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We report results of x-ray scattering experiments on the antiferromagnetic uranium compounds UO,,
USb, and (U 3sThg ;5)Sb. The energy dependence of the x-ray scattering cross section is reported in the
range 3.5-3.9 keV, which includes the My and My absorption edges. The energy dependencies are very
similar and well represented by atomic-resonance methodology. Differences occur in the ratio of intensi-
ties (branching ratio) of the two absorption edges, which are larger in UO, than in the other materials.
Ab initio calculations based on atomic physics suggest that such differences may arise from differing 5f-
electron configurations. Unfortunately, we have not measured accurately the absorption coefficient over
the two edges, so that our corrections to the intensities must be regarded as qualitative. This prevents a
quantitative comparison between the observed and calculated branching ratios. Consistent with the cal-
culated cross section, the magnetic scattering of the o-polarized incident beam is rotated to 7 polariza-
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tion. No unusual effects were found at the My edge of Th in the pseudobinary compound.

I. INTRODUCTION

The advent of high-intensity x-ray synchrotron sources
has meant that direct-x-ray studies of magnetic phenome-
na have now become possible, thus providing a comple-
mentary probe to more conventional neutron-scattering
studies.! For our present purposes there are two aspects
of the x-ray cross section that are of interest. The first is
the possibility of using x-ray scattering to separate the
spin and orbital components of the total magnetization.?
This separation is of particular interest in actinide (5f)
compounds, such as those studied here, as the exact elec-
tronic ground state remains uncertain, and there are
definitive predictions of the spin and orbital components
from band-structure calculations.®> However, the exploi-
tation of this aspect of the x-ray cross section has proved
difficult. The x-ray scattering from magnetically ordered
moments is already weak,? and the systems in which the
separation of spin and orbital moments is of interest usu-
ally have small total moments, thus leading to very small
x-ray intensities. An attempt to separate the components
was performed in metallic holmium,* in which L and S
are large, and, more recently in the actinide compound
UAs,’ but in both cases the results were qualitative.
These kinds of measurements will certainly benefit from
more intense x-ray beams, such as those envisaged from
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the new generation of insertion devices.

The second aspect of the x-ray cross section that is of
interest is its energy dependence near atomic-absorption
edges. At these energies Hannon et al. have shown that
off-resonance magnetic scattering may be overwhelmed
by additional resonant-magnetic contributions, contained
in the anomalous scattering amplitude and ascribed to
spin-orbit and exchange interactions.! The (virtual) tran-
sitions, associated with resonant-magnetic x-ray scatter-
ing, have in general an electric multiplet character. In
the case of holmium, the resonant effects near the Ly
edge (8.067 keV) result in an increase in the magnetic-
scattering cross section by a factor of about 50."* The
electric dipole (E1) transition at the L; edge in Ho is
2p—5d, whereas electric quadrupole (E2) transitions
connect to the 4f shell. As pointed out by Hannon
et al.,® what is required for a very large effect is an E1
process involving transitions to a state in which there is
an appreciable density of unpaired electrons. For 3d
transition metals such edges are the Lj; and Ly at ener-
gies less than 1 keV. At these energies diffraction effects
can be observed only in structures with long repeat units,
e.g., multilayers. However, Kao et al.” have shown that
reflectivity measurements are also sensitive to resonance
effects. The situation is more convenient for diffraction
in the 5d series, where L-edge absorption edges occur
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above 10 keV, but there are not many systems with or-
dered 5d electrons. In some recent experiments on a Co-
Pt alloy, these effects have been observed at the Pt L ;-
edge energy.® For f systems the relevant edges are M v
and My. For the lanthanides (4f) these energies are be-
tween 1 and 2 keV, which is again a difficult region for
diffraction experiments. (Recall that for x rays
E =12.398/A, where E is in keV, A is in angstroms.)
However, the My and My edges for 5f systems are be-
tween 3 and 4 keV, so that very large effects should be
seen.

Following the enumeration of these conditions by Han-
non et al.® Isaacs et al.'° performed an experiment on
the uranium compound UAs and observed an enhance-
ment of the magnetic signal by many orders of magnitude
when the energy was tuned to the My, edge of 3.728 keV.
The magnetic scattering at the M, edge was reported as
~1% of the charge scattering. At the My edge an elec-
tron from the filled 3d;,, level is promoted to an empty
5fs,, state and the intermediate state forms a strong res-
onance, partly because the 5f states are relatively narrow
in energy. Given the apparent ease with which this
magnetic-resonance scattering can be observed, an im-
portant question is, what experiments are worth pursuing
at these energies? We cannot easily use these intensities
to separate the spin and orbital components of the mag-
netization, at least not until further theory is forthcom-
ing. Present theories to separate S and L rely on the
scattering being nonresonant.?

