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Fluorescence and excitation spectra of U*t:LaCls are presented for pressures up to 8 GPa and
shifts of 27 energy levels are derived. Corresponding changes in the Slater parameters F*, the
spin-orbit coupling parameter {, and the crystal-field parameters BZ; are evaluated. The observed
variations of the free-ion parameters F* and ¢ are nearly an order of magnitude larger than in
a former study on Nd3*:LaCl;. The behavior of the free-ion parameters is discussed in terms of
different models. The crystal-field parameters are evaluated within the superposition model yielding
intrinsic parameters Bx(R) (k = 4,6). It is found that the distance dependence of the intrinsic
parameters for U3*: LaCl; is nearly the same as in the case of Nd**:LaCls. Calculations using the
angular-overlap model describe successfully the high-pressure results and indicate that the contact
contributions to the crystal-field strength are the dominant terms.

I. INTRODUCTION

Degenerate free-ion multiplets of lanthanides and ac-
tinides in ionic crystals are split by the crystal field. Al-
though group theory predicts exactly the number of lev-
els in which a given multiplet is split, it is much more
difficult to calculate the actual magnitude of the split-
ting. Because different interactions between the f ele-
ment and its surrounding are contributing to the crystal
field strength, it is difficult to specify the relative weight
of the various contributions.

Due to these difficulties the crystal field is usually de-
scribed at first by a purely phenomenological one-electron
potential, which often allows for a very good description
of the crystal field levels. The reason for the success of
this approach lies in the fact that it uses only symme-
try arguments and makes no specific assumptions about
the kind of interactions contributing to the crystal-field
potential.’ In a second step theoretical models like the
superposition model? are used to describe the distance
dependence of the crystal-field strength for a specific lig-
and. These models open also a simple way to compare
experimental results with ab initio calculations.3*

Besides the splitting of the free-ion multiplets in the
crystal, the center of gravity of all multiplets shifts to
the red. This redshift can be expressed as a reduction of
the Slater and spin-orbit coupling parameters, which rep-
resent the Coulomb and spin-orbit interactions between
the f electrons. At present a number of different mod-
els attempt to clarify these interactions both at ambient
pressure® ® and high pressure,®!! but until now these
models make quite different assumptions.

Therefore, high pressure offers a powerful tool to de-
termine the kind and relative contributions of the various
interactions responsible for both the free-ion parameter
reduction and the crystal-field splittings. The continu-
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ous variation of interatomic distances permits the direct
determination of distance dependences of free-ion and
crystal-field parameters. From the comparison of the
experimental results with theoretical models it is then
possible to test the predictions of the different models.

In previous investigations®!? the behavior of two lan-
thanide ions Pr3*+ and Nd3* in LaClz was studied under
pressure. In the present work these investigations are
extended to include the actinide ion U3t in LaCl;. Al-
though the energy level structure of the U3+ ground con-
figuration 5f3 is formally equivalent to the Nd3* ground
configuration 4f3, there are some significant quantita-
tive differences which can be attributed primarily to the
larger radial extension of the 5f wave function.

Due to smaller Coulomb interactions and larger spin-
orbit coupling, deviations from LS coupling are much
stronger in the case of U3*. Moreover, the crystal-field
splittings are about 2 times larger than for Nd3+*: LaCls;
therefore the effects of J mixing become much more im-
portant. Because of the stronger coupling to the lattice,
the lines for U3t become broader and vibronic sidebands
are sometimes as strong as the purely electronic lines.

All these points complicate both the experimental and
theoretical analyses for U3*. A detailed description of
the spectra and special features of U3*: LaClz at ambient
conditions has been given in the literature.'?

II. EXPERIMENTAL DETAILS

The fluorescence spectra of U3*:LaCl; were excited
mostly with the 457 nm line of an argon-ion laser. In
addition, excitation spectra were recorded with two dif-
ferent dyes, Rhodamin 6G and DCM, which allowed us
to scan a region of more than 2000 cm™?.

