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Abstract
We report the results of two experiments performed on uranium monosulphide:
measuring the magnetic Compton scattering (MCS) and x-ray magnetic circular
dichroism (XMCD) at the M4,5 uranium absorption edges. From the MCS
experiment we get the spin moment of both the localized (5f electrons) and
the diffuse (mainly 6d electrons) contributions. Combining these results with
bulk magnetization and published neutron diffraction data, we can separate the
orbital and spin contributions to the localized and diffuse moments. Using the
XMCD measurements, we deduce the expectation value of the magnetic dipole
operator. We finally compare our results on US with published measurements
made on USe and UTe.

1. Introduction

In recent years, the study of uranium compounds has attracted much interest because of the
variety of properties that these materials exhibit at low temperature. The spin–orbit interaction
energy is of appreciable strength compared to the crystal-electric-field energy, and the itinerant
or localized character of the 5f electrons depends on their hybridization with the conduction
electrons or with the ligand valence states [1, 2]. Since a number of uranium intermetallics
order magnetically, one important question is that of whether the magnetism is best described
within a localized or an itinerant picture. As discussed for many instances, this central question
can be addressed on the basis of the deviation of the orbital-to-spin ratio of the 5f moment
compared to the prediction given for the ground state by the intermediate-coupling scheme [2].
Therefore it is important to separate experimentally the 5f orbital and spin contributions to the
magnetization density in uranium compounds. Knowledge of these contributions underlies a
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crucial test for theoretical methods of calculating these quantities [3–6]. In addition, it is of
interest to determine whether the conduction electrons have weak orbital moments [7].

US belongs to the class of the uranium monochalcogenides that crystallize in the NaCl
structure and it orders ferromagnetically at TC � 177 K (see table 1) [1]. Although
thoroughly studied, the magnetism in US, classified as an itinerant ferromagnet, is not fully
understood and remains a subject of current interest. US presents a bulk magnetization of
1.55(2) µB /f.u. at saturation [1] and a huge magnetocrystalline anisotropy at low temperature
with the uranium moments pointing along the [111] easy direction [2]. From the slightly larger
valueµ(5f) = 1.70(3)µB for the ordered 5f moment measured by means of polarized neutron
diffraction [2,11], it was concluded that the difference µdiff = −0.15(4) µB is essentially due
to the diffuse U 6d conduction electrons which are polarized antiparallel to µ(5f) [1]. This
antiparallel coupling was confirmed by spin-polarized photoemission experiments [12,13] and
deduced from magneto-optical measurements [14].

Table 1. Material parameters for the uranium monochalcogenides: lattice parameter a, Curie
temperature TC , bulk magnetic moment at saturation µsat [8] and 5f magnetic moment µ(5f)
deduced from neutron diffraction experiments [9, 10]. The moments are given per uranium atom.

Compound a (Å) TC (K) µsat (µB ) µ(5f) (µB )

US 5.489 177 1.55(2) 1.70(3)
USe 5.740 160 1.81(5) 2.0(1)
UTe 6.155 104 1.91(5) 2.25(5)

The magnetic moment carried by the chalcogen atoms is generally considered negligibly
small: the magnetization distribution deduced from magnetic neutron scattering data shows
that the S moment is less than 0.02µB [11]. It should however be noted that the S 3p bands have
a small exchange splitting which is induced by the U moment [3]. Recently, a surprisingly large
XMCD signal was observed at the sulphur K edge in US [15]. A similar huge enhancement
was observed in resonant x-ray magnetic scattering experiments at the K edge of non-magnetic
elements Ga and As in UGa3 and UAs respectively [16]. To date there has been no definitive
interpretation of these measurements; however, it is clear that the amplitude of the signals does
not arise from large S or Ga and As moments [17].

Until recently, the study of the scattering vector dependence of the magnetic form factor,
which can be accurately measured using polarized neutron diffraction, was the only technique
suited to separating the orbital and spin contributions to the magnetization distribution in
uranium compounds [1]. The information provided concerns essentially the U 5f moment
owing to the rapid fall-off of the U 6d contribution to the form factor at small scattering
vectors. The essential result is that the U orbital moment is much larger and antiparallel
to the spin component in contrast to the situation encountered in 3d transition metals. This
was confirmed by band-structure calculations, although the orbital moment was generally
underestimated [3–5]. The actual values of the orbital and spin contributions to the U moment
extracted from the fitting of the magnetic form factor depend somehow on the electron
configuration assumed for the 5f shell. For US, Reim and Schoenes [14] concluded that
the 5f occupation is 2.9, i.e. close to the U3+ configuration (5f3), to be compared to the value
of 2.54 estimated from band-structure calculations [3].

