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Condenśee, Service de Physique Statistique, Magnétisme et Supraconductivité, F-38054
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Abstract. We report a high statistic x-ray magnetic circular dichroism study of USb0.5Te0.5

carried out at the uranium MIV ,V edges. Using the sum rules, the detailed analysis of our data
yields orbital and spin moments of the 5f uranium electrons in reasonable agreement with values
extracted from a localized moment approach.

The study of uranium compounds is attracting much interest because of the variety of
behaviours which can be found at low temperature. Depending on the strength of the
hybridization between the 5f electrons of the uranium atoms and the conduction electron
band, one finds electronic and magnetic properties with characteristics ranging from typical
localized to itinerant electron systems [1]. The behaviour of some anomalous rare earth
(Yb, Ce) compounds is similar, but the uranium compounds have their own specificity. The
crystal electric field acting on the uranium ions and the spin–orbit coupling have comparable
strengths. In addition, when the magnetic properties are characteristic of itinerant systems,
the width of the 5f conduction band and the spin–orbit interaction have about the same
value. This leads to a sizeable orbital magnetic moment [2].

Recent years have seen a surge of activity in the use of photon beam techniques
to study magnetic properties of materials [3]. Among all the experimental techniques
currently developed (magnetic x-ray diffraction, magnetic Compton scattering, resonant
Raman scattering and magnetic circular dichroism at absorption edges) the latter technique
has the great advantage that both orbital (µL = −〈Lz〉µB) and spin (µS = −2〈Sz〉µB)
magnetic moments of each electron shell for each ion species of a ferromagnet can be
determined, in principle easily, using sum rules [4, 5]. Experiments on metallic iron and
cobalt have nicely confirmed this potential application [6].

The investigation of the uranium 5f electrons of a ferromagnet by x-ray magnetic circular
dichroism (XMCD) can be performed using either the MIV ,V or NIV ,V edges located at
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3.73 keV, 3.55 keV and 0.78 keV, 0.73 keV, respectively [7]. These edges involve the
3d3/2,5/2→ 5f and 4d3/2,5/2→ 5f electronic transitions, respectively. In this work we report
XMCD measurements carried out at the uranium MIV ,V edges of USb0.5Te0.5. Although this
type of measurement presents much interest, only one previous measurement has been done
[8]. The main reason seems to be the very small number of spectrometers available for
performing these measurements.

For this XMCD study on an uranium compound carried out at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France) we have chosen to investigate USb0.5Te0.5,
a member of the USb1−xTex group of solid solutions, whose magnetic properties are
characteristic of a localized ferromagnet (USb is an antiferromagnet and UTe a ferromagnet
recently speculated to be a mixed valence system [9]). This compound crystallizes in the
NaCl-type structure, and orders ferromagnetically at∼200 K with the uranium moments
lying along the [111] body diagonal. The saturated magnetic moment of the uranium atom
has a value of∼2.6µB [10]. The uranium electronic configuration can be considered as
purely ionic with the 5f electron countn5f = 3. Therefore the sum rules should be applicable
[4, 5].
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Figure 1. Schematic top view of the experiment.

The XMCD measurements have been performed at the spectrometer of beamline ID12A
which is dedicated to polarization-dependent x-ray absorption studies [11]. The x-ray
source was the helical undulator Helios II which emits x-ray radiation with a high and
flexible polarization [11]. The first harmonic of the undulator was selected to cover the
energy range from 3.50 keV to 3.85 keV. The fixed-exit double-crystal monochromator was
equipped with a pair of Si (111) crystals. The spectra were recorded in fluorescence yield
mode using a Si photodiode associated with a digital lock-in exploiting the modulation
of the x-ray beam [12]. The data were recorded on a∼ 4 × 4 × 2 mm3 USb0.5Te0.5

single crystal at 100 K and in a 2 Tmagnetic field produced by a superconducting magnet.
In crystals such as USb0.5Te0.5 the (001) planes are cleavage planes. The experimental
geometry is shown in figure 1. The sample was mounted such that the incident beam was
10◦ off the [100] direction in the plane defined by the [100] and [111] axes. The incident
and fluorescent x-ray beams subtended the illuminated crystal face at anglesα = 80◦ and
β = 10◦, respectively. The magnetic field was applied along the incident beam. Within
these experimental conditions, the projection of the total magnetic moment along the field
direction is∼1.8µB .