The pressure was generated with a specially adapted
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small diamond-anvil cell and determined by the ruby flu-
orescence method using the linear ruby scale'® with con-
stant thermal corrections.!* All spectra were taken at
temperatures of about 20 K, which were attained with a
closed-cycled refrigerator. As the pressure transmitting
medium, nitrogen was used.
The single crystals of LaCl; were doped with 1 mol %
- UCl3z. All manipulations were carried out in a glove box
under pure argon (water < 5 ppm, oxygen < 5 ppm).
UC]; was prepared by reaction of pure HCl on UHj3 at
225 °C. LaCls freshly sublimated and UCl; were grinded,
mixed, and melted in a rotating furnace before slowly
cooling (10 °C per minute) giving single crystals.

III. RESULTS
A. Line shifts and energy levels

For the spectra at ambient pressure the assignment of
the observed lines was adopted from the literature.!?1%
Due to the inhomogenous broadening with increasing
pressure, it was not possible to follow all lines to the
maximum pressure of about 8 GPa. Nevertheless, 33
lines could be studied in all the fluorescence spectra.

Two typical fluorescence spectra at ambient pressure
and 3.2 GPa are shown in Fig. 1. The fluorescence
lines in this region can be assigned to the transition
2K 1 = 47 9. The average line shift amounts to about

100 cm~!/GPa, which is nearly an order of magnitude
larger than for Nd3+. In contrast to this strong shift, the
overall splitting of the ground state *Iy of U*:LaCls

shows only an increase similar to the case of Nd3*: LaCls.
The inhomogenous broadening of the lines with increas-
ing pressure is clearly visible; therefore, at higher pres-
sures it is difficult to resolve some of the lines as for
example lines f and g.
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FIG. 1. Typical fluorescence spectra of U3*:LaCl; at am-
bient pressure and 3.2 GPa, both at 20 K. All lines can be
assigned to the transition *K B = I 8-
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FIG. 2. Excitation spectra of U3*:LaCl; at 0.5 GPa and
3.2 GPa, both at 20 K. Lines a and b can be assigned to the
transition 4I% — 2D%, ¢, d, and e to 4I% — 2K1_2§.

Further information was obtained from the excitation
spectra. Figure 2 shows two excitation spectra at 0.5
GPa and 2.9 GPa. However, due to the relative low tem-
perature of 20 K, only transitions from the ground state
were observed.

From both fluorescence and excitation spectra it is pos-
sible to derive the corresponding energy level shifts. Fig-
ure 3 shows the effect of pressure on five energy levels of
the multiplets zDg and 2K 12 as evaluated from the lines
of Fig. 2. Altogether 27 energy levels were determined
under pressure.

As illustrated in Fig. 3, the energy shifts can be decom-
posed into a shift of the center of gravity of the multiplets
and a variation in the crystal field splittings. This ap-
proach is appropriate since the crystal fields of f elements
in ionic crystals represent only a small perturbation of the
free-ion multiplets.
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FIG. 3. Effect of pressure on the energy levels of the mul-
tiplets ZD% and "’K% of U3*: LaCls.
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B. Parametric analysis

The Hamiltonian used to calculate the energy levels
of U3+:LaCl; consists of two parts, one for the cen-
ter of gravity of the free-ion multiplets and the other
for the crystal-field splittings. Altogether 24 adjustable
parameters are used to represent operators for the two-
body electrostatic interaction (Fk, k = 0,2,4,6), the two-
body and three-body configuration interactions (a, 3, v,
and T, i = 2,3,4,6,7,8), the spin-orbit interaction (¢),
the spin-spin and spin-other-orbit interactions (M*, k =
0,2,4), the electrostatically correlated spin-orbit interac-
tion (Pk, k = 2,4,6), and the crystal-field potential (B2,
B}, BS, and BS). A detailed discussion of the corre-
sponding Hamiltonian can be found in the literature.®

The determination of all the parameters via a least
squares fit is possible only if a sufficiently large data set is
available. This is the case at ambient pressure, where 82
energy levels had been determined.!?'!5 In contrast, the
limited data set of 27 energy levels under pressure did not
allow for independent determination of all the parame-
ters; therefore only the Slater parameters F*, the spin-
orbit coupling parameter (, the configuration-interaction
parameters o and 3, and the four crystal-field parameters
were fitted, keeping the other parameters fixed.