The experimental situation received a dramatic impulse with the advent of third-generation
synchrotron sources whose high intensity allows one to explore the orbital and spin magnet-
ization distributions using circularly polarized x-rays. Among the new emerging techniques,
that based on x-ray magnetic circular dichroism (XMCD) with the aid of sum rules is well suited
for determining the orbital and spin moments of a given electronic shell of a specific element.
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Magnetic Compton scattering (MCS) measurement, which is also a relatively new technique, is
solely sensitive to the total spin magnetization of the sample under study. The two techniques
(see reference [18] for an introduction), which are complementary, both require the presence of
a net magnetization, i.e. they are generally restricted to ferromagnets or ferrimagnets although
experiments on paramagnets or even antiferromagnets are feasible if the magnetic polarization
induced by the external field is sufficient.

In this paper, we first report results of MCS and XMCD measurements performed on US.
In a second step, we combine our results with previous ones, in order to determine the different
magnetic contributions. Finally, we discuss, in terms of the hybridization, their evolution in
the uranium monochalcogenide series (US, USe, UTe).

We used the same US single crystal for the MCS and XMCD experiments. It was grown
by mineralization at the Eidgnössische Technische Hochschule Zürich. Its dimensions are
∼6 × 3 mm2 and its thickness is 2 mm.

We note that a first XMCD experiment was performed a few years ago on US by Collins
et al [19]. As these authors used a second-generation synchrotron radiation source, the photon
flux and the degree of circular polarization of the beam were lower compared to our case,
giving rise to relatively large error bars in their results.

2. X-ray magnetic Compton scattering of US

The technique of x-ray MCS measurement is only sensitive to the spin magnetization. This
peculiarity was first observed experimentally [20] and subsequently supported theoretically
[21, 22]. Furthermore, different series of experiments demonstrated that this now established
technique provides site-specific or even shell-specific information if the corresponding different
electron shell momentum distributions are sufficiently different in shape.

2.1. Compton scattering cross-section

Compton scattering is an incoherent process which involves inelastic scattering of photons
by electrons. The scattering cross-section for polarized photons scattered by a single free
stationary electron was first given a long time ago within the impulse approximation, i.e. when
the recoil energy of the ejected electron is sufficiently high compared with its binding energy
[23]. The electron in the final state can then be treated as a plane wave. This approximation
is valid in our case. It is written as

dσ

d�
= r2

0

2

(
ω2

ω1

)2 [(
ω1

ω2
+
ω2

ω1
− (1 − Pl) sin2 θ

)
− Pc(1 − cos θ)h̄

σ · (k1 cos θ + k2)

mc

]
.

(1)

ω1 (ω2) and k1 (k2) are respectively the energy and wave vector of the incident (scattered)
photons; θ is the scattering angle. r0 = 2.8179 × 10−15 m is the classical electron radius,
m the electron mass, h̄ the normalized Planck constant and c the velocity of light. Pl and
Pc are the linear (relative to axes defined as the normal to the scattering plane and the axis
perpendicular to it, in the scattering plane) and circular Stokes polarization factors for the
incident photon flux, respectively, and σ is a unit vector indicating the direction of the spin.
This expression is written for the case where the initial photon and electron polarizations are
determined. It consists of a spin-independent term, called the charge term, plus a term which
is linearly dependent on the initial electron spin, the magnetic term. Since these calculations
have been performed for a stationary electron, this expression is strictly valid only for pz = 0,
where pz is the projection of the electron momentum along the scattering vector K = k1 −k2.
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Considering Compton scattering against bound electron states, it has been shown with
a fully relativistic treatment that the charge and magnetic cross-sections have different
dependences on pz [24]. In the momentum region comprising the width of a typical Compton
profile (−20 atomic units (au) to +20 au) (1 au = 1.99 × 10−24 m kg s−1), they are approx-
imately linear in pz with slopes that are only slightly different. This means that once the charge
cross-section pz-dependence has been accounted for, the magnetic cross-section dependence
only constitutes a very small additional correction and the simple folding of the profile around
pz = 0 eliminates the need to include it.

