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Dirac scattered-wave calculations are presented for the PaC4t cluster that models the Pa + im-

purity site in the octahedral Cs2ZrCQ lattice. The calculations predict a I"7„ground state, and show

fairly good agreement mth the observed g tensor, 'Pa hyper5ne interactions, and crystal-5eld
sphttings. The ~man and 23'Pa hyperSne interactions are isotropic, arising from the large orbital
contributions to the magnetic moment of the ground Kramers doublet. The amount of covalency is
predicted to be about 3%, and the largest contribution to covalency comes from the chlorine 3d&&2

spinors {-2%).

rRODUerIOX

Hyper5ne interactions in molecular radicals provide
important information about electronic structure and
chemical-banding characteristics. For most radicals the
observed tensors can be decomposed into an isotropic
Fermi term and traceless spin&ipolar contributions.
Radicals containing heavy atoms, however, are often
complicated by orbital contributions to the Zeeman and
hyperfine tensors arising from spin-orbit mixings with
various excited states. Because these contributions from
electronic orbital motion are neither isotropic nor trace-
less, once cannot make a simple decomposition of the ob-
served hyperfine tensors into isotropic and anisotropic
parts. Inorganic complexes of actinide ions are charac-
terized as having large orbital contributions to their
hyperfine tensors because the observed molecular g ten-
sors are signi6cantly shifted from the spin-only value of
20023 '

A crystal-field solution may be obtained by exploiting
the fact that most of the unpaired spin is localized on the
actinide ion. Thus, an atomic calculation of spinwrbit
mixings can be made by incorporating an orbital reduc-
tion factor to simulate covalency e5'ects. '2 Alternatively,
an empirical estimate of spin-orbit mixings may be ob-
tained from the observed molecular g tensors. " Howev-
er, even if the spin is localized, excited states may have
appreciable spin-orbit mixing to the ground state, and
these are diScult to include in a crystal-field or ligand-
field framework. Moreover, empirical ligand-field models
that allow the relativistic atomic orbitals to mix with
ligand orbitals of the appropriate symmetry are usually 6t
to experimental data, and in many cases there are more
parameters than data. Hence, it is important to perform
calculations on actinide-ion complexes in a nonempirical
fashion. In this paper we use relativistic electronic struc-
ture (four-component) calculations to analyze covalency
effects and crystal-field, Zeeman, and hyperfine interac-
tions in the PaC16 cluster that arises from the doping of
the paramagnetic Pa + ion in a cubic lattice of
Cs2ZrC16. '

In spite of the recent advances in the development of
reliable methods to calculate the electronic structure of

molecules containing heavy atoms, theoretical studies of
actinide complexes represent a major challenge to con-
ventional methods of quantum chemistry. ' Several
relativistic methods use a Pauli Hamiltonian to calculate
only the large two-component of the molecular wave
function. Commonly, the Darwin and the mass-velocity
corrections are included in the self-consistent procedure,
and the spin-orbit operator is added in a second
step. "' ' These approaches yield useful insights into
the bonding and optical properties of actinide molecules;
however, since they all generate only the large com-
ponents of the wave function, they discard important in-
formation related to the molecular magnetic resonance
behavior. Four-component theories, which use the Dirac
equation as the fundamental wave equation„d, etermine
the small and the large components of the relativistic
wave function. This is of fundamental importance for
two reasons. First, spin-orbit effects are built into the
theory so that there is no need to add these efi'ects as per-
turbations. Second, as mentioned above, the small com-
ponents of the wave function carry information related to
the magnetic resonance behavior of molecules, particular-
ly, their interactions with the magnetic fields.

Dirac electronic structure calculations on actinide
complexes have been mainly carried out within the
framework of local-density-functional or Dirac-Slater
theories, in which the wave function may be expanded in
a basis set of atomiclike spinors' ' or may be deter-
mined by multiple-scattering theory. ' ' In particular,
both methods have been applied to the UF6 and NpF6
complexes. ' ' The basis-set-expansion calculation ex-
hibited good agreement between experimental and calcu-
lated'energies for the electronic excited states of NpF6, '

while the multiple-scattering calculation on the same
complex showed good agreement between the observed
and calculated g tensor and metal and ligand hyper5ne in-
teractions.

The paramagnetic resonance spectrum of tetravalent
'Pa has been observed in a single crystal of Cs2ZrC16 at

liquid-helium temperatures. The crystal-field splittings
of the 5f orbitals have been measured through infrared
optical absorption, and the nuclear magnetic moment of

'Pa was reported by Axe et a/. The paramagnetic re-
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laxation time for the Pa + ion in the same matrix has also
beell determined. Botll electroil-spiil-resoliailce (ESR)
and electron-nuclear double-resonance (ENDOR) spectra
have been fitted to an isotropic spin Hamiltonian to ro-
vide information about the molecular g tensor and 'Pa
hyperfine interactions. ' Conventional molecular-orbital
descriptions for hexachloroprotactinate(IV) have been
obtained via a quasirelativistic spin-restricted Hamiltoni-
an that omits spin-orbit couphng, thus preserving the
single-point symmetry throughout. ' However, it is
shown here that quasirelativistic calculations are inap-
propriate for actinide complexes, because spin-orbit
effects are so dominant.

Hexachloroprotactinate(IV) is an ideal system for a de-
tailed theoretical investigation through a fully relativistic
molecular-orbital formalism for the following reasons:
the efFects of the electrostatic crystal Seld are at least
comparable to the spin-orbit interaction, the coupling be-
tween the magnetic electrons and the lowest excited
states are known, the hyperSne structure of the paramag-
netic resonance spectrum is well resolved, the symmetry
of the host crystal is relatively simple, and the orbital
contribution to the Kramers doublet is large. i ~0 More-
over, the wave functions for this system (which can be ap-
proximately described as containing a single unpaired 5f
electron outside the closed-shell conSguration of UFs)
should be well represented by a single determinant of
Dirac spinors. Thus, the complicated intermediate cou-
pling between the magnetic electrons of the actinide
group is avoided.

II. METHOD QF CALCULATION

basis, each iteration required about 8 s on a CRAY-
XMP/24 computer, and about 35 iterations were re-
quired to achieve self-consistency. The Pa—Cl bond
length at the Pa + impurity site in the Cs2ZrC16 lattice is
not known. In pure compounds the average Pa—Cl dis-
tance is generally in the range of 2.6—2.7 A (for example,
in PaC14 it is 2.64 A), whereas the cation-anion dis-

0
tance in Cs2ZrC16 is 2.44 A. Due to the uncertainty in
bond length we have chosen Pa—Cl distances of 2.52 and
2.62 A. As we show below, the bonding trends and spin
distributions are fairly insensitive to this small change in
bond length.

For the exchange-correlation potential, we have used
the original Slater Xa potential in which the exchange
parameter a is an adjustable one, and the Hedin-
Lundqvist (HL) potential3 modified to include relativistic
effects. i' The HL function is similar to the Slater poten-
tial, but with a density-dependent function in which the
contribution to the exchange and correlation energy at
each point is assumed to be the same as that in a homo-
geneous electron gas of the same density. Thus, the HL
potential adds Coulomb correlations not present in the
simplest Slater potential. The relativistic exchange-
correlation potential has been tested in atomic calcula-
tions. It exhibits important differences from the nonre-
lativistic counterparts in regions of high-electron density,
but is very similar in the low-electron-density regions of
the valence orbitals of atoms. %'e have also performed
nonrelativistic limit (NRL) calculations by setting the
speed of light to a very large value (c =10' a.u. ) in order
to estimate quantitatively the relativistic efkcts.

The Dirac scattered-wave (DSW} method was first
developed by Yang and Rabii for calculations of
bound-state wave functions, and the reader is referred to
recent review for further details. i This method uses
the Dirac rather than the Schrodinger equation to gen-
erate the one-electron orbitals. Relativistic elects such
as spin-orbit interaction and Darwin and mass-velocity
corrections are implicitly included at the self-consistent-
field (SCF) stage. The DSW formalism incorporates two
fundamental assumptions. First, the wave function is ap-
proximated as a Slater determinant of four-component
molecular spinors determined by an efFective Coulomb
and exchange-correlation potential. Second, the molecu-
lar potential is spherically averaged inside spheres around
each nucleus, and outside an outer sphere that surrounds
the entire cluster. To determine the radii of these spheri-
cal cells, we followed the suggestion of Norman, that
the ratios of sphere sizes be the same as for those spheres
that surround an atomic number of electrons when the
atomic-charge densities are superimposed at the desired
molecular geometry. This procedure gave values of 3.06
and 2.71 a.u. for Pa and Cl, respectively. The outer
sphere was taken to be tangent to the chlorine spheres,
with a radius of 7.48 a.u. The inhuence of the remaining
crystalline environment was mimicked by placing a uni-
form charge distribution on this outer sphere to achieve
neutrality in the cluster. The basis of angular-momentum
functions was expanded up to I =4 on the outer and Pa
spheres and through I =2 on Cl. Using this "extended"

III. RESULTS AND MSCUSSION

A. Molecular orbitals

Figure 1 shows the molecular-orbital energies for three
spin-restricted scattered-wave calculations (performed at
2.62 A) on PaC16 . In column A the orbital energies as
determined by the (NRL) calculation are presented, while
columns 8 and C show the relativistic orbital energies us-
ing Slater's potential (column 8) and the relativistic
exchange-correlation potential (column C). ' The
valence levels of columns 8 and C are unchanged, except
for a rigid downward shift of 0.77 eV obtained in calcula-
tion C. For all the calculations the 5f-like "crystal-field"
levels are the highest occupied molecular orbitals
(HOMO's az„and Zest„} and those above. The sym-
metries of the ground-state and excited energy levels are
in good agreement with the previous crystal-Seld analysis
of the optical spectra. The orbitals below the HOMO's
are formed primarily from the chlorine 3p orbitals, with
some small contributions from the protactinium. For the
relativistic molecular orbitals our notation is related to
Bethe's notation as follows. e2 ——y6, e3 ——y7, and q =ps.
If we compare column A against column 8 or C we ob-
serve that relativistic effects destabilize the crystal-6eld
orbitals and stabilize those orbitals in which the metal-
ligand interactions are significant. The spin-orbit split-
tings of the various nonrelativistic triply degenerate or-
bitals are also indicated in Fig. 1 (although spin-orbit
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FIG. 1. Orbital energies for three spin-restricted scattered-
O

~ave calculations at the Pa—Cl distance of 2.62 A; see the text.
A: nonrelativistic limit. 8: DS%' calculation using Slater s po-
tential. C: DS% calculation using the relativistic exchange-
correlation potential of Refs. 30 and 31. The energies in column
C have been uniformly shifted up by 0.77 eV to facilitate com-
parison ~ith column 8. The highest occupied orbital is marked
with an asterisk in each case.

efFects couple levels together, to a good approximation,
each can be treated as if it were derived from a single-
parent orbital). Among the fully occupied energy levels,
the nonrelativistic t&„ level sp1its by about 0.6 eV due to
spin-orbit interaction involving the 7p&/2 7+3/3 spinors.
This splitting is smaller than the calculated splitting in
NpF6 (about 1.1 eV), ' ' probably due to a larger partici-
pation of the chlorine orbitals in this level. %e have plot-
ted the dominant component of the 5q„and 4e2„relativ-
istic molecular orbitals (the partners of the nonrelativistic
t,„roibt la). These are shown in Fig. 2, where the cr-n

3p-ligand mixing through the protactinium 5f orbitals
can clearly be seen. This additional 5f character is found
to be distributed across the ligand valence band, in con-

FIG. 2. Contours of the dominant component of the 5q„and
4e&„relativistic molecular orbitals. Contour values in
(electron/bohr')'~ are between +0.2 and +0.002. Negative
wave function contours are represented by dashed lines.

trast to crystal-field models. The 5q„orbital exhibits n-
antibonding and limited 0-bonding character, while the
4e2„orbital has both o and m-b-onding character.

An energy-level diagram of the Pa~+ ion in the
Cs2ZrC16 lattice is shown schematically in Fig. 3. The
NRL calculation produces a spHtting of the seven 5f or-
bitals into one orbital singlet (a2) and two triplets (t2, t, ),
in agreement with previous quasirelativistic calcula-
tions. ' In contrast, the relativistic calculation (DSW),
which includes both crystal-Seld and spin-orbit elects,
produces a low-lying Kramers doublet and two fourfold
and two doublet orbitals, consistent with the observed in-
frared spectra. From this diagram (Fig. 3) it is clearly
noticed that in the absence of spin-orbit interactions,
nonrelativistic or quasirelativistic theories produce an un-
realistic description for the excited states of hexa-
chloroprotactinate(IV). In a pure crystal-field treatment
the eigenfunctions of the combined crystal-Seld and
spin-orbit interactions are usually obtained in terms of
chosen parameters: an atomic spin-orbit-coupling con-
stant and crystal-fjIeld parameters. The usual procedure
is 5rst to diagonalize the crystal-Seld interaction for a
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FIG. 3. Schematic energy-level diagram of the Pa + ion in
the CszZrC16 lattice. NRI. : nonrelativistic limit splitting of the
Sf energy levels due to the octahedral crystal field. DSW: rela-
tivistic calculation which includes both crystal-field and spin-
orbit interactions. Expt. observed infrared spectra, see Refs. 7
and 20.

spinless single f electron and then to include the spin-
orbit interaction by adding spin functions to each of the
orbital wave functions, and diagonalizing the spin-orbit
Hamiltonian in two steps. ' ' In the present nonempiri-
cal relativistic treatment both crystal-field and spin-orbit
splittings come directly from the SCF DSW calculation.
The crystal-field model predicts a Sf ' configuration for
the Pa + ion, while the present relativistic calculations
predict a configuration of Sf2', due to the additional 5f
character found in the ligand valence band. This is in
line with other relativistic calculations on actinide com-
plexes9'2' ' and arises mainly from participation of
metal orbitals with t,„character in metal-ligand bonding
orbitals.

A charge breakdown for the crystal-field-like molecu-
lar orbitals is giveil in Table I The anloullt offi/2 f7/2
mixing is small, but non-negligible, as is the participation
of the Pa 7p orbitals. A small fraction of the charge dis-
tribution in these orbitals is associated with the chlorine
atoms, and is responsible for the ligand hyper6ne split-
tings. Figure 3 defines the crystal-Seld splitting parame-
ters, and the calculated and experimental values are col-
lected in Table II. All the calculated sphttings are slight-
ly larger than those observed experimentally. It is weH

known that these splittings are deterimned by covalency
effects. ' ' ' It is probable that the present calculation
sHghtly overestimates the amount of metal-ligand co-
valency; however, the calculated values are in very close
agreement %Pith experiment.

9. Syin distributions and magnetic resonance parameters

In the present spin-restricted calculations, all of the
spin density arises from the highest occupied orbital.
Table III gives the populations for the partially occupied
orbital from the two DS%' calculations, and for compar-
ison, from the analogous nonrelativistic a2„orbital. The
orbital characters are reported in terms of a Pauli
description consisting of spherical harmonics multiplied
by spin functions. The Pauli form was obtained from the
DSW result by neglecting the third and fourth (small)
components and assuming that the radial functions are
the same in the two large components. In the nonrela-
tivistic limit pure spin states are obtained (as required by
symmetry), and one measure of the extent of spin-orbit
mixing is the amount of minority spin mixed into the rel-
ativistic orbital. The analysis shows that the relativistic
orbital is 66% spin up and 34% spin down. Thus, the ex-
cess of spin-up over spin-down population is 1.0 in the
nonrelativistic wave function but only 0.32 in the relativ-
istic one. This striking difkrence between the nonrela-
tivistic and relativistic orbitals will have important conse-
quences in the calculation and interpretation of the
hyperfine splittings, as discussed below.

In nonrelativistic or quasirelativistic theories, there can
be no chlorine s or p character in an orbital of a2„sym-
metry, but there is about 0.5% chlorine d —orbital parti-
cipation, so that the resulting orbital has about 99.5% Pa
5f character. In the relativistic case, the chlorine p&/2
orbitals are allowed to mix by double point-group sym-
metry, and the resulting orbital has about 1A% chlorine
p&/2 character and about 2% ds/2 character. The large
contributions from the chlorine 3d orbitals appear to be a
relativistic el'ect. The contributions of the chlorine d or-
bitals are larger by a factor of 3 than those calculated for
fluorine in the isoelectronic NpF6 complex. ' The
amount of covalency in NpF& was determined to be

5% (from fluorine 2@3/2 orbitals), ' while the amount
of covalency in PaCI& is predicted to be -3% (2%
from the chlorine 3d orbitals). As can be seen from Table
GI, the charge distribution in the partially occupied or-
bital is nearly the same in the two DSW calculations (us-
ing Slater s and the relativistic exchange-correlation po-
tential). These small charge difFerences would have a
negligible efect on the calculated spin-dependent proper-
ties.

The paramagnetic resonance and electron-nuclear
double-resonance spectra for 'Pa in a single crystal of
Cs2ZrC16 have been reported by Axe et al. , ' and the ex-
perimental findings have been reviewed by Abragam and
Bleany' and by Boatner and Abraham. In this host crys-
tal the PaC16 unit shoves very small distortions from
octahedral symmetry, so that the observed g and metal
hyperfine (A) tensors are isotropic. '

Our method for calculating molecular g tensors and
hyperfine interactions has been described earlier and
is based upon a first-order perturbation to the Dirac
Hamiltoman so that the e8'ects of magnetic 6elds are de-
scribed by the perturbation operator %„

% i=8CX A, (1)

where e is the vector of 4&4 Dirac matrices and A is the
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TABLE I. Analysis of the crystal4leld orbitals.

Pa

Asterisks indicate symmetry-folding contributions.

tin P3n fsn f~n 8 I /2 P3/2 ~3/2 d5/2

2.08
2.17
2.36
2.85
3.09'

5&su 1.0
7qN 0.5
3e3„

0.4
2&3N

'Highest occupied molecular orbital.

3.4
0.5

84.8
95.9

86.4
85.9
95.9

5.6
0.7

0.0
0.0

0.0

4.8
1.2

0.0

0.6
3.0
1.2
4.8
1.4

7.2
3.0
0.6
0.0
0.0

0.0
3.0
1.8
4.4
2.0

electromagnetic vector potential. For the Zeernan in-
teraction A= —,'(B)&r), where B is the external magnetic
field. For the hyperSne interaction A=(pXr)lri, where

p is the nuclear magnetic moment. Matrix elements of
these operators are evaluated in the basis spanning the
two rows of the e&„representation of the partially occu-
pied orbital. The details of the evaluation of the angular
and radial integrals have been described elsewhere.
The resulting perturbation energies are then Stted to the
usual spin Hamiltonian:

&,p,„——S' g B+S A„ I„,
where a value of S'=-,' is used to describe the ground-
state Kramers doublet, I„ is a nuclear-spin operator, and
n =Pa or Cl. This relativistic Srstwrder perturbation
scheme has been shown to be successful in calculating
magnetic resonance parameters for heavy diatomic radi-
cals, 3 transition metal, 3s lanthanide, ~ and actinide's
complexes, as well as in low-nuclearity gold and silver
clusters. "-"

A noticeable difference between crystal-Seld theory and
the present calculations is that we retain all four com-
ponents of the Dirac equation, and our Zeeman and
hyperfine perturbations are given by Eq. (1). Hence, we
do not need matrix elements of I. or 8, but rather of
(a X r). Since a is a vector of ofF-diagonal matrices, these
integrals connect the upper and lower components of the
Dirac spinors.

Table IV gives the results of the present calculations
for magnetic resonance parameters. In reporting our re-
sults we will discuss our calculated values at the Pa—Cl
distance of 2.62 A. using Slater's potential, since, as can
be seen from Table IV, the use of the relativistic
exchange-correlation potential or the calculated values at
the shorter Pa—Cl distance of 2.52 A does not lead to
any signi5cant dilerence. For the molecular g tensor, the

NRL calculation predicts a value of 1.967; however, it
should yield a g tensor of exactly 2. This error of 1.6%
may arise from numerical approximations used in
evaluating the expectation values of the Zeeman opera-
tor. In the absence of spin-orbit mixings, the PaCls
molecule, which has a single unpaired f electron, will ex-
hibit resonances at the spin-only value. However, this
molecule is characterized by an isotropic g tensor of
—1.142, far from the nonrelativistic limit. In other stud-
ies we have found that the difFerence between the DSW
and NRI. calculations is often a good approximation to
hg=g —g, .' ' These calculations are shown in Table
IV. Fairly good agreement between the calculated and
experimental values of hg exists. Since bg is very large in
this complex, the uncorrected DWS results are reason-
ably accurate, indicating that the molecular wave func-
tion has the correct behavior. Crystal-field arguments in-
dicate that the g tensor should be negative with a theoret-
ical value of —1.428 for a doublet with no crystal-Seld
admixture from excited states. The DSW results show
unambiguously that the g tensor for the relativistic state
has the opposite sign from the nonrelativistic state.

Pa

Nonrelativistic'

0.497
0.497

Cl 0.002
0.002

Relativistic (2e3„)

TABLE III. Spin populations in terms of Pauli decomposi-
tion, see text.

Poplllation

TABLE II. Crysta}-6eld splittings. All values in cm '. See
Fig. 3 for notation.

Pa 0.606 (0.606)'
0.195 (0.193)'
0.048 (0.050)'

A4

1920(1935)
5880(5806)"
7429(7420}
8121(8226)"

'References 7 and 20.
'Transition-state calculations.

Expt. ' —1

—2
—1

2

0.014 (0.014)'
0.005 (0.005)'
0.014 (0.015)'
0.001 (0.001 )'

c =0. ', %here a is the ane-structure constant.
Values are for a relativistic exchange-correlation potential, see

text.
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TABLE IV. Magnetic resonance parameters. Results A and

B use Slater's exchange potential. Values in parentheses use the
relativistic exchange potential of Refs. 30 and 31. d(Pa-
Cl) =2.52 A (A) and 2.62 A (8).

Calc.
Expt.

c =a-'
Expt.
~g -(g —g. )

hg =(g —g, )

Molecular g tensor

1.952
—1.185
—1.142
—3.137
—3.144

1.967(1.956)
—1.226 {—1.217)

—3.193 ( —3.173)

"'Pa c =o.-'
Expt. '

Hyperline tensors (MHz)
—1410 —1438 ( —1428)
—1578

C =0,'
for a~~

for aj

'References 6 and 7.

—2.3
0.0

—2.2 ( —2.2)
0.0 (0.0)

For the 's'Pa hyperfine interaction, Table IV shows
that the DSW calculations predict a large negative isotro-
pic tensor in close agreement with the experimental
value. In the nonrelativistic limit (c =00), both the
Fermi-contact and spin-dipolar contributions to the Pa
hyperfine tensor vanish by symmetry. The DSW calcu-
lated tensors are accurate to within 8%. The relatively
close agreement between theory and experiment suggests
that core spin-polarization effects (not included in these
calculations) are fairly small, in agreement with the
analysts of Axe et al. This is in contrast to the situation
in transition-metal complexes, where core-polarization
efFects are a major contribution to the observed hyperfine
interactions. ' All of the relativistic (c =a ') value
comes from the "orbital term" which arises from un-
quenched orbital angular momentum, since the spin-
dipolar and Fermi-contact contributions vanish by sym-
metry.

Results for the chlorine hyperfine interactions are also
given in Table IV. These are predicted to be anisotropic,
but very small, consistent with the larger contributions
from the ds~2 spinors (2% versus 1.4%%uo from the ps&2 spi-
nors) to the partially occupied orbital. This is in contrast
to the situation observed in NpF6 where the DS%' calcu-
lations predicts a value of —56. 1 MHz for the parallel
component, due to the larger participation of the fluorine

2p&&2 orbitals (about 5%).' The close agreement be-
tween theory and experiment for the crystal-field, Zee-
man, and hyperfine splittings suggests that the predicted
amount of covalency is likely to be correct.

IV. CQNCI. USIONS

The calculations presented here represent the first ap-
plication of the Dirac scattered-wave method to the study
of the magnetic properties of protactinium complexes.
The calculations predict that the unpaired electron
spends about 3% of its time on the ligand and has about
2% chlorine 3ds~2 character. Orbital contributions,
which arise from unquenched orbital angular momentum,
contribute signi5cant1y to the Zeeman efkct, as well as to
the 'Pa hyperifine interactions. The calculations exhib-
ited fairly good agreement with experimental crystal-field
splittings and with the observed molecular g tensor and
t''Pa hyperflne interactions. Although this complex has
a simple f configuration, a fairly complex relativistic
(four-component) wave function is required to interpret
correctly the available experimental data. The ability of
the DSW model to provide a qualitative guide to the
spectra and magnetic properties of actinide complexes
has proved to be impressive, and argues well for its con-
tinued use for the elucidation of the electronic structure
of molecules or clusters containing heavy atoms, in which
relativistic effects are significant.
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