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Calculation of magnetic x-ray dichroism in 4d and 5d absorption spectra of actinides
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We present atomic calculations of the magnetic dichroism in 4d and 5d x-ray-absorption (XAS) spec-
tra of trivalent actinide ions. The calculations are carried out for both linearly and circularly polarized
light at zero temperature. Large magnetic dichroism is predicted for 54 XAS with polarization-
dependent spectral shape and intensity. For 4d XAS the spectral shape is less polarization dependent,
but the branching ratio is expected to be very sensitive to solid-state effects.

I. INTRODUCTION

Actinide elements have a partially filled 5f shell, which
in solids becomes localized like the 4f shell of rare earth
or itinerant like the 3d shell of transition metals depend-
ing on the circumstances. They have attracted much in-
terest due to this intermediate nature of the 5f electrons.
High-energy spectroscopy can be a useful probe to inves-
tigate the properties of those 5f electrons, as was already
shown in rare-earth and transition-metal compounds.'
There have been, however, few experiments, except for
Th and U compounds, because they are very rare, some
of them only occur as co-products of atomic reactions
and their radiation requires special facilities.

In this paper we calculate 4d (N, s) and 5d (O, 5) x-ray
absorption spectra (XAS) of trivalent actinide ions (ex-
cept for Th*") placed in a magnetic field for nonpolar-
ized, linearly and circularly polarized light. We consider
the localized limit, where actinide 5f states are treated as
localized ionic moments. The effects of the solid state
such as crystal field or mixing with ligand bands are
neglected. This approximation worked quite well for
describing rare-earth metals 3d(M,s) and 4d(N,s)
XAS,?%3 which have fine multiplet structures due to the
interaction between the 4f electrons and the core hole
created by the photon and the selection rules of dipole
transition. For some actinide systems, we expect that
this approach still works well, while for many actinide
compounds, this approach can only serve as a starting
point to assess the possibilities of XAS.

Magnetic x-ray dichroism (MXD) is a recently devel-
oping technique attracting attention as a new probe for
the local electronic states of magnetic systems. It can
give information on the orientation and size of local mag-
netic moments, which is complementary to other tech-
niques giving global information. It has already been
shown that large MXD effects exist in 3d XAS of rare-
earth elements with linearly polarized x rays both
theoretically and experimentally.*”7 MXD is also ob-
served in Fe ls, Gd 2p, and Tb 2p XAS.®° Theoretical
calculations of 3d and 4d XAS in rare earths with circu-
larly polarized light predict large MXD. 10712

4“4

Polarized x rays are difficult to generate by procedures
usually used for optical light. Synchrotron radiation en-
ables us to obtain both linearly and circularly polarized
light over wide frequency ranges including the x-ray re-
gion. Linearly polarized x rays are already available in
many storage rings. Circularly polarized x rays are also
available using out-of-plane radiation, but this is not very
effective because the intensity becomes rather low com-
pared to the on-plane linearly polarized light. Recently
special insertion devices to obtain high-intensity circular-
ly polarized x rays have become available. With these
circumstances in mind, it is expected that MXD measure-
ments with both linearly and circularly polarized light
will be made for some actinides systems in the near fu-
ture, though there have been no experiments so far.

The organization of this paper is as follows. In Sec. II
we present the calculated results of unpolarized 4d and
5d XAS spectra for a series of actinide ions. The branch-
ing ratio of 4d XAS is discussed from JJ and LS coupling
schemes. In Sec. IIT we show the MXD of 4d and 5d
XAS spectra both for linearly and circularly polarized
light. Some discussions on characteristic features of the
calculated MXD are given in Sec. IV. Section V is devot-
ed to the conclusion.

II. UNPOLARIZED 4d AND 5d XAS OF ACTINIDES

The 4d, 5d, and 5f shells of actinide (Ac) elements
have the same general characteristics as 3d, 4d, and 4f
shells of rare-earth (RE) elements, respectively. The exci-
tation energy ranges near 1000 eV in 4d(Ac) and 3d(RE)
XAS or near 100 eV in 5d(Ac) and 4d(RE) XAS. 3d(RE)
or 4d(Ac) XAS are split into d5,, and d;,, components
by the large core hole spin-orbit interaction, and each
component has extra structures due to electron-electron
interaction. 4d(RE) or 5d(Ac) XAS do not show obvious
spin-orbit splitting, because the electron-electron interac-
tion between core hole and f electron is much larger than
the spin-orbit interactions (so the final states are ex-
pressed rather in LS coupling). Their spectrum is divided
into a prethreshold region and a giant absorption region.
The prethreshold region lies near (or below) threshold,
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being pushed down by exchange interaction. It consists
of dipole forbidden states and shows weak fine structures.
The giant absorption region consists of dipole allowed
states and has large intensity and broad structures high
above the threshold.