For the pz-dependence of the charge cross-section, we use the approximate relativistic
treatment of the differential cross-section given by Ribberfors [25]:
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The momentum transfer is
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√
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and the total energy of the electron is E ≈ √
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2 with the approximation p2 ≈ p2

z .
In the relativistic framework, pz is [26]

pz = h̄K

2
− ω1 − ω2

2c
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ω1ω2(1 − cos θ)
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In equation (2), Jc(pz) is the charge Compton profile (CCP), i.e. the projection of the electron
momentum density, n(p), along the scattering vector. It is normalized following the relation∫ +∞
−∞ Jc(pz) dpz = Zeff , whereZeff is the number of electrons involved in the scattering process.

The magnetic Compton profile (MCP) Jmag(pz) is the difference of the projections of the
electron momentum densities for spin up and spin down. To obtain Jmag(pz) from the data, we
need to express it in terms of the measured cross-section. We propose the following extension
of equation (2):(

d2σ
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)
= r2

0

2

m2c2

h̄KE

ω2

ω1
χ [Jc(pz) + αJmag(pz)]. (7)

This form, where α is pz-independent, follows from our basic approximation (see above,
equation (2)). Explicitly we takeα as the ratio of the charge and magnetic terms in equation (1):

α = −Pc(1 − cos θ)h̄σ · (k1 cos θ + k2)
/
mc

(
ω1

ω2
+
ω2

ω1
− (1 − Pl) sin2 θ

)
.

As we are no longer dealing with a single electron, σ is now redefined as a unit vector parallel
to the magnetization. Jmag(pz) can be obtained by recording two sets of spectra with opposite
values of Pc or σ. |α| is typically �1 and |αJmag(pz)/Jc(pz)| ∼ 10−2 since the number of
unpaired electrons is small relative to Zeff .
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The total spin moment of the compound under study is given, in units of the Bohr
magneton, by the area of the profile

∫ +∞
−∞ Jmag(pz) dpz. The magnetic spin contributions

of the different electronic shells involved in the magnetism are obtained by fitting theoretical
profiles to Jmag(pz).

2.2. Data analysis

In order to determine the experimental CCP, six corrections have been applied to the raw data.
We list them below. Details can be found elsewhere [27].

The cross-section has been corrected for the energy dependence of the detector efficiency
which is determined by the absorption of the germanium crystal.

We need to consider the parasitic CCP induced by the Kapton windows of the refrigerator.
As usual, this has been evaluated with a measurement with no sample in the refrigerator. The
fraction of signal arising from Kapton is ∼9.9% of the total.

To compare the measured CCP to the theoretical one, one has to account for the exp-
erimental resolution function. It can be measured from the spread in energy of the elastically
scattered photons or the fluorescence lines. It is a slightly asymmetric Gaussian function due
to the incomplete charge collection of the Ge crystal of the detector. It can be mimicked
by a convolution product of a Gaussian with a right-angle-triangle-shaped function, the tail
of which is on the low-energy side. The parameters of this function were fitted. The full
width at half-maximum of the Gaussian is, in momentum units, 0.54 au and the area of the
triangle function is only 1.8% of the area of the Gaussian. In order (i) to ensure that the
CCP obtained from our measured cross-section is symmetrical around pz = 0, as it has to
be, and (ii) to be able to work on the folded magnetic profile as required to compensate for
the different pz-dependences of the charge and magnetic cross-sections, we prefer to correct
the weak asymmetry of the resolution function at this stage. Therefore we have convoluted
the experimental data with the triangle function and subtracted the result from the original
data. The area of the subtracted data is therefore 1.8% of the total area of the original exp-
erimental data.

We have considered the effect of multiple scattering [28]. When integrated over energy,
the proportion of the single-, double- and triple-scattering events amounts to 86%, 12% and
2%, respectively.

We have also corrected the cross-section for the absorption in the US sample itself.
Finally, we have determined the residual background originating from non-Compton scatt-

ering events. In the restricted region of interest, say |pz| < 20 au, it is almost linear in pz and
its area represents 4.2% of the CCP area.