Hannon et al.® have pointed out that both the shape
and strength of the resonance may give information on
the electronic structure of the material in question. Our
primary motivation, therefore, was to examine the effects
in a series of uranium materials of different electronic
structure. In this paper we describe x-ray experiments on
the antiferromagnets UO,, USb, and U, 3sTh, ;5Sb.

One interesting aspect is the so-called branching ratio,
i.e., the ratio of the amplitudes at the My and M+ reso-
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nant energies. We describe in Sec. V the ab initio calcula-
tion of these spectra and compare the branching ratios
with those obtained experimentally.

The experimental details are given in Sec. II, the re-
sults in Sec. III, the theoretical form of the cross section
and results of least-squares fits to the data in Sec. IV, and
a discussion in Sec. V1.

II. EXPERIMENTAL DETAILS

All of the experiments described in this paper were
performed on the beam line X22C at the National Syn-
chrotron Light Source (NSLS) at Brookhaven National
Laboratory. The beam line, which views synchrotron
light from a bending magnet located in the 2.5-GeV
NSLS storage ring, contains a doubly focusing nickel-
coated mirror (spotsize ~1 mm?) and a fixed-exit Ge
(111) double-crystal monochromator. The available ener-
gy range is from ~3 to 30 keV. Most of our experiments
were performed in the region of 3—-4 keV. A serious
problem with working at these energies is the strong ab-
sorption of the x-ray beam in air or through conventional
Be windows. For example, for 3.5-keV x rays, the ab-
sorption coefficient for nitrogen is 0.1 cm ™! and a 250-
pm Be window absorbs half the beam. In our experi-
ments we had three Be windows of 250 um between the
source and detector and four thin Kapton windows, two
of each sealing the evaluated chambers between source
slits and sample and sample and detector. In addition,
air scattering was minimized by surrounding the short air
paths around the sample cryostat with helium-filled bags.
Nal scintillation detectors were used to count the in-
cident and scattered photons.

The samples used in the present studies were all single
crystals, usually in the form of small (~3X3X0.1 mm?)
plates with a [001] normal to the large face of the crystal.
No particular effort was made to clean or etch the crystal
surfaces, although in all cases they were reasonably flat

TABLE 1. Magnetic characteristics of the uranium samples used in this and related studies. All ma-
terials are face-centered cubic. The type-I and -IA structures have (001) planes of parallel moments
stacked in sequences + — + — and + + — —, respectively. q is the ordering wave vector in all cases
in the notation [0,0,q]. Different structures single k, double k, etc. refer to number of components
coexisting (see Ref. 14). The moment components are perpendicular to q in UO, and parallel in the
other materials. All these magnetic structures are discussed in detail in Ref. 14. The magnetic moment

is that at 5 K.

Lattice Magnetic Magnetic
parameter Ty structure moment
Compound (A) (K) at 10 K (up)
Uo, 5.470 31 type I triple k 1.8
q=1.0 pliq
USb 6.191 213 type I triple k 2.8
q=1.0 pliq
(Ug g5Thg 15)Sb 6.195 ~ 190 type IA triple k 2.7
q=0.5 pliq
UAs 5.779 124 type IA double k 2.2
q=0.5 pliq
UN 4.890 53 type I single k 0.75

q=1.0 u|q
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and shiny. All reflections were examined in reflection
geometry from the (001) face. Because the (001) faces are
natural cleavage planes for USb and related compounds
with the NaCl structure, these surfaces have an excellent
mosaic spread, normally less than 0.05°. The UO, crys-
tal, on the other hand, was much broader than this. The
crystals were mounted on the cold finger of a standard
Displex closed-cycle refrigerator. Normally, a radiation
shield encloses the sample, but a large hole was cut in this
to prevent further absorption of the beam. The external
Be shield with 500 um thick. All experiments reported in
this paper were performed with the sample at T~ 12 K,
which is well below Ty for all three antiferromagnets.
The magnetic characteristics of the samples considered
here are given in Table 1.