Published experiments of 4d and 5d XAS of actinide
materials are rare. We could only find those of Th and U
metals’> 1% and some of their compounds. The experi-
mental 4d XAS spectra of Th and a-U are similar to
those of their lanthanide counterparts La and Nd.'¢ But
a-U 4d XAS shows small extra structures on the 4ds,,
and 4d;,, components. The Th 5d XAS is almost the
same as the La 4d XAS, whereas the prethreshold region
of a-U 5d XAS is much stronger and broader than that
of Nd 4d XAS.

We calculate 4d and 5d XAS for free actinide ions. Al-
though actinide ions in solids can take on different
valences depending on the circumstances, we only treat
the trivalent ones except for Th**. The spectrum of an
other valence state can be obtained approximately from a
neighboring atom with the same f count. The ground
state of 5f"|aJM ) cannot always be well approximated
by LS coupling because LS states are mixed strongly by
spin-orbit interaction. For Am, for instance, the
Hund’s-rule LS state contributes less than half to the
ground state. Still the J value predicted by Hund’s rule is
correct. The final states d°5f"*!{a’'J'M’) are those
which can be reached from the ground state under the di-
pole selection rules AJ =0,%1 (J=J'=0 is excluded).
Transitions to np continuum states are ignored. The
values of parameters such as Slater integrals and spin-
orbit coupling constants are obtained by Cowan’s atomic
Hartree-Fock (HF) program with relativistic correc-
tions.!” This calculation is done for the average of the
configuration both for 5f" and d°5f""!. The Coulomb
and exchange integrals FX(5f,5f), FX(4d,5f), GX(4d,5f),
FX5d,5f), and GX(5d,5f) are reduced to 80%, 80%,
80%, 75%, 66% of their HF values, respectively. These
reduction rates are appropriate for lanthanides.>® The
reduced values are given in Table I-III.

Calculated results of unpolarized 4d XAS and 5d XAS
are shown in the top panel of Figs. 1 and 2, respectively,
where the origin of the incident photon energy w is taken
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arbitrarily. The calculations are done with Cowan’s pro-
gram,17 and the plotted curve is a Lorentzian convolu-
tion of the line spectra. The broadening widths I' (half
width at half maximum) are also given in Tables I and II.
The widths of 4d5,, and 4d;,, are taken to be equal for
simplicity. Actually, the 4d;,, component is expected to
be broader, because there is an additional Coster-Kronig
decay channel, and it will also show an asymmetric Fano
shape due to the overlap with the continuum.? In the 5d
XAS, the widths for prethreshold and giant absorption
regions are quite different when the number of f electrons
is small, as found experimentally for the metals Th and
a-U. Therefore, we take a smaller spectral width I" for
the prethreshold region of Th, Pa, and U. The calculated
results for tetravalent Th and trivalent U free ions seem
to agree with the experiments for Th and a-U metals, re-
spectively. After Np, however, the prethreshold region
and the giant region overlap in the calculated spectra,
and the boundary between them is not clear. Therefore,
the convolution of the spectra is made only with the I
for the giant absorption region.

A special feature of 4d XAS in actinides is the high
value of the ds,:d;/, branching ratio. Note the different
intensity scale for ds,, and d;,, components in Fig. 1.
The origin of the high branching ratio is the large 5f
spin-orbit coupling in the ground state. This mixes other
LS terms into the Hund’s-rule ground term, increasing
the expectation value of the angular part of the spin-orbit
coupling and thereby increasing the branching ratio.'®
In the Hund’s-rule term the spins and orbits are first cou-
pled to a total L and S and these are coupled to a total J,
which yields a moderate average coupling of each indivi-
dual spin with its orbit. But when the spin-orbit interac-
tion increases each spin couples directly to its orbit yield-
ing a much higher spin-orbit expectation value (at the ex-
pense of exchange and Coulomb energy). Of course this
extra effect is absent when there is only one electron or
hole and it is most important near the middle of the
series.

In order to show the importance of the 5f spin-orbit
interaction in 4d XAS of actinides, we calculate the
branching ratio taking into account only the spin-orbit
interaction (i.e., disregarding all electron-electron interac-

TABLE 1. Parameter values for initial states.