Besides the question of how many parameters can be
fitted, it is of importance to know whether these param-
eters show a significant change in going from the larger
data set known at ambient pressure (AP) to the reduced
data set for high pressure (HP). Table I compares the
parameters determined from the two different data sets
at ambient pressure. It can be seen that the differences
between the two sets are not larger than the statistical
errors. Therefore, one can expect also that the variation
of these parameters under pressure is accurately deter-
mined by the reduced data set.

1. Free-ion parameters

According to the strong redshift of the energy levels,
the free-ion parameters show a pronounced decrease. As
in the previous study on Nd3t at first only the Slater
and spin-orbit coupling parameters were varied. This
leads in the present case to an increase of the standard
deviation from 30 cm™! at ambient pressure to 57 cm™?!
at 8 GPa. Therefore it was necessary to vary also some
of the other free-ion parameters. Since variations in the
next two parameters for the configuration interaction, o
and (3, already gave satisfactory results and the variation
of the third configuration-interaction parameter v did not
give any further improvements, v was fixed in all the later
fits of high-pressure data.

It was then observed that the free-ion parameters
changed nearly linearly with pressure. Table II gives the
values of all these parameters at ambient pressure and at
8 GPa, together with their relative shifts in percent. As
the main results one finds the following.

(1) The variation of the free-ion parameters is nearly
an order of magnitude stronger for U3+ than for Pr3* or
Nd3* in LaCls.
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TABLE 1. Free-ion and crystal-field parameters for
U3*:LaCls at ambient pressure (in cm™') for two different
data sets. Data set AP consists of 82 energy levels from the
literature (Refs. 12, 15); the data set HP includes only the 27
energy levels observed under pressure. Parameters marked
with an asterisk were not varied.

(AP) (HP)
Eave 19554 (22) 19541 (11)

F? 40047 (267) 39636 (156)
F* 33611 (401) 33360 (327)
F® 23610 (391) 23263 (269)
¢ 1585 (5) 1593 (5)

a 29 (1) 28 (1)

B —793 (26) —692 (62)
v 904 (103) 904 (%)
T2 146 (76) 146 ()
T 60 (11) 60 (*)
T* 248 (17) 248 (%)
Te —180(30) —180 (%)
T" 575 (77) 575 (%)
T8 334 (83) 334 (%)
M, 0,67 (%) 0,67 (%)
p? 1268 (69) 1268 (*)
BZ 306 (33) 340 (80)
B; —528(101) —551(198)
B§ —1352(95) —1497(178)
B¢ 1032 (66) 1079 (141)
N 82 27

o 30 31

(2) Similar to the lanthanides, the variation of the
Slater parameters decreases with k.

(3) The spin-orbit coupling parameter shows a signif-
icantly smaller variation with pressure than the Slater
parameters, a behavior which was also found in the case
of the lanthanides.

(4) The configuration-interaction parameters a and 8
reveal a strong change with pressure. For Nd3* and Pr3+,
on the other hand, it was possible to keep these param-
eters constant.

Since the third configuration-interaction parameter -~y
was not varied, it is possible that the variations of @ and

TABLE II. Free-ion parameters for U3*: LaCl; at ambient
pressure and 8 GPa (in cm™?).

Parameter 0 GPa 8 GPa A(%)
Eave 19541 (11) 18870 (13) -3.4(1)
F? 39636 (156) 37014 (259) —6.6 (8)
F* 33360 (327) 31594 (340) —5.3(1.4)
F* 23263 (269) 22526 (344) —3.2(1.9)
¢ 1593 (5) 1577 (9) —1.0(7)
a 28 (1) 23 (1) —17.0(6)
B —692 (62) ~460 (70) +34.0 (14)
N 27 27
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0 are slightly overestimated, but in any case, a significant
variation of o and 8 remains. This effect can probably be
attributed to a change in the energy difference between
the 5V ground configuration and exited configurations.
In contrast to the lanthanides Pr3* and Nd3*, the rel-
ative changes are expected to be much larger for U3,
since the ambient pressure differences are already consid-
erably smaller and the crystal-field effects on the free-ion
energies are in general much stronger in this case.