We emphasize that the corrections performed on the raw data leave the shape of the MCP
essentially unaffected. They only influence the normalization coefficient, i.e. the total spin
moment. This can be easily understood, as the corrections apply in essentially similar ways
for the two sets of data recorded with the two opposite polarizations.

2.3. Experimental procedure

The measurements were performed at the end-station of beamline ID15A of the European
Synchrotron Radiation Facility (ESRF), Grenoble, France, where the best conditions for MCS
experiments can be achieved [29].

We used a standard backscattering geometry which is displayed in figure 1.
The energy of the incident photons was ω1 = 104.36 keV, below the absorption K-edge

energy of uranium (115.6 keV). At this energy, which is about twice that used in earlier
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θ

Figure 1. The schematic scattering geometry of the Compton experiment. The scattering angle
is θ = 171.2◦. The scattering vector K corresponding to photons scattered by electrons at rest
is parallel to the [111] crystal axis. The angle between the incident beam and [111] is 3.7◦. An
external magnetic field, Bext , of magnitude 0.9 T is applied alternately parallel and antiparallel
to the [111] direction. The data were recorded for a duration of 50 s after a sleeping time of 5 s
following the field reversal.

experiments [30, 31], the absorption in the sample is decreased, the magnetic contribution
increased and the momentum resolution improved.

We used a closed-cycle refrigerator and the magnetic field of 0.9 T was applied along
the [111] crystal axis which is the easy axis. Due to the huge magnetic anisotropy of US at
low temperature [2], the data were recorded at 160 K (still below TC = 177 K) to minimize
the magnetic torque acting on the sample while the magnet rotates. At this temperature the
magnetic anisotropy of US is reduced as compared to that at low temperatures and the magnet-
ization is still sizable [2]. Under these conditions we measured a bulk magnetic moment
µbulk = 1.08(5) µB /f.u. on our crystal. To simplify comparisons, we renormalized all the
values for the different moments given in this paper to saturation at low temperature, using the
bulk magnetization temperature dependence measured for our sample as reference.

In order to experimentally determine Pl and Pc, an auxiliary measurement was performed
on metallic Fe with the same experimental set-up and the same geometry. We used the result∫ +∞
−∞ Jmag(pz) dpz = 2.12 for Fe [32].

The flipping ratio defined as the ratio between the difference and sum of counts in the
Compton peak region for the two orientations of the field was −0.218(5)% for US and 1.97(2)%
for Fe.

2.4. Results

In figure 2(a), we compare the CCP with the calculated one convoluted with the Gaussian resol-
ution function. The theoretical atomic profiles describe accurately the inner-shell momentum
densities for |pz| > 2 au. Conduction electrons, which are at low momentum density, are not
well accounted for in this model due to solid-state effects. The nice agreement between the
corrected data and the calculated line for |pz| > 2 au in figure 2(a) shows that the different
corrections have been properly performed.

The MCP of US is shown in figure 2(b). It is negative, reflecting that the spin moment
of US is antiparallel to Bext. This is expected, as the main contribution to the bulk magnetic
moment of US is the 5f orbital moment which is therefore parallel to Bext. Also, the dominant
contribution to the MCP arises from the uranium 5f electrons, whose spin moment is anti-
parallel to the 5f orbital moment, following Hund’s rule.

The total area of the MCP gives the total spin moment of US, µS = −1.33(9) µB .
The error bar given here corresponds to statistical errors and uncertainties introduced by the
normalization to saturation magnetization at low temperature. The MCP is then analysed in
the region with pz > 2. Among the electronic shells liable to be magnetized, the only one
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Figure 2. (a) Comparison between the measured and calculated (from reference [33]) charge
Compton profiles of US. (b) The magnetic Compton profile of US (filled circles) and the fit (solid
line) obtained from the 5f and 6d free-atom calculated profiles of U convoluted with the experimental
resolution function. The dashed line is the contribution of the 5f electrons of uranium.

with sizable momentum density above 2 au is the 5f shell (figure 3). Therefore we fit the data
with pz > 2 au to the 5f theoretical atomic profile (convoluted with the resolution function).
We deduce the 5f spin moment µS(5f) = −0.97(7) µB . The remaining part of the MCP
characterizes the diffuse spin moment arising from other electronic shells. It turns out that,
as shown in figure 2(b), the diffuse contribution to the MCP is well fitted by the U 6d atomic
theoretical profile and we find µS(diff) = −0.36(3) µB . We note that the S 3p shell has a
very similar profile to the U 6d one (figure 3).
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3p (S)

5f (U)

Figure 3. Different normalized free-atom Compton profiles [33] of selected electrons of US.