4 n J F(Zsf,Sf) F?sf,sf) F(65f,5f) Csr
90 Th**+ 0 0.0
91 Pa’t 2 4.0 6.71 4.34 3.17 0.202
92 Ut 3 4.5 7.09 4.60 3.36 0.235
93 Np** 4 4.0 7.43 4.83 3.53 0.270
94 Pult 5 2.5 7.76 5.05 3.70 0.307
95 Am3* 6 0.0 8.07 5.26 3.86 0.345
96 Cm?* 7 3.5 8.37 5.46 4.01 0.386
97 BKk3* 8 6.0 8.65 5.65 4.15 0.428
98 cf*t 9 7.5 8.93 5.84 4.29 0.473
99 Es®t 10 8.0 9.19 6.02 4.42 0.520
100 Fm3™* 11 7.5 9.45 6.19 4.55 0.569
101 Md+ 12 6.0 9.71 6.36 4.68 0.620
102 No3* 13 0.674
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FIG. 1. The top panels: calculated 4d —5f x-ray absorption spectra of trivalent actinide ions (except for Th**). The curves are a
Lorentzian convolution of the line strength plotted as vertical bars in arbitrary scale. The right sides correspond to 4d;,, com-
ponents and the left sides to 4ds,,. The second panels: the same curves, on the same scale, for each AJ final state. The dotted curves
correspond to AJ = +1, the dashed to AJ=0, and the dash-dotted to AJ =—1. The third panels: MXD spectra for linearly polar-
ized light at T=0 K, LP|| (solid lines) and LPl (dashed curve). The bottom panels: MXD spectra for circularly polarized light at
T=0 K, RCEP (solid curves) and LSP (dashed curves). Horizontal scale is excitation energy in eV. The origin is taken to be arbitrary.
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FIG. 1. (Continued).
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FIG. 2. The top panels: calculated 5d — 5f x-ray absorption spectra of trivalent actinide ions (except for Th**). The curves are a
Lorentzian convolution of the line strength plotted as vertical bars in arbitrary scale. Two different Lorentzian broadenings I" for
prethreshold and giant absorption regions are taken in Th, Pa, and U. The second panels: the same curves, on the same scale, for
each AJ final state. The dotted curves correspond to AJ = +1, the dashed to AJ=0, and the dash-dotted to AJ =—1. The third
panels: MXD spectra for linearly polarized light at 7=0 K, LP|| (solid curves) and LP1 (dashed curve). The bottom panels: MXD
spectra for circularly polarized light at 7=0 K, RCP (solid curves) and LCP (dashed curves). Horizontal scale is excitation energy in
eV. The origin is taken to be arbitrary.
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TABLE 1V. Branching ratio 15/2 /(15/2 +I3/2 )] 100 of 4d
XAS for LS and JJ limits and exact value. The exact value for
n=1 is calculated, for completeness, with the parameter values
for Pa’*.

n LS JJ Exact
0 60.0 60.0 59.2
1 64.1 64.1 63.4
2 66.7 68.9 68.0
3 68.5 74.5 72.3
4 69.3 81.3 76.0
5 68.9 89.6 81.7
6 66.7 100.0 91.8
7 60.0 100.0 75.2
8 66.7 100.0 84.9
9 73.3 100.0 92.2

10 80.0 100.0 95.9

11 86.7 100.0 96.6

12 93.3 100.0 98.1

13 100.0 100.0 100.0

tions). Observing that the expectation value of /-s of f’5,,
and f;,, electrons is —2 and 2, respectively, the lowest
spin-orbit energy (and the highest branching ratio) for
n <6 is obtained when all electrons are 2, where n is the
5f electron number in the ground state. The branching
ratio, Is,, /(Is,,+15,,), is then

B=3%+8n/[15(14—n)] .

We obtain the same result when we calculate the average
branching ratio of the holes, using for  and I holes a
branching ratio of % and 1, respectively. For n =6 we
get B=1 (all holes are Z). This result (the JJ coupling
limit) is shown in Table IV and compared with the exact
branching ratio in the 4d XAS of actinides, as well as the
branching ratio obtained in the LS coupling limit.'® It is
interesting to note that the JJ coupling limit is a better
approximation than the LS limit. Only in f” the strong
Coulomb interactions in &S resist the spin-orbit coupling
appreciably. This suppression of spin-orbit coupling is
also expected when crystal fields and hybridization are
present, for which the 4d XAS should then be very sensi-
tive.