On the other hand, if one compares only the free-ion
parameters F* and ¢, one may notice that both the lan-
thanides Pr3* and Nd3* and the actinide ion U3 exhibit
the same pressure dependences.

2. Crystal-field parameters

The effective D3p-point symmetry at the site of the f
elements in LaClz results in a crystal-field potential V'
that can be represented by only four real parameters B!;:

(V) = B3 + Bics® + B§Cs® + B3(C4? + C1).

The crystal-field splittings due to this potential are cal-
culated by diagonalizing the energy matrix, where the
matrix elements of the tensor operators C,gk) depend on
the free-ion eigenvectors and can be calculated exactly.
In the case of the former studies on Pr3+ and Nd3* these
eigenvectors showed no significant change under pressure;
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FIG. 4. Effect of pressure on the crystal-field parameters
B2*% and B¢ for U3*: LaCls.
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thus it was possible to use the same matrix elements at
each pressure. In contrast, due to the strong variation
of the free-ion parameters in the case of U3*:LaCl; also
the composition of some eigenvectors change dramati-
cally (up to 30%). Therefore, it was necessary to repeat
the calculation of the matrix elements of the tensor op-
erators at each pressure.

The variation of the crystal-field parameters B[; with
pressure is shown in Fig. 4. In comparison with former
results on the lanthanides one can notice the following
facts.

(1) The magnitude of B} decreases as in the case of
the lanthanides, though the overall shift is a factor of 2
larger.

(2) The absolute values of both B§ and B§ increase
with pressure. Not only the qualitative behavior, but
also the relative shifts are similar to the lanthanides.

(3) In contrast to Pr3* and Nd3* a simple increase is
observed for B2, which amounts to about 50% at 8 GPa.

IV. DISCUSSION
A. Free-ion models

The reduction of the free-ion parameters in crystals has
been ascribed to different mechanisms, where in general
two types of models can be distinguished. On the one
hand, one has the wave function renormalization or co-
valent models, which consider an expansion of the open-
shell orbitals in the crystal. This expansion follows either
from a covalent admixture with ligand orbitals or from
a modification of the effective nuclear charge, due to the
penetration of the ligand electron clouds into the metal
ion. On the other hand, electrostatic models regard the
whole crystal or even the ligands as polarizable units and
thereby lead to weaker Coulomb and spin-orbit interac-
tions.

The modification of the effective nuclear charge Z* pre-
dicts, for the change in the free-ion parameters,”

AF* ~Z* and A(¢~ Z*3.

Thus the variation of the spin-orbit coupling parame-
ter should be much stronger than for the Slater param-
eters. On the contrary, the present high-pressure results
for Pr3t, Nd3*, and U3* reveal that the variation of the
spin-orbit coupling parameter is clearly weaker than the
variation of the Slater parameters. Therefore, it is cer-
tainly not possible to describe the high-pressure results
only by a variation of the effective nuclear charge.

On the other hand, the covalent admixture of the f
orbitals with ligand orbitals leads to

AF* ~ N* and A(~ N2,
where N is a renormalization coefficient, expressible
as a sum including overlap integrals and covalency
parameters.® Indeed, this mechanism can explain the
stronger variation of the Slater parameters with respect
to the spin-orbit coupling parameter under pressure.
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However, ab initio calculations!® have shown that this
effect is too weak to account for the observed reduc-
tion of the free-ion parameters at least in the case of
the lanthanides. Therefore, this mechanism alone can-
not explain the reduction and other mechanisms must be
invoked.

One additional effect of the crystalline environment is
the screening of the Coulomb interaction due to the fact
that the crystal can be treated as a dielectric contin-
uum or polarizable medium. This mechanism was first
proposed for 3d ions!® and it was shown, that also in
the case of f elements such models can predict Slater
parameter shifts of the order of magnitude observed
experimentally.”