3. X-ray magnetic circular dichroism at the M4,5 edges of US

3.1. Background

The XMCD technique has opened up the possibility of probing the magnetic moment of a
given chemical element with electronic shell selectivity. It consists of measuring, at energies
in the vicinity of an absorption edge, the difference in absorption of x-rays with different
handedness of circular polarization. For probing the 5f shell of uranium, the M4,5 edges
located at 3.73 and 3.55 keV are suitable, as they involve the electronic 3d3/2,5/2 −→ 5f
transitions. With the help of the sum rules [34, 35], this new magnetometry tool allows one
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to measure 〈Lz〉/nh and 〈Lz〉/〈Sez 〉 with 〈Sez 〉 ≡ 〈Sz〉 + 3〈Tz〉 where 〈Lz〉, 〈Sz〉 and 〈Tz〉 are the
expectation values of the z-projections of respectively the orbital angular momentum, the spin
angular momentum and the magnetic dipole operators of the 5f shell and nh is the number of
holes in this shell.

One of the assumptions made in the derivation of the sum rules is that the U 3d3/2,5/2

core levels are characterized by a large spin–orbit splitting, much larger than other relevant
interactions (e.g. the intra-atomic 3d–5f exchange interaction). This condition is clearly
fulfilled for uranium.

We will use the first sum rule [34] to derive 〈Lz〉. The orbital moment of the U 5f shell
is given by µL(5f) ≡ −〈Lz〉 µB . The use of the second sum rule [35] is more tricky because
of the presence of both 〈Sz〉 and 〈Tz〉. Usually, together with the second sum rule, one uses a
model estimate for 〈Tz〉 and thereafter deduces 〈Sz〉 [36]. Here we will use the experimental
MCS value for 〈Sz〉 to deduce a value for 〈Tz〉.

3.2. Experimental procedure

XMCD measurements were carried out at the ESRF beamline ID12A, which is dedicated to
polarization-dependent x-ray absorption studies [37, 38]. The source is the helical undulator
Helios-II which provides high flux, high circular polarization rate (about 0.97) and tunable
helicity of the incoming beam. The monochromator was equipped with a pair of Si(111)
crystals. Due to the monochromator set-up, the computed degree of circular polarization
of the beam at the sample is dramatically reduced. It was estimated to be 0.35 and 0.45
respectively at the M5 and M4 edges [39].

The spectra were recorded at 160 K in the fluorescence-yield detection mode. Although
the fluorescence is not strictly proportional to the absorption [19], this method gives reliable
results for uranium compounds as far as the use of the sum rules is concerned [40]. The
two spectra needed for the dichroism were recorded by flipping the direction of the applied
magnetic field of 2 T produced by a superconducting cryomagnet (i.e. parallel and antiparallel
to the direction of the incoming beam). This method is equivalent to switching the handedness
of the circular polarization. For experimental reasons the easy magnetization axis [111] of US
made a 45◦ angle with Bext in the plane defined by the directions [111] and [100]. The external
field was applied along the direction of the x-ray beam (figure 4). A separate measurement of
the total bulk magnetization of US under the same geometrical conditions leads to a moment of
0.97(5) µB . As for the MCS, the experimental values given in the following are renormalized
to low-temperature saturation.

[100]

[111]

sample
B extincident X-rays

fluorescence
X-rays

10°

Figure 4. A schematic top view of the experiment
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The fluorescence spectra have been corrected for self-absorption effects using a well
established procedure [36,41] to give the absorption spectra. We note that, because the XMCD
signal at the M5 edge is much weaker than that at the M4 edge, the self-absorption correction
has a negligible influence on the size of the moments deduced from the two sum rules.