The relative direction of the field to the light helicity was selected by changing either
the direction of the field or helicity of the x-ray after each energy scan (roughly every 15
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Figure 2. Fluorescence spectra and dichroic asymmetries1I (1I = I+ − I−) measured on
USb0.5Te0.5 at the MIV ,V edges of uranium. The intensity of the applied magnetic field was
2 T and the temperature 100 K. The index+ (−) specifies that the applied field is parallel
(antiparallel) to the x-ray helicity. The origin of the ordinate scale for the fluorescence spectra
is arbitrary.

minutes). Within uncertainties, the resulting dichroic spectra were the same.
In figure 2 we present the normalized fluorescence spectraI+(E) and I−(E) and the

associated dichroic asymmetry for the two edges. We did not apply any correction to the
measured spectra and asymmetries. We defineI (E) ≡ If (E)/I0(E) where If (E) is the
measured fluorescence intensity andI0(E) is proportional to the incident flux. The index
+ (−) specifies that the magnetic field is parallel (antiparallel) to the x-ray helicity. The
two dichroic signals are positive, indicating a strong orbital magnetic moment [4]. Their
ratio is∼8, with the signal weaker at the MV edge. The shapes of the two dichroic signals
are quite distinct. Whereas the maxima of the fluorescence and dichroic asymmetry occur
at about the same energy for the MIV edge, they are shifted by∼ 2.0 eV at the MV edge,
the maximum of the dichroic asymmetry being at the lower energy. We note the extended
x-ray fine stucture (EXAFS) between the two edges.

Although the use of fluorescence yield detection as a method to study quantitatively the
x-ray absorption is questionable [13–16], it has been shown recently that, in the presence of
a crystal field or of strong core–hole spin–orbit coupling, the sum rules are still applicable,
provided that the fluorescence spectra are corrected for self-absorption [17]. Therefore, since
the MIV ,V edges of uranium compounds are characterized by a large spin–orbit coupling,
we can use the sum rules with confidence.

In order to obtain the absorption and dichroic spectra from the fluorescence data, two
steps are required. First we correct the self-absorption effect, converting fluorescence data
to absorption coefficients [18]. Next we correct for the dependence of the degree of circular
polarization of the monochromatic x-ray beam, which is energy dependent.

We defineIX(E) ≡ If,X(E)/I0(E) as the normalized fluorescence spectra produced by
a core hole at the energy levelX. In our caseX is either the 3d3/2 or 3d5/2 level. For a
thick sample such as ours, the absorption coefficient,µX(E), associated with the production
of the core hole in the investigated levelX is given by [18–20]:

µX(E) = IX(E)[µ0(E)+ A]

B − IX(E) (1)

whereµ0(E) describes absorption due to shallower core levels, valence levels and other
atomic species andA andB are parameters independent of the energyE. We have defined
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Figure 3. Absorption spectra and associated dichroic asymmetry1γ (1γ = γ+ − γ−) measured
at the MIV ,V edges of uranium in USb0.5Te0.5. The intensity of the applied magnetic field was
2 T and the temperature 100 K. The index+ (−) specifies that the applied field is parallel
(antiparallel) to the x-ray helicity. These spectra have been deduced from the fluorescence
spectra corrected for self-absorption and energy dependence of the circular polarization rate of
the monochromatic beam. The dichroic spectrum is normalized to 100% circular polarization
rate. The inset shows the details of the dichroic spectrum at the MV edge: notice that there is
basically no dichroism at energies higher than that of the maximum of the absorption.

A = g1µ0(Ef ), whereEf is the energy of the photon resulting from the hole decay andg1

is a geometrical factor:g1 = sinα/ sinβ. µ0(E) is computed using atomic data from [21].
B is adjusted so that the isotropic absorption (assuming it is the average of the absorption
measured for the two opposite circular polarization states) obtained from fluorescence yield
using (1) matches the results from the total electron yield recorded at beamline SU22 of the
Laboratoire pour l’Utilisation du Rayonnement Electromagnétique (LURE, Orsay, France)
[22]. We carefully reproduced the branching ratio and the ratio between the heights of the
white line and the step function accross the edge measured by total electron yield.