According to the dielectric model'® the f element is
placed within an empty sphere with radius Rs. Em-
bedding the sphere into an infinite medium with dielec-
tric constant e leads to a reduction AF* of the Slater
parameters:”

k\2
AF* = (: e 2)k+1'
(k_+1 + G)RS
The main problem here is related to the definition of the
radius Rs. It is assumed that Rg is proportional to the
mean U3t-Cl~ distance R under pressure, determined
from the nine nearest neighbors, six of these at distances
R4 and three at Rg:

Rs ~R= (GRA+3RE)

O =

Since the absolute values for Rs at ambient condition are
free parameters in this model, one can adopt best fitting
values for the ratios Rs/R of 0.424 for Pr3t, 0.417 for
Nd3+, and 0.500 for U3+, which then reproduce the high-
pressure results for AF® exactly and give also reasonable
values in the other cases as shown in Table III.

It must be emphasized that both the absolute values
for the AF* and also the ratios AF**2/AF* depend
strongly on the choice of Rg at ambient pressure. Nev-
ertheless, it can be seen from Table III that this simple
model produces shifts that are at least of the correct or-
der of magnitude.

B. Superposition model

The superposition model (SM) was developed to sep-
arate the angular and radial dependences in crystal field

TABLE III. Experimental results for the Slater parameter
reductions of Pr®t, Nd®**, and U** in LaCl; under pressure in
comparison with results from the dielectric model. All values
: -1
incm™ .
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parameters.?! The basis of the model lies in the assump-
tion that the crystal field is additive and can be built up
from the contributions of individual ligands, where inter-
actions between the ligands are ignored. In general only
the nearest neighbors are taken into account.

Within the SM the number of crystal-field parameters
Bl; is reduced further, because all the parameters with
the same k but different ¢ can be expressed by only one
intrinsic parameter By. The new intrinsic parameters
depend only on the kind of the ligands and their distance
R to the f element. For the crystal-field parameters B[;

and the intrinsic parameters B, one obtains the relation

B"; = ZE"(RN)KM(@N, PN )oko/Arg-
N

Here the sum runs over the N nearest neighbors at dis-
tances Ry. The coordination factors K, depend only on
the angular coordinates O and ®x. Together with the
coefficients a4 they are given in Ref. 20. For the dis-
tance dependence of the intrinsic parameters B}, usually
a simple power law is used:

Bu(r) = Butro) ()

where R, is a reference distance, which is selected here
to be equal to the ambient pressure distance in LaCl;.
To deduce the intrinsic parameters By (Ro) and the dis-
tance dependence represented by the exponents tg, it is
necessary to know the variations of the bond angles and
distances between the U3* impurity ion and its ligands
under pressure. Because the ionic radius of U3™ is very
similar to that of La®*t in LaCls, local distortions can be
neglected and the same changes as around the La3" jon
in the host crystall® should be expected.

The intrinsic parameters B4(R) and Bg(R) were de-
termined from the crystal-field parameters By, BS, and
B§ of U3*:LaCl;. The results are summarized in Table
IV. For comparison, also the intrinsic parameters of Pr3+
and Nd3* in LaCls are shown. The values are not iden-
tical with the data in Ref. 10, because slightly different
local distortions around Pr3®+ and Nd3* were used in the
present case. Nevertheless, the deviations are within the
statistical error.

As can be seen from the intrinsic parameters in Table
IV, the crystal-field strength for U3+ at ambient pres-
sure, represented by By (Rp), shows about twice the value
of the lanthanides. In spite of this remarkable difference,

TABLE IV. Intrinsic parameters §4,6(Ro) (in cm™') and
power law exponents t4,6 for Pr**, Nd®*, and U** in LaCl,.
Ro = 295 pm.

Pr3t Na*+ U3t
Parameter Expt. Calc. Expt. Calc. Expt. Calc. Ba(Ro) ts Bs(Ro) te
AF? —683 —323 —477 —298 —2622 —659 Pr3t 287 (22) 5(4) 258 (28) 7(2)
AF* —398 —129 —204 —109 —1766 —435 Na3+ 254 (28) 2(4) 271(32) 6(2)
AFS —-198 —195 -—155 —150 —737 750 U+t 507 (47) 7(4) 585 (52) 5(2)




TABLE V. Intrinsic parameters B4,6(Ro) (in cm™') and
power law exponents t4,6 for U?* in LaCl;. The AOM values
are calculated from parameters given in Ref. 23. Ry = 295
pm.