3.3. Estimation of the uncertainties

Our estimate of the uncertainties which takes into account both the transformation from
fluorescence to absorption and the application of the sum rules, but not the intrinsic sum
rule uncertainties, gives relative variations of 7% on 〈Lz〉/3nh and less than 1% on 〈Lz〉/〈Sez 〉.
The smaller uncertainty in the ratio 〈Lz〉/〈Sez 〉 is easily understood, as the simultaneous use of
the two sum rules means that the areas of the absorption white lines are not required because
they cancel out in the ratio. From our results, we deduce that the data treatment has no real
influence on the orbital-to-spin ratio (�1%). Considering the intrinsic approximation in the
sum rules and the uncertainty introduced by the self-absorption correction and the use of these
sum rules, we finally estimate an upper bound for the total uncertainties: 10% on 〈Lz〉/3nh
and 4% on 〈Lz〉/〈Sez 〉.

3.4. Results

In figure 5 we present the fluorescence and difference spectra recorded for US. Figure 6
displays the absorption and dichroism spectra obtained from the fluorescence spectra of US.
Whereas the shape of the dichroism spectrum at the M4 edge more or less scales with the
corresponding white line, the M5 one has a peculiar structure. The extremum of the dichroic
signal occurs at an energy lower than that of the maximum of the absorption. In addition,
a positive structure is observed on the high-energy side of the extremum. This shape was
already suggested by the work of Collins et al [19] on US. It was also observed for other
uranium compounds and a qualitative interpretation for it has been given in reference [43].
The application of the sum rules yields 〈Lz〉/3nh = −0.079(13) and 〈Lz〉/〈Sez 〉 = −1.56(6).
For the 〈Lz〉/3nh value, we have taken into account the uncertainty due to the renormalization
to the saturation at low temperature. Comparing to reference [19] we find a value of 〈Lz〉/3nh
that is somewhat lower (∼20%) whereas that of 〈Lz〉/〈Sez 〉 is very similar.
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Figure 5. Fluorescence and difference spectra at the M4,5 edges of uranium in US at 160 K and
2 T. For each edge we present the fluorescence spectra recorded for the two opposite directions of
Bext . The difference between the two spectra at the M5 edge is almost invisible in the figure.
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Figure 6. Absorption and dichroism spectra at the M4,5 edges of uranium in US at 160 K and 2 T.
The absorption spectra have been deduced from the fluorescence spectra which have been corrected
for self-absorption and energy dependence of the circular polarization rate of the monochromatic
beam. For each edge, the two absorption spectra correspond to the two opposite directions of Bext .
The difference between the two spectra at the M5 edge is almost invisible in the figure. The dotted
line is the step-like function used for the background determination.

The determination of the orbital contribution to the 5f magnetic moment requires a value
for nh. It can be derived from band-structure calculations. Taking the 5f occupation number
(namely 2.54) computed by Trygg et al [3], it follows that nh = 11.46. Then the application
of the first sum rule leads to 〈Lz〉 = −2.7(4). This means that the uranium ions carry a 5f
orbital moment of µL(5f) = 2.7(4) µB parallel to the applied field, as expected. We note that
assuming a uranium valency of +3, i.e. nh = 11, would not change the result significantly.
Combining µL(5f) with the total 5f moment µ(5f) = 1.70(3) µB obtained from neutron
scattering [11], we get µS(5f) = −1.0(4) µB in nice agreement (although less accurate) with
the MCS result. This confirms the consistency of the data obtained by different techniques.

4. Orbital and spin magnetism in US; comparison with USe and UTe

The MCS results in combination with the total and 5f moments as determined by magnet-
ization and neutron diffraction experiments allow for the separation of the spin and orbit
contributions to the different magnetic moments in US. From the MCS saturated spin moment
(−1.33(9) µB) and the bulk magnetization value (1.55(2) µB) we can deduce the total orbital
magnetic moment of US as follows: µL = µ−µS = 2.88(9) µB . As µS(5f) and µS(diff) are
known from the MCS results and µ(5f) and µ(diff) from the combined analysis of neutron
and magnetization measurements, we obtain µL(5f) = µ(5f) − µS(5f) = 2.67(8) µB and
µL(diff) = µ(diff) − µS(diff) = 0.21(5) µB . The different contributions to the magnetic
moments in US are summarized in table 2.