In certain cases it is useful to be able to analyze the
linear polarization of the scattered photon beam.!° The
principle of polarization analysis is that, if the scattered
beam is further scattered by an angle of /2 first in and
then out of the plane of scattering (defined by the incident
and final wave vectors k and k', respectively, and the
momentum transfer K), the intensities of the o- and -
polarized components of the scattered beam may be mea-
sured independently.”!® The instrument has this capabil-
ity of performing linear polarization analysis, but it is al-
ways necessary to find an analyzer crystal with a plane
spacing that gives a Bragg reflection at 26=90° for the
energy being used. For the results reported here, Al(111)
and LiF(111) reflections were used.

The results for the energy dependence of the magnetic
scattering and the degree of linear polarization were de-
rived from integrated intensities. These were obtained by
rocking the crystals through the Bragg angle. The back-
ground obtained far from the Bragg reflection in these
scans may be taken as a measure of the sample fluores-
cence. This provides an on-line calibration of the x-ray
energy as the fluorescence is related to the absorption.
The raw data from the (102) reflection in UO, are shown
in Fig. 1(a). Note a change of scale for lower energies.

The fluorescence spectra measured for each material
were used to calibrate the energy scale by comparison
with the total-electron-yield spectra obtained for a num-
ber of uranium compounds by Kalkowski et al.!' The
M, and M, white-line energies in the experimental
fluorescence spectra were fixed at the values taken from
the electron-yield experiments.

The corrections for the energy-dependent absorption
represent the most difficult part of the data treatment.
Since it is extremely difficult to prepare homogeneous
foils of the uranium material studied thin enough for
direct (transmission) absorption measurements, prelimi-
nary corrections were used by converting the measured
fluorescence to the absorption coefficient. This was found
to be unsatisfactory, as the procedure yielded absorption
coefficients in the white-line regions which did not agree
sufficiently well with the electron-yield results of Kal-
kowski et al.!! Therefore a function was constructed
with arctangent functions describing the tabulated urani-
um attenuation coefficients below, between, and above
the My and My absorption edges. The rapidly varying
uranium white lines were modeled by Lorentzian func-
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tions of full width 5 eV, corresponding to the observed
width of the fluorescence spectra, and of height adjusted
to fit the area of the white-line peaks in the electron-yield
data (Fig. 5) of Kalkowski et al.!! For the different ma-
terials studied, due account was taken of the differing
anion-mass-absorption coefficients and the different den-
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FIG. 1. (a) Data on a linear scale for the UO,(102) reflection
at 12 K. Note that the low-energy region up to 3.6 keV, which
includes the My resonance, has been multiplied by a factor of
60. (b) Deduced absorption coefficient as a function of energy
for UO,. (c) Normalized (at 3.5 keV) absorption coefficients as a
function of energy for the Be (upper) and Kapton (lower) win-
dows present in our experiments.



5290

sities. While this procedure yields a line shape which
captures important elements of the known electron-yield
spectra and of the conditions of our experiment, it does
not yield a reliable absorption correction for the data,
such as would be obtained from a direct measurement of
the absorption through a thin UO, foil under the experi-
mental conditions. For this reason we have to treat our
experimental results for the branching ratio as qualita-
tive. It is interesting, nonetheless, to use this ad hoc ab-
sorption correction to find branching ratios and compare
them with calculations, and this is done below. An exam-
ple of the absorption coefficient for UO, obtained as out-
lined above is given in Fig. 1(b); this should be compared
with the data of Kalkowski et al.!' In the correction
procedure, allowance was also made for the effect of the
beryllium and Kapton windows in the beam-line com-
ponents and for the beryllium cryostat tails. The func-
tion forms used were ppe=1067.9/E*91
for a total Be thickness of 750 pum, and
HKapton=4567/E*3, for a total Kapton thickness of 52
pm, with E in keV. These correction factors were nor-
malized to unity at an energy of 3.5 keV. The energy
variation of these factors is shown in Fig. 1(c).

