allow one
compare the correctness of the energy levels simulation,

This is the first comprehensive intensity simulation
tempt for U31 ions. So far only Simoniet al.10 have per-
formed a similar analysis for U31:LiYF4 single crystals but
due to difficulties in measuring of experimental intensitie
resulting among others, from a low U31 concentration, a
stronger crystal field and an overlapping of multiplets, th
could include in the fit only 19 band intensities centered
the 4540– 11 760 cm21 region, obtaining a standard devia
tion of 0.3.

As compared with intensity calculations performed f
lanthanide ions, the obtained results are evidently wo

FIG. 3. Experimental~4.2 K! and calculated~dotted line! polarized absorp-
tion spectra of U31:LaCl3 in the 4I 9/2→4I 11/2 transition range. The figure
presents one of the poorest fits from among the analyzed multiplet
Gaussian line shape with the full width at half maximum corresponding
that of the appropriate experimental line has been used.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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e.g., for Nd31 in @Nd(H2O)9#(CF3SO3)3 where the Nd31

ions are occupying the same site symmetry (C3h) as U31 in
LaCl3 the fit resulted in an error of 0.351.19 For 47 experi-
mental levels of Er31:LaCl3 a very good agreement betwee
experimental and calculated values withs50.2 has been
also reported.11 The presented studies however can serve
good example of difficulties encountered in analysis of u
nium ions as compared to those of lanthanides.

V. CONCLUDING REMARKS

The paper presents the most complete crystal-field
ergy level and line-strength analyses for any uranium~III !
system. The crystal-field analysis of polarized low tempe
ture absorption spectra enabled a reassignment of som
the observed 5f 3→5 f 3 transitions. Including contributions
from two-electron correlation crystal-field interactions, w
could eliminate major discrepancies between the calcula
and observed energy levels within the2H29/2 multiplet.

The present study provides also a detailed analysis
line intensities associated with transitions between individ
Stark levels. The calculations show that the applied mo
gives not as good results as it does for lanthanide ions.
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Acta, Part A54, 2035~1998!.
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