B4(Ro) ta Be(Ro) te
AOM 826 6 468 4
SM 507 (47) 7(4) 585 (52) 5(2)

the distance dependences are nearly the same in all cases.
The apparent difference in the case of t4 for Nd3+: LaCls
is most probably due to uncertainties in the determina-
tion of the local distortions.!®

The good agreement obtained by comparing the exper-
imental results for the intrinsic parameters of Pr3* and
Nd3t in LaCls with ab initio calculations emphasized the
importance of contact contributions to the crystal field
strength.* In the case of U3t these contributions should
be even more important due to the larger radial exten-
sion of the f electrons. Therefore, the angular overlap
model?1:22 (AOM) should provide also a good descrip-
tion of the experimental results.

In the AOM the dominant contributions to the crystal
field are described by the parameters e, and e,. These
parameters can be related to the intrinsic parameters by
simple relations.?> The AOM parameters can be writ-
ten also with the same power law forms as the intrinsic
parameters. Therefore, the distance dependences are de-
scribed by parameter values e,(Ro) (¢ = o,7) at the
reference distance Ry and exponents «,. In the case of
UCI; the ambient pressure values e,(Ro) had been al-
ready determined experimentally?* and in addition the
exponents «, had been evaluated from calculations of
overlap integrals.?3

With these data, the intrinsic parameters (AOM) in
Table V were calculated. It is obvious that the AOM
can successfully describe the high-pressure results eval-
uated within the SM, again indicating the importance
of contact contributions to the crystal field. Only in
the case of §4(R0) a significant deviation is observed.
This deviation is reduced if a third AOM parameter ey,
also given in Refs. 24, 23, is taken into account. This
parameter describes nonaxial ligand interactions, which
are not included in the SM.2° In that case, one obtains
B4(Ro) = 736 cm™! and EG(RO) = 501 cm™!, whereas
the exponents are not changed.
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V. CONCLUSIONS

From fluorescence and excitation spectra it was pos-
sible to determine 27 energy levels of U3+:LaCl; under
pressure. The shifts of the energy levels are described by
changes in the free-ion parameters F*, ¢, o, and 3 and
in the crystal-field parameters BZ; . It is found that the
variations of the free-ion parameters are nearly an order
of magnitude larger than in the case of a former study
on Nd3*:LaCl;. Nevertheless, the qualitative behavior
is similar.

From the comparison of the variation of the free-ion pa-
rameters with different models it follows that the central
field covalency is not able to describe the experimental re-
sults. While the mixing with ligand orbitals reproduces
at least the qualitative behavior, ab initio calculations
show that this mechanism alone cannot account for the
observed shifts.'® However, since a simple electrostatic
model describes the reduction of the Slater parameters
reasonably, one can assume that electrostatic interactions
play an important role.

The crystal-field parameters were evaluated in the
frame of the superposition model, yielding intrinsic pa-
rameters By g(R). It was shown that the distance depen-
dences (t;) for U3+ and Nd3* in LaCl; are almost the
same, even though the absolute values at ambient condi-
tions are quite different. Calculations in the frame of the
angular overlap model describe the experimental results
and indicate that contact effects are important for the
crystal-field splittings.

In summary the present high-pressure studies point to
the possibility that the reduction of the free-ion parame-
ters is strongly influenced by electrostatic interactions,
whereas contact effects seem to dominate in the case
of the crystal-field splittings. With the assumption of
different physical mechanisms for the free-ion parameter
reduction and the crystal field splittings, it seems possi-
ble to explain the anticorrelation of the nephelauxetic?®
and the spectrochemical?® series (see Ref. 8), which or-
ders the ligands of f elements with respect to increas-
ing free-ion parameter shifts and increasing crystal-field
splittings, respectively.
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