One unusual aspect of the data collection is worth
commenting on. In the reciprocal-lattice construction
for (001) reflections, the point of intersection of k and k'
moves along the bisector normal to the reciprocal-lattice
vector [001], so that the radius of the Ewald sphere is
governed by 27/k (=2m/k’') and the sphere goes
through the points (000) and (001). For the geometry
used, in which the directions [100] and [010] line in the
surface of the crystal, the Ewald sphere may also pass
through the point (102) for a certain choice of wavelength.
Since both (001) and (102) are allowed, magnetic-
reflection multiple-scattering conditions exist at this par-
ticular wavelength, leading to possible changes in the in-
tensities. This coincidence condition is, of course, related
to the ratio a /A, where a is the lattice parameter. We
have found geometrically that this occurs for E =3.56
keV in UO, and 3.18 keV in USb. For UO, this energy is
close to the My, edge, and we have found that the intensi-
ties were irreproducible near this energy. Since it
represents coupling (001)- and (102)-type beams, both in-
tensities might be affected. In each case for UO, we have
performed an identical experiment at 50 K (above Ty )
over the region 3.5-3.6 keV and subtracted it from the
low-temperature data. This subtraction is the cause of
some of the small negative numbers in the UO, plots.
Normally, of course, the method to check for multiple
scattering is to change A; such a procedure is not possible
in this case. Another method of verifying these effects is
to rotate the sample about the scattering vector, which is
difficult in our experiment.

III. RESULTS

We have already seen in Fig. 1 the important changes
that occur in magnetic intensity and absorption when the
incident photon energy is close to the My and My reso-
nances. Figure 2 shows the intensity from the UO,(001)
magnetic reflection on a linear scale at the two edges.
Note that these data have not been corrected for absorp-
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tion. The latter correction does change the width and in-
tensity of the peak, and may also affect the determination
of the position. Figures 3, 4, and 5 show data in a format
similar to Fig. 2 for the magnetic reflections from
UO,(102), USb, and (U, gsThy ;5)Sb, respectively. The
solid lines are fits to the data, which are discussed in the
following section.
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FIG. 2. (a) Energy dependence of the integrated intensity of
the (001) magnetic reflection from UO, at 12 K for the My reso-
nance. The solid line represents the fit to the data as discussed
in the text. (b) As in (a) for the My resonance. (c) Energy
dependence of absorption corrected data for the (001) magnetic
reflection from UO, at T =12 K. The solid line represents the
fit discussed in the text. Note the logarithmic intensity scale.
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IV. ANALYSIS

A. Theoretical form of the cross section

Following previous work,® we discuss briefly some gen-
eral theoretical results obtained for the resonant-
magnetic scattering of x rays.

Given a magnetic ion, the amplitude for coherent elas-
tic scattering, in the case of a (virtual) E1 transition (in
our case 3d —5f), has the form®
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where € and € denote, respectively, incident final polar-
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with the electric dipole operator given by (kr <<1)
1 ~
Qm=—3e2rYu(T).
j

Here the index j runs over all electrons of the ion; k
represents the photon wave number.

In Eq. (1), derived by neglecting crystal-field effects, the
first term describes anomalous charge scattering; the
remaining terms, with their Z, dependence, bring in sen-
sitivity to the magnetic properties of the system. The
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presence of these magnetic components in the resonant
amplitude is ascribed to the combined effect of spin-orbit
and exchange interactions.!?

For measurements in the a; —m, channel, the magnet-
ic signal at q is controlled by the polarization response
(€'*X%€)-Z,. In this case magnetic and charge peaks do
not overlap, and there is no interference between magnet-
ic and charge scattering. For o;,—o0 / or 7, the response
(€'*-2,)(e-Z,) gives magnetic peaks at 2q. In this case
magnetic and charge scattering coincide, and the magnet-
ic signal is not detectable with our experimental setup.'®

The quantities F; ,(k) have appreciable value only
near the resonant energies, leading to very sharp changes
in intensities in the proximity of the My and My edges.
Both the intensity and energy width (multiplet structure)
of the spectra will be sensitive to the electronic structure
of the system under consideration. Specifically, they de-
pend on the matrix elements between the initial state
|aJM, ) and the final states |a’J’M,. ), under the optical
selection rules AJ=0x1. (The label a denotes all the
quantum numbers, besides J, which are necessary to
specify the atomic state.)

Going over to a 2 X2 matrix representation of the am-
plitude fg,, in the basis of two linearly independent po-
larization states [e.g., parallel () and perpendicular (o)
to the scattering plane], the cross section for coherent
elastic scattering is obtained from the definition?

do _ +

d—Q_Tr{FElme} , 3)
where p is a density matrix, which describes the polariza-
tion states of the incident photons, and

Fgi=3e SfEer -

n

KR,

In the last expression, n runs over all ions, K is the
scattering vector, and r,=e2/mc?. Ab initio calculations
of the resonant-magnetic-scattering cross section for an
isolated magnetic ion will be discussed in Sec. VL.