From the definition of 〈Sez 〉, we can write

〈Tz〉 = 〈Lz〉
3

( 〈Sez 〉
〈Lz〉 − 〈Sz〉

〈Lz〉
)
. (8)

The XMCD provides a precise estimate for the ratio 〈Lz〉/〈Sez 〉 (−1.56(6)). Taking this together
with 〈Lz〉 = −µL(5f)/µB = −2.67(8) and 〈Sz〉 = −µS(5f)/(2µB) = 0.48(3) taken from
table 2, we find 〈Tz〉 = 0.41(4).
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Table 2. Different magnetic contributions for US, USe and UTe, in units of µB , deduced from
MCS experiment values (analysis of Compton data recorded on USe and UTe in reference [31],
this work for US) combined with magnetization and neutron scattering data (table 1). We do not
make any hypothesis regarding the diffuse orbital moment and reasonable uncertainties have been
added to the UTe results. The orbital-to-spin ratios for 5f electrons determined from the MCS
(using the neutron value for the total 5f moment), neutrons [9, 45, 46] and calculations for free
ions assuming an intermediate-coupling scheme [19, 44] are also indicated. The error bars on the
neutron orbital-to-spin ratios for US and UTe have been determined by fitting the published data.

US USe UTe

µL 2.88(9) 3.21(6) 3.25(7)
µS −1.33(9) −1.40(3) −1.34(5)

µ(5f) 1.70(3) 2.0(1) 2.25(5)
µL(5f) 2.67(8) 3.1(1) 3.26(7)
µS(5f) −0.97(7) −1.09(2) −1.01(5)

µ(diff ) −0.15(4) −0.19(11) −0.34(7)
µL(diff ) 0.21(5) 0.12(11) −0.01(9)
µS (diff ) −0.36(3) −0.31(1) −0.33(5)

−µL(5f)/µS(5f):
Compton 2.75(22) 2.84(11) 3.23(17)
Neutrons (5f3) 2.4(3) — 2.2(4)
Free ions (5f3) 2.54 2.54 2.54
Free ions (5f2) 3.36 3.36 3.36

The comparison of the experimental values of 〈Lz〉, 〈Sz〉 and 〈Tz〉 with those computed
for two 5fn ground-state configurations (table 3) indicates that both 〈Sz〉 and 〈Lz〉 lie close
to the 5f3 configuration values, but this configuration is not confirmed by the value of 〈Tz〉.
However, we note that (i) the theoretical value of 〈Tz〉 depends slightly on the parameters of
the intermediate coupling: 〈Tz〉 = 0.31 according to reference [19] and 0.33 according to
reference [44] and (ii) the Hartree–Fock calculations for US [6] predict1 〈Tz〉 = 0.36 with a 5f
electron number of 2.88. This indicates a certain uncertainty for the theoretical values of the
expectation values of the operators. The fact that, according to the values of 〈Sz〉 and 〈Lz〉, the
electronic state of U in US is close to the 5f3 state is in agreement with a previous experimental
result [14].

Table 3. The moments for the 5fn atomic ground-state configurations calculated with the inter-
mediate-coupling scheme using published data [44]. The moments have been rescaled by the
same factor to reproduce the known total 5f moment, µ(5f). The calculated total moments before
rescaling are denoted by µ(5f)∗.

Configuration 〈Lz〉 〈Sz〉 〈Tz〉 〈Sez 〉 〈Lz〉/〈Sez 〉 µ(5f) (µB) µ(5f)∗ (µB)

U 5f2 −2.42 0.36 0.42 1.62 −1.49 1.70 3.30
U 5f3 −2.76 0.53 0.33 1.52 −1.82 1.70 3.43

Since we have established the different magnetic contributions in US, of particular interest
here are the studies of Sakurai et al [30] and Hashimoto et al [31] performed on the ferro-
magnets UTe and USe, respectively. The values of the spin moments of the 5f and the so-called
diffuse electrons for both UTe and USe have been determined by means of magnetic Compton
scattering.

1 In our convention the z-axis is oriented parallel to Bext .
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Using the same procedure as for US, we determine the different magnetic contributions
of USe and UTe without restriction on the µL(diff) value, but using the data obtained from
neutron scattering [9, 10, 45]. Thus, we are able to compare the magnetic moments of the
chalcogenide UX series (X = S, Se, Te) and see the effects of the size of the chalcogenide
element. We expect the degree of localization of the 5f electrons to increase with the atomic
number of the chalcogenide element. The results are given in table 2. Examining that table, we
first notice that µ(5f) increases in accordance with the saturated magnetization and the lattice
parameter (see table 1). µL(5f) follows the same trend, while µS(5f) seems to be roughly
constant. Moreover, we notice the parallel coupling of µS(5f) and µS(diff).