III. MAGNETIC DICHROISM IN
4d AND 5d XAS SPECTRA

When a ground state f” with total angular momentum
J is placed in the presence of a magnetic field parallel to
the z axis, it is split into (2J +1) Zeeman components.
Their energies are given by —guHM, where g denotes
Lande’s g factor, u the Bohr magneton, H the strength of
magnetic field, and M the magnetic quantum number. If
all Zeeman states are populated equally, practically no
effect of the magnetic field will be observed, since the
magnitude of magnetic splitting is of the order of 10 meV
and the intrinsic line width due to the core hole lifetime
is much larger. But if those levels are populated unequal-
ly according to the Boltzmann distribution, i.e., at low
temperature and under high magnetic field, the spectral

2179

TABLE V. The expression for the factors 4J3.(0).

m=0 m==1
n 27 +1 (J+1)J +2)F (2T +3)+ 2
oAl (27 +3)(J +1) 2(2J +3)(J +1)
n J J(J+1)+J —J?
” (J+1) 2J(J+1)
n 0 J(J—1)+J(2J —1)+J?
-l 2J (27 —1)

intensity will change with the polarity of the light, be-
cause the accessible final states are restricted also by
selection rules for the magnetic quantum number
[m=AM=M'—M =0,£1 where AM=0 is possible
only if the light is parallel to the field and AM =+1(—1)
only if the light is right (left) circularly polarized]. A de-
tailed derivation is given in Ref. 6. In short, the three
different sets of final states (AJ = —1,0, + 1), displayed in
the second panels of Figs. 1 and 2, are added not equally
but with certain weighting factors A4} (®) which depend
on J,AJ,m, and reduced temperature ®=kT /guH.
When ®=0, 47} (®) takes a rather simple form as shown
in Table V.

We show the calculated results in the limit of ®=0
where only the lowest state (M = —J) is occupied and the
largest dichroism is expected. The results for 4d XAS
and 5d XAS are shown in Figs. 1 and 2, respectively.
The third panel shows linear MXD spectra, where the
full curve represents the polarization parallel to the mag-
netic field (LP||) and the dashed one the perpendicular
polarization (LPl). The bottom panel shows circular
MXD spectra, where the full curve represents the right
circular polarization (RCP) and the dashed one the left
(LCP). Th and Am show no MXD because they have a
J=0 ground state. Cm shows a bit different behavior to
other J#0 elements because of its L =0 ground state.

The spectral shape of 4d XAS does not show conspicu-
ous polarization dependence for linearly nor circularly
polarized light. The MXD is mostly seen on the polar-
ization dependence of the spectral intensity. On the oth-
er hand, 5d XAS shows large MXD for both the intensity
and the shape, especially in the giant absorption region.
From the third panel it can be seen that two peaks appear
for LP1 and a peak appears in the middle of these peaks
for LP||. From the bottom panel it can be seen that the
peak for RCP appears on the high energy side of the one
for LCP. The total intensity for RCP is larger than that
for LCP. When the number of f electrons is larger than
8, the intensity for LCP decreases rapidly. These tenden-
cies are more or less similar to those of lanthanide 4d
XAS.

IV. DISCUSSION

Compared with the 3d XAS for lanthanides, 4d XAS
spectra for actinides have rather simple structures for
both the d;5,, and d;,, components. This can be under-
stood from Table II. In the final state of 4d XAS for ac-
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tinides the spin-orbit coupling is much larger and the
Slater integrals are smaller than those of 3d XAS for
lanthanides; especially G* for actinides is very small.
Since the 4d and 5f orbits contain nodes, their overlap,
and therefore the exchange integrals become small. This
makes the energy difference between different AJ final
states very small. That is why the spectra show little
structure and the MXD only appears in the change of in-
tensity. The branching ratio of the d5,, and d;,, com-
ponents becomes much larger than that of 3d XAS for
lanthanides because of the larger spin-orbit interaction of
the 5f electrons.

The experiment shows that the 54 XAS in the
prethreshold region for «-U is much stronger and
broader than lanthanide 4d XAS for Nd which has the
same number of f electrons. Since the prethreshold re-
gion mainly consists of dipole forbidden states, their in-
tensity comes from a small admixture of dipole allowed
states through the spin-orbit coupling in the final state.
For a-U, the Slater integrals are smaller than those for
Nd, while the spin-orbit coupling constant is about twice
as large. Therefore the total intensity in the prethreshold
region for a-U becomes much larger than for Nd. But it
is not clear whether also the broadening is due to this
effect or to some other ignored solid state effect or only to
experimental resolution.