The computation of the net circular polarization rate in the monochromatic primary beam
is discussed in [23]. Taking account of the circular polarization rate of the beam before
the monochromator (∼ 0.97) and the monochromator setup we get a computed circular
polarization on the sample which varies fromP ′2(3.50 keV) = 0.33 to P ′2(3.85 keV) =
0.47. The difference between the absorption spectrum for a given circular polarization state
and the isotropic spectrum is divided byP ′2(E). The result is then added to the isotropic
spectrum to give the absorption for a fully circular polarization.

Figure 3 shows the absorption spectra and the dichroic asymmetry deduced from the
fluorescence spectra (figure 2). The absorption correction has substantially modified the
spectra (the ratio of the two absorption dichroic signals is only∼3.5) but still the maximum
of the dichroic signal at the MV edge is shifted towards lower energy by∼1 eV. The
dichroic signal at the MIV edge is broader than at the MV edge. In fact, on the high-energy
side of the MV dichroic asymmetry, an atomic multiplet structure is seen. It is rewarding
that even the pure-J multiplet calculations reproduce qualitatively our dichroic asymmetry
spectrum [24].

One could imagine fitting our dichroic asymmetry spectrum to a model describing the
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trivalent uranium ion interacting with the x-ray beam and taking into account the crystal
field produced by the surrounding ions and the molecular field. A much simpler approach
is to use the sum rules [4, 5, 17] to estimate the orbital and the orbital-to-spin ratio of the
uranium 5f valence electrons. For the case of interest here the sum rules write :

〈Lz〉
3nh
=

∫
MV+MIV

1γ (E)dE∫
MV+MIV

[
γ+(E)+ γ−(E)+ γ iso(E)

]
dE

(2)

and

〈Lz〉
2 〈Se〉 =

2
∫
MV+MIV

1γ (E)dE

2
∫
MV
1γ (E)dE − 3

∫
MIV

1γ (E)dE
. (3)

γ iso(E) is the isotropic absorption spectrum andnh is the number of holes in the 5f shell:
nh ≡ 14− n5f = 11. Following Collinset al [8] we have defined the effective spin
〈Se〉 ≡ 〈Sz〉 + 3 〈Tz〉. 〈Tz〉 is the expected value of the magnetic dipolar operator [5].
Following common practice we write the second sum rule as an orbital-to-spin ratio. This
method should minimize systematic errors. From the absorption and associated dichroic
asymmetry integrals, we measure−〈Lz〉 /3nh = 0.091 and〈Lz〉 / 〈Se〉 = −1.89. The first
sum rule gives〈Lz〉 = −3.0 (2). The main origins for the uncertainty arise from the
background determination in the absorption edge signal i.e. absorption not due to 3d3/2,5/2

→ 5f transitions, and the intrinsic precision of the sum rules [5]. The correction for self-
absorption effects does not significantly contribute to this error bar because we can rely
on total electron yield spectra measured on the same compound and this correction affects
the spectra recorded for both circular polarization states. From the〈Lz〉 value, we obtain a
uranium orbital magnetic moment of 3.0 (2)µB which is parallel to the applied field and
therefore has the same direction as the uranium total magnetic moment. In intermediate
coupling, valid for 5f electrons, a calculation gives〈Tz〉 / 〈Sz〉 = 0.62 [24]. Then we deduce
〈Sz〉 = 0.56 (5), i.e. the uranium ion carries a spin moment of 1.1 (1)µB antiparallel to
the orbital moment. Therefore the total uranium moment (∼1.9µB) extracted from the sum
rules fits well the expected uranium moment (∼1.8µB) within our experimental conditions.
It is worth noticing that the ratio−µL/µS = 2.68 is in close agreement with the value (2.60)
expected for a pure U3+ ionic state [24] and with those deduced from polarized neutron
scattering results in the parent compounds USb and USb0.8Te0.2 [25].

In conclusion, we have reported an x-ray magnetic circular dichroism study performed
at the European Synchrotron Radiation Facility on USb0.5Te0.5 for which the uranium is in
the ionic 3+ state. Using the sum rules, the detailed analysis of the data yields orbital and
spin magnetic moments of the 5f uranium electrons in reasonable agreement with values
extracted from a localized moment approach.

Recently, the ferromagnet UFe2 has been investigated by the same technique as
USb0.5Te0.5 [26]. In agreement with neutron results and band structure calculations, it
has been found that the orbital and spin moments are antiparallel and virtually cancel the
U sublattice magnetization.
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