The most original feature arises from the non-vanishing orbital moment for the diffuse
magnetic moment for the first two compounds. Although for USe the error bar is quite large
compared with the absolute value, our data for US clearly indicate a finite value. This reflects
a relatively strong spin–orbit coupling for the diffuse electrons. A similar orbital polarization
of the 5d band was observed in several rare-earth compounds [7]. Furthermore, we note that
µL(diff) decreases monotonically from US to UTe. Also, like µS(5f), µS(diff) does not vary
significantly.

The ratio −µL(5f)/µS(5f) estimated from MCS data can be compared to the one deduced
from the fit of the neutron magnetic form factor and to the free-ion values calculated within the
intermediate-coupling scheme. A rather good agreement within error bars is obtained between
all of these values, assuming a U3+ valence state for US. Whereas the error bars include the
MCP, neutron and theoretical values for US, this is not the case for USe and a large discrepancy
is observed for UTe.

It is generally assumed for the uranium monochalcogenide series that the 5f electrons
are localized with a 5f3 ground state in UTe whereas in US they should be hybridized, the
situation for USe being intermediate. However, the experimental orbital-to-spin ratio for US
shows that the 5f electrons are only weakly hybridized, since it is very close to the free-ion
value. We would then anticipate −µL(5f)/µS(5f) to be almost equal to the free-ion ratio for
USe and UTe. This is not observed experimentally, in particular for UTe. Considering now
the Compton results separately, we notice that throughout the UX series, the Compton values
would indicate a 5f3 ground state with a weak hybridization for US, a 5f2 ground state for
UTe and an intermediate configuration for USe. Within this picture, the Compton and neutron
results for UTe are consistent, since the fit of the neutron data gives −µL(5f)/µS(5f) = 2.6(5)
under the hypothesis of a 5f2 configuration. The Compton and neutron ratios are still smaller
than the free-ion 5f2 value. This would indicate that in fact the electronic configuration of
U in UTe is not purely 5f2. Since the attribution of a 5f2 ground state for the 5f electrons in
UTe is unconventional, more experiments are needed to support our conclusion; in particular,
polarized neutron diffraction studies on USe seem not to have been performed.

A note of caution is in order concerning the information extracted from the magnetic
Compton profile. The theoretical atomic profile for the 5f electrons is only used in a pz-region
in which its shape is thought to be reliable. However, this profile is normalized. Therefore, if
the area for pz < 2 au is very different from the atomic estimate, the profile for pz > 2 au will
be changed and then the 5f spin moment estimate will not be correct. For instance, if the area
for pz < 2 au was notably smaller than that given by the available theory, the absolute value of
the 5f spin moment would be larger than that given in table 2. Clearly a theoretical study of the
magnetic Compton profiles would be worthwhile. This remark points more generally to the
limitations of the models currently available for the interpretation of MCS and XMCD data:
these models are based on atomic physics, and subtle effects including electron delocalization
and hybridization are not well accounted for. Our treatment of the XMCD data also neglects
coherence effects which could modify the ratio between the dichroic signals [47].
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5. Conclusions

MCS measurements have been performed on US at 160 K and 0.9 T and XMCD experiments
at the M4,5 edges of uranium at 160 K and 2 T. Combining the MCS results with the bulk
magnetization and neutron scattering data, we separate the spin and orbital moments of the
5f shell and diffuse electrons. We find a non-zero orbital moment on the diffuse (mainly 6d)
component, parallel to the field direction and therefore to the 5f orbital moment.

We can ascribe the diffuse moment measured by means of MCS to the 6d electrons on the
grounds of neutron work, which concludes that there is a negligible moment on sulphur. Part
of the diffuse moment that we observe could eventually arise from sulphur 3p electrons. This
however would not change our main conclusion, which concerns the existence of an orbital
component for the magnetic moment of the diffuse electrons.

The orbital and spin moments indicate a 5f3 atomic ground-state configuration of U in
US, in agreement with previous experimental results.

Concerning the tendency in the chalcogenide series UX, we confirm the trend of local-
ization of the U 5f electrons: the orbital magnetic moments increase with the lattice parameter
while the spin contributions do not vary significantly.
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