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Abstract
A magnetic structure of SmFe2 with a Laves phase crystalline structure was
investigated by means of white-x-ray magnetic diffraction. The orbital and the
spin magnetic form factors of Sm and Fe ions have been obtained as a function of
momentum transfer. Their extrapolation to zero momentum transfer, according
to the dipole approximation based on an atomic model, has given the values
of the spin and the orbital magnetic moments of Sm ions as −2.54 ± 0.55 µB

and 2.79 ± 0.61 µB , respectively. This result confirms that the small magnetic
moment of Sm ions arises from antiparallel coupling between the spin and
the orbital magnetic moments. The spin and the orbital magnetic moments
of Fe ions have been also estimated, as 1.13 ± 0.25 µB and 0.19 ± 0.04 µB ,
respectively.

1. Introduction

For the last two decades, x-ray magnetic scattering experiments have been developed as
powerful tools for studies of magnetism. Highly brilliant synchrotron radiation sources have
extended the scope of the applications of x-ray studies to many and various magnetic materials.
Thanks to the intense x-rays, it has also become possible to measure x-ray magnetic scattering
amplitude quantitatively; this is much smaller than that of the normal charge scattering—by
of the order of h̄ω/mc2 [1–3]. The most remarkable aspect of the x-ray magnetic scattering
technique is that the spin and the orbital magnetic form factors can be separated; we will
call this S–L separation [3–6], because the cross-section of the non-resonant magnetic Bragg
scattering has independent spin and orbital terms of the magnetic form factors. The white-x-
ray magnetic diffraction (WXMD) technique proposed by Collins and Laundy [14] enables
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us to carry out the S–L separation without using complicated experimental procedures. For
WXMD, the following simple equation can be applied when polarized x-rays are scattered
with the scattering angle (2θ) of 90◦:

R = I+ − I−
I+ + I−

= E

mc2
fP

[
2S(k)

n(k)
sin α +

L(k)

n(k)
(sin α + cos α)

]
. (1)

Here, I+ and I− are the diffraction intensities for the positive and the negative directions of a
sample’s magnetization, respectively; E is the incident x-ray energy; mc2 is the electron rest
mass energy; fP is the polarization factor which is equal to pc/(1 − pl), where pc and pl are
the degrees of circular polarization and linear polarization in the scattering plane, respectively.
S(k), L(k), and n(k) are the structure factors of the densities of the spin magnetic moment,
the orbital magnetic moment, and the electron charge, respectively. α is the angle between
the directions of the incident x-rays and the magnetization of the specimen. Flipping ratio R
corresponds to the magnetic scattering amplitude. This equation indicates that S(k)/n(k) and
L(k)/n(k), which have coefficients depending on α, can be evaluated separately from pairs
of R-values obtained for two different α-values. The advantages of the WXMD technique
have been reported in [14–17]. Several WXMD experiments have been attempted previously
on pure metals, Fe [15–18], Ni [17], Co [19], Tb [20], and some other compounds [5, 16].
WXMD studies of 3d–4f intermetallic compounds have also been reported, for HoFe2 [15] and
DyCo5 [21]. Good agreement of the magnetic form factors between WXMD study, neutron
study, and theoretical calculations has already been confirmed for HoFe2 [16].

In the present study, a WXMD study of SmFe2 was performed in order to deduce the
spin and the orbital magnetic form factors. SmFe2 is an intermetallic compound and has the
cubic Laves phase of C15 structure. The magnetic moment of SmFe2 at 4.2 K and the Curie
temperature of a polycrystalline sample have been reported as 2.25–2.75 µB per formula unit
and 676 K, respectively [22–24]. For a single-crystal sample, the magnetic moment has been
obtained as 3.02 µB per formula unit [25]. The magnetic moments of the Fe sublattice in
RFe2 (R: rare earth) [8, 9], excluding SmFe2, have been estimated as from 1.4 to 2.0 µB

by means of nuclear magnetic resonance measurements. Therefore, the magnitude of the
magnetic moments of Sm ions is considered to be very small. It has been believed that such
a small value of the magnetization is due to antiparallel coupling between the spin magnetic
moment and the orbital one, which reduces the moment at Sm sites. The details of the magnetic
structure are, however, unknown, because neutron diffraction experiments are difficult for Sm
compounds [28]; this is because Sm is one of the neutron absorption atoms. In the present
study of WXMD, the spin and the orbital magnetic form factors of both Sm and Fe atoms at
room temperature have been deduced from the experimental data with an analysis using the
dipole approximation. The net spin and the orbital moments have been estimated as the values
of S(0) and L(0), where S(0) and L(0) are S(k) and L(k) at k = 0.