The last point worth making about the cross section is
that it is sensitive to the direction of the magnetic mo-
ment through the scalar product in Eq. (1). If we use o-
polarized incident radiation (the normal polarization
from a synchrotron source), the emitted resonant-
magnetic scattering is rotated to m polarization. More-
over, the vector (€'* X@€) is parallel to k'. In all the anti-
ferromagnetic reflections examined in this study, k' is
never perpendicular to Z, so that nonzero intensities
should be observed. This is different from the situation in
neutron scattering for both USb and (U ¢sThy 15)Sb, in
which no magnetic scattering is observed along the (007)
axis because the spin components are along this direction
(Table I) and polarization dependence of neutron scatter-
ing varies as zX K, so that no scattering is observed when
these are parallel. We have attempted to relate the inten-
sities for various magnetic peaks to the geometric term
(€'* X@)-Z as is routinely done in neutron scattering to
determine the direction of Z, but the varying absorption
coefficients when the crystal is rotated away from the
(00!) direction make only qualitative comparisons possi-
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ble. The general trends are, however, consistent with Eq.
(1), and the moment directions are given in Table I.

B. Least-squares fit of data

As shown by the work on UAs,’ nonresonant-magnetic
scattering is several orders of magnitude weaker than res-
onance scattering in the vicinity of the absorption edges
of actinides, and we may safely neglect it, provided that
we confine our attention to energies near the absorption
edges.

Using standard formulas for atomic resonances, we
may convert Eq. (2) to give the polarization amplitude as

44

5293

1
[(E,—E)/(T/2)]—i

fi

1
[(E,+E)/(T/2)]—i |’ @

where we have used E,, the resonance energy, to replace
(Eyy—E,;). The second term is no interest in produc-
ing the resonance, and we neglect it as a part of the back-
ground. We must now consider two resonances, My and
My, each with amplitudes 4, and A, widths T’y and I's,
and energies E, and Ejs, respectively. After collecting
terms we find

HE) = |f"?« [

A4 E4_E

1+[(Eq—E)/(Ty/2) 1+[(Es—E)/(Ts/2)

2

As Es—E

1+[(E,—E)/(T,/2) | T4/2

This is the form used to fit our data shown in Figs. 1-6.
It is identical to that used by McWhan et al.’ in the case
of UAs, except that they included a term to account for
the M,;; resonance at 4.3 keV. However, the amplitude
of this term is more than an order of magnitude less than
As and less than 0.5% of A4,, so that we may safely
neglect it. The resulting parameters are given in Table II.

Construction interference occurs between the two reso-
nances, as may be seen by the linear term in the second
part of Eq. (5). The term E;—E changes sign at E=Ej5.
Since the contribution from the My resonance is still ap-
preciable at Es, a sharp drop in intensity should be ob-
served as the energy increases above this value. In the
case of UO,, this region is complicated by the presence of
the special multiple-scattering condition at 3.56 keV (see
Sec. II), but the sharp falloff in intensity is seen in USb
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(see Figs. 4 and 5) and U gsThy ;5Sb (see Fig. 5) cases.

Although we have used a least-squares program to give
the results in Table II, there is strong correlation between
the parameters, and so it is not possible to allow all six
parameters to vary simultaneously. The figures show
that the quality of the fits on both a detailed linear scale
near the resonances and over the total-energy range on a
logarithmic scale are good.

C. Polarization analysis

As discussed in Sec. IV A, the polarization dependence
of the resonant scattering should be completely rotated
o—m. We have examined this for the (001) reflection
from UO,, and the results are shown in Fig. 6. In agree-
ment with expectations, we find the magnetic scattering
rotated from o to 7 polarization. Moreover, the energy
dependence of the line shapes of the total magnetic cross
section and m-polarized component are identical. The
small signal in the o-0 channel is consistent with the ex-
istence of a small 7-polarized components in the incident
beam.