In order to discuss the behavior of MXD in more de-
tail, we show the typical values of A4J}.(0) for each value
of AJ and m in Table VI. The A]}.(0) depend also on J,
but the dependence is rather small; for instance, when J
changes from 3 to 8, 4;;%(0) changes from 0.75 to 0.89.
From Table VI we can see that the RCP mainly consists
of AJ=—1 states, the LCP AJ=-+1, and the
LP||AJ=0. The factor for LPl is given by
L(Aj M+ A1), In the 4d XAS there is little energy
difference among the three AJ states because of small ex-
change integrals. Although the three AJ spectra are add-
ed differently according to the polarization of light, it
does not strongly change the shape of spectrum but the
intensity is changed. On the other hand, in the 5d XAS
there is a large energy difference among three AJ spectra
except for Cm which has a L=0 ground state, and the
energy of their peaks always increases according to
AJ =+1,0,—1, because the spin, and therefore the ex-
change energy is larger, on average, for the final states
with larger J. This explains why the RCP spectra have a
peak on the high-energy side and the LCP on the low-
energy side The difference in the total intensity of MXD
can also be understood from Table VI. The RCP has
coefficients for all AJ states, but the LCP has only for
AJ=1. Since the sum of these coefficients is larger for

TABLE VI. Typical values of the factor A4;}.(0).

m=++1 m=0 m=—1
A} ~0 ~0.2 ~0.8
Af} ~0.2 ~0.8 0
Af 1.0 0 0
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RCP, if the three spectra have almost the same intensity,
the intensity for RCP becomes about 1.5 times larger
than LCP. This is the case when the number of f elec-
trons (n) is less than 7. When # is larger than 7, the in-
tensity of AJ=1 states itself becomes smaller. This is be-
cause the J value of the ground state becomes large for
n >7 and so the number of the AJ=1 final states be-
comes small. For LP||, the AJ=0 states are mainly excit-
ed, and for LP1l linear combinations of the other two
states are excited. This explains why the LP|| spectra
show one peak in the middle and the LP1 spectra show a
peak on both sides.

V. CONCLUDING REMARKS

We calculated the magnetic dichroism in 4d and 5d
XAS of actinides. This paper is intended to be a first ap-
proximation to the spectra of actinide ions in solids with
the simplest model of free actinide ions, where all param-
eters except for broadening width I' are determined by
first principle Hartree-Fock calculations. It is to be men-
tioned that this ionic approach is only expected to be
quantitatively correct for actinide elements heavier than
Am, in which the actinide 5f electrons are well localized.
In particular, most of U compounds, for which the first
MXD experiments are expected in the near future, have
been found to form itinerant 5f bands or mixed valence
5f states. Even for these materials we expect that our re-
sults are applicable qualitatively or semiquantitatively,
because the MXD detects the local electronic character
around a core hole, and especially in the final state of
XAS the 5f electrons are more or less localized due to
the local Coulomb interaction with the core hole. There-
fore, the ionic approach is a reasonable one as a first ap-
proximation. However, the MXD is also sensitive to the
orbital and spin states of 5f electrons in the initial state,
and thus the study on the solid-state effects such as the
crystal field, the hybridization, and the 5f band is neces-
sary at the next step.

MXD of 4d XAS are not so remarkable as those of
lanthanide 3d XAS, because the small exchange integrals
between core and f orbits split the different AJ groups in
the final state only slightly. Furthermore the large 5f
spin-orbit interaction makes the branching ratio of 4d
XAS for actinides much larger than that of 3d XAS for
lanthanides. It is expected that the branching ratio is
sensitive to solid-state effects such as the crystal field and
the hybridization. The explicit study will be made in our
future publication.

MXD of 5d XAS is expected to be large, like the
lanthanide 4d XAS. The LP. spectra typically have a
double-peak structure, while the LP|| spectra show a sin-
gle peak. The RCP spectra are stronger than the LCP
spectra, and the peak energy of RCP is higher than that
of LCP. Since distinction between the prethreshold re-
gion and the giant absorption is unclear for the elements
heavier than Np, we calculated the 5d XAS spectra by
using a single spectral broadening I" corresponding to the
giant absorption region. A more careful treatment will
be necessary for the spectra in the prethreshold region.
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