2. Experimental details

A single crystal of SmFe2 was synthesized by the Bridgman method, where a Sm65Fe35 (at.%)
alloy ingot was used as a base material. The Sm65Fe35 ingot was prepared by arc-melting from
Sm (purity: 99.9%) and Fe (99.9%) metals in an argon gas atmosphere. The ingot was placed
in an alumina crucible coated with a boron nitride layer. The crucible was packed in a quartz
ampoule with Ar gas (150 Torr) and was moved down slowly in a furnace after annealing
for 4 h at 850 ◦C. The specimen of the single crystal has the dimensions of roughly 2 mm
diameter × 0.1 mm thickness and has a (1 1 1) plane in the disc surface.
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Figure 1. The schematic geometry of the x-ray magnetic Bragg scattering measurement. The
angle α between the directions of the incident x-rays and the magnetization of the sample is set to
(a) 0◦ and (b) 90◦ .

The magnetic field dependence of the magnetization was measured using a vibrating-
sample magnetometer. The reflection planes (h h 0) and (3h 3h h) have been chosen as
possible configurations such that the easy magnetization axis should be very close to the
direction of the magnetic field applied to the sample, because the present analysis will be
carried out on the assumption that the angle α can be given as the angle between the directions
of the incident x-rays and an external magnetic field instead of the magnetization of the sample.
The angles between the easy magnetization axes (1 1 1) and the direction of the applied field
are 9.8◦ in the experiment on the (h h 0) reflection planes series and 3.5◦ in the experiment on
the (3h 3h h) series. The saturation of the sample magnetization for each case is verified by
magnetization measurements using a vibrating-sample magnetometer.

The measurement of the WXMD at room temperature was carried out at BL3C2 at the
Photon Factory, Institute of Material Structure Science, where a diffractometer designed for
WXMD experiments is installed. Schematic layouts for the experimental devices with α = 0◦
and 90◦ are shown in figures 1(a) and (b). The geometries with α = 0◦ and 90◦ give L(k) and
L(k)+2S(k) according to equation (1), respectively. The sample was mounted in a field of 1 T
created by an electromagnet. A pure germanium solid-state detector (SSD) in which the energy
resolution is better than 300 eV was used to count the intensities of the scattered x-rays. In the
case where the energy separation between the fluorescence and the diffraction was too small to
resolve by means of the SSD, high-energy-resolution measurements were performed using an
analyser crystal of graphite (0 0 2). The direction of the external magnetic field applied to the
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Figure 2. Typical profiles of (h h 0) reflections at α = 0◦. (a) The profile of charge scattering.
(b) The profile of magnetic scattering. The diffraction peaks up to h = 22 were used for the
analysis; the labels for the peaks from h = 16 to 22 are omitted.

sample was reversed every 10 s. The primitive level, which corresponds to the orbital plane
of the synchrotron ring, was calibrated every 4 h in order to keep the polarization factor at the
sample position constant during the measurements. The primitive level is the one which gives
the minimum of the scattering intensities, because the scattering amplitude increases with the
degree of circular polarization. The use of the white x-rays and single crystals often allows
multiple-scattering paths. The multiple-scattering amplitudes were removed or minimized
using an azimuthal scan.

3. Results and discussion

Typical diffraction patterns for the (h h 0) reflection are shown in figures 2(a) and (b), which
correspond to the diffraction patterns of the charge (I+ + I−) and the magnetic scattering
(I+ − I−), respectively. All the peaks in figure 2(a) are observed at the same time