D. Search for effects at Th resonances

The absorption edges are, of course, element specific.
In the pseudobinary compound (U 3sThy ;5)Sb, the thori-
um atoms will be distributed randomly over the cation
sublattice in the NaCl structure appropriate to this com-
pound. It is known from both neutron and magnetiza-
tion studies that this compound is antiferromagnetic
(Ty~190 K) with an ordered moment of 2.65up per
uranium atom.!* The free-atom configuration of thorium
is 6d%7s2, and in compounds it is normally tetravalent.
No magnetic thorium compounds are known, and the 5f
state in most such compounds is some 5 eV above the
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TABLE II. Parameters determined from fitting Eq. (5) to the experimental data. Figures in parentheses are estimated errors on
the least significant digit. The material and Bragg reflection examined are given in the first column. The theoretical branching ratios
A,/ As for free-ion states of 5/ and 5/ are 17 and 6, respectively (see Sec. V).

Resonant energies

(eV) Amplitudes  Energy width
E, E; (arb. units) (eV) Intensity ratio (M, /My)'/?> Branching ratio 4,/A4;
(1 eV) A, As r, s (uncorrected data) (corrected data)
U0,(001) 3727 3548 190(1) 31(2) 9.8(2) 7.7(5) 7.9(2) 6.2(4)
UO0,(102) 3727 3549 272(1) 39(2) 8.0(2) 8.3(4) 9.4(2) 7.0(4)
USb(001) 3726 3549 838(1) 25(2) 5.9(1) 4.6(3) 5.1(1) 3.5(3)
Uq ssThg, 1sSb(00 3) 3726 3548 116(1) 32(2) 6.2(1) 5.0(3) 5.2(1) 3.6(3)

Fermi level.> We should not, therefore, expect any densi-
ty of states of 5f electrons at the Th site. However, the
electronic structure of USb, and similar actinide pnic-
tides, is still somewhat controversial. It is commonly ac-
cepted that the U ions are trivalent in the pnictides, i.e.,
U*?, but that there is a large degree of hybridization be-
tween the conduction-electron (6d and 7s) and 5f
states.!> As a consequence, some degree of spin-polarized
6d density might occur at the Th site in the pseudobinary
compound, and such a model has been used by Frick
et al.'® in explaining some of the anomalous features of
the USb-ThSb magnetic phase diagram.

Measurements in the region of the Th My resonance
(3d3,,—5f5,,) at 3.49 keV showed no anomaly associat-
ed with this resonance. Unfortunately, the intensity of
the (00 3) reflection off resonance was insufficient for us
to examine either the My (3p,,,—6d;,,) edge at 4.83
keV or the My (3p;,,—6ds,,) edge at 4.05 keV. We
have failed, therefore, to establish the presence of any
spin polarization at the Th site, but have been able to ex-
amine only the more unlikely case of 5f occupation. We
presently lack sufficient intensity to examine the more
plausible possibility of polarized 6d-electron density.

V. CALCULATION

In this section we discuss atomic and crystal-field cal-
culations of the resonant-magnetic-scattering cross sec-
tion for the U** and U* ions. The atomic calculation of
the spectra (full multiplet structure in intermediate cou-
pling) was performed with Cowan’s atomic Hartree-Fock
and multiplet programs (with relativistic corrections).!”

In the case of the U*' jon, transitions from the 5f2-
configuration lowest state, which is ~88% 3H,, to the
full multiplet 3d°5f3 were calculated. For the U3" ion a
similar calculation was performed by considering 5f°
(~849% I,,,)—3d°5f*.

The cross section for the atomic calculations of
U**:5f2 is shown as a dashed line in Fig. 7(a). The
branching ratio is ~17. This is larger than the observed
values of ~7 in Table II. More significantly, however,
the atomic calculation is known to be a poor approxima-
tion to the electronic ground-state configuration in UO,.
Crystal-field effects are important and have been mea-
sured directly by neutron inelastic scattering.18

For the U** ion a calculation in an octahedral crystal
field was performed using the Cowan-Butler code.'” In
0, symmetry the 5/ ground state of *H, (with 88% pur-
ity) splits into 'y, I';, Ty, and I's states. The x-ray-
exchange-scattering spectrum was obtained by consider-
ing all transitions from the I's ground state (established
by neutron scattering'®) to the full multiplet 3d°5f3. We
have tried various values of the crystal-field potentials ¥,
and ¥V, always confined to ¥, <0 and V¢ >0, as deter-
mined in the neutron work, and find that for V,= —155
meV and V=60 meV we can reproduce extremely well
the experimental curves of Figs. 2(c) and 3(c). This spec-
trum is shown as a solid line in Fig. 7(a). The values of
V, and ¥V, although slightly different from those of Ref.
18 of V,=—125 meV and V=25 meV, give the same
order of levels ', I';, 'y, and I'; with an energy separa-
tion of 162 meV between I's and I'; (this is measured at
150 meV in the neutron experiment'®). Given our experi-
mental difficulties in determining the branching ratio, the

TABLE III. Electrostatic and exchange parameters (in eV). The F and G integrals are scaled down to 80% of their HF values (see

text).
Ground state: 3d'°5f"
n F(Zf) F?f) F?f} &r
Ut 2 7.610 4.974 2.991 0.261
Ut 3 7.081 4.588 2.631 0.235
Excited state: 3d°5f" !
n F(Zf) Ff/) Ff’f) F(wa F?fd) Gllfdi G(jfd) G(Sfd) §d §/‘
Ut 2 8.021 5.254 3.251 2.052 0.952 1.603 0.969 0.678 73.379 0.301
Ut 3 7.537 4.904 2.975 1.886 0.870 1.466 0.886 0.619 73.381 0.275
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FIG. 7. Calculated resonant-magnetic-scattering cross sec-
tions for (a) U** (the dashed curve is an atomic calculation for
the free-ion state, whereas the solid line includes crystal-field
effects) and (b) U** ions. See text for full discussion.

agreement is clearly satisfactory. The calculations do
show the sensitivity of the 5f% branching ratio to
crystal-field effects, which in this case reduce the branch-
ing ratio from the atomic value of 17 to ~7.

In the case of the U ion, the atomic spectrum is
shown in Fig. 7(b) and gives a branching ratio of ~6. A
comparison with the data (Figs. 4, 5, and Table III) indi-
cates that, within the accuracy of our experimental data,
crystal-field and hybridization effects must be small. This
is consistent with the fact that crystal-field transitions
have not been observed in these materials with neutron
inelastic scattering.2’

In the calculations the presence of a local magnetic
moment was simulated by turning on a small external
magnetic field, coupled to the ground-state spin only.
The scattering amplitude was obtained by assuming a
core-hole width'! Ty, =T, =4.5 €V [full width at half

maximum (FWHM)]. To reproduce the experimental
widths, a further convolution with a Gaussian line shape
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of standard deviation o =3 eV was found necessary. The
electrostatic and exchange parameters F* and G* used in
the multiplet calculations were all scaled down to 80% of
their Hartree-Fock (HF) values, a standard optimization
procedure in core-level spectroscopy calculations.?!
These scaled values are listed in Table III, where the
(unscaled) spin-orbit parameters { ; are also given.

It is worth noting that in the scattering process an in-
termediate excitonic state is formed: In the free ions
U"" (n=3,4), the 3d-5f Coulomb energy amounts to
27-28 eV. In the solid, screening reduces® it to 68 eV,
which is still larger than the 5f-band width. Also, we ob-
serve that in the actinides the spin-orbit interactions, rel-
ative to the corresponding Coulomb energies, are larger
than in the rare earths (transitions 3d —4f); the branch-
ing ratios are accordingly larger.?

VI. DISCUSSION

We will discuss in turn the energies, widths, and ampli-
tude ratios as given in Table II.

A. Energies of resonance peaks

The tabulated values of the M,y and My electron-
binding energies are 3728 and 3552 eV, respectively. The
difference gives the spin-orbit splitting between the 3d;
and 3ds,, states. For UO, the difference in the two ab-
sorption edges has been measured by Kalkowski et al.!!
and Guo et al.* as 174 ¢V, and Kalkowski et al. find
that the M edges are shifted about 1.5 eV from the
white-line position (defined as the inflection point of the
absorption). The mean of the values in Table II gives a
splitting AE=EMW—EMV=178il eV, and clearly the

positions are indistinguishable from the tabulated values
of the electron-binding energies, for which AE =176 eV.
Given the necessity to make large (and variable) absorp-
tion corrections at the peak positions [see Fig. 1(b)], we
believe the agreement in Table II is satisfactory and that
resonance-magnetic scattering from the My and My ab-
sorption edges occurs at the respective electron-binding
energies.

B. Energy widths

The instrumental resolution at these energies is ap-
proximately 3 eV; however, this argument is for a perfect
crystal. An intrinsic crystal mosaic will effectively
broaden this width, but we have not investigated this
coupling in detail, e.g., by using crystals of the same ma-
terial but different mosaics. Atomic calculations® sug-
gest that I'~7 eV, and we find that the widths are very
close to the atomic values. McWhan et al.® have already
discussed their unsuccessful efforts to observe exchange
broadening (corresponding to a difference in energy be-
tween the up- and down-spin bands) in their data on
UAs, and we have not attempted any analysis along this
line. Instead, we were particularly interested to measure
the widths in UO, because it is a semiconductor, whereas
all the other materials are semimetals, with hybridized
5f-(6d7s) bands.>!> Because the conduction electrons
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near the Fermi level in the uranium pnictides provide ad-
ditional channels for the radiative decay of the excited
state, the lifetime of this state in the semimetals would be
expected to be shorter than in the semiconductor UO,.
Since the lifetime is proportional to I' !, we should ex-
pect the semiconductor to have the narrowest energy
width . This is not the case, but the UO, crystal also
has the broadest mosaic, almost 5 times the very sharp
mosaic of the uranium monopnictide crystals. Thus we
cannot draw a definite conclusion at this time. Effects re-
lated to core-hole lifetimes will certainly be difficult to es-
tablish.

C. Branching ratios

It must be remembered in examining the experimental
branching ratios in Table II that the absorption correc-
tion has not been made properly. Whereas the errors in-
dicated accurately reflect the fitting, the branching ratios
must be regarded as qualitative until direct measurements
of the absorption are made through thin foils of the
respectives materials. Nevertheless, the calculations (Sec.
V) show that for U**:5f2 as in UO, the initial branching
ratio is 17, but the inclusion of crystal-field effects, as ob-
served in neutron scattering,'® reduces it to ~7. For the
primarily trivalent uranium compounds?® USb and
Up gsThy 15Sb, on the other hand, neutron inelastic
scattering®! has shown that the crystal-field interactions
are smaller than in the oxides, so that we would antici-
pate the branching ratio to be close to the initial atomic
calculation of 6. The results in Table II are qualitatively
consistent with this interpretation.

VII. CONCLUSIONS

The present paper discusses resonant-magnetic x-ray
scattering measured at the M edges in a series of antifer-
romagnetic uranium compounds. In agreement with ear-
lier work®® on UAs and UN,” we find very large
enhancements of the magnetic cross section at these ener-
gies. The magnetic scattering is rotated o — in polar-
ization, in agreement with theory.

We have attempted to perform accurate fits to the ex-
perimental data to extract parameters that may reflect
the electronic structure of the materials (Table II). The
fits are very good and suggest that resonant scattering is
well described in terms of atomic physics. The positions
of the peaks are consistent with the My and My
electron-binding energies. Small differences of 1-3 eV, as
seen by Kalkowski et al.!! in the positions of the absorp-
tion edges for different materials, are beyond our experi-
mental accuracy, primarily because of the necessity to
make large energy-dependent absorption corrections.
The energy widths are wider than the experimental reso-
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lution (~3 eV), but there are no major differences in the
different materials.

Although quantitative corrections for absorption,
which we have not yet succeeded in performing, consti-
tute a major experimental difficulty, the measurement of
the branching ratio (A4,/A4s in Table II) is capable of
providing information on the electronic structure. It will
be most interesting, for example, to measure the branch-
ing ratios in antiferromagnetic heavy fermions such as
UPt; and URu,Si,,?® where the number of 5f-electron
states is a matter of debate.

Recently, it has been shown?’ that in ferromagnets the
integral of the circular dichroism over a given edge is
proportional to the ground-state expectation value of the
orbital angular momentum operator L, in type-I antifer-
romagnets, where (L, ) is determined by the integral (in
our case over the My and My edges) of the imaginary
part of the x-ray-exchange-scattering forward-scattering
amplitude. Our calculations for U** show a 0;—0,
reduction of (L,) by ~40%. These findings should
stimulate further experiments to study the quenching of
the orbital momentum in actinide systems.

An initial attempt was made to see if any effects were
associated with the My resonance of Th in the pseudo-
binary (U, gsThg 5)Sb. None were found, but the intensi-
ty of the (0,0,3) reflection in this material was rather
low. Further experiments at the M|, and M; Th edges
would appear to be more likely to give a positive result.
Even more interesting will be experiments involving pseu-
dobinaries of actinide elements known to possess occu-
pied 5f electrons, e.g., (U,Np)Te compounds. We have
recently established procedures to enable us to work on
transuranium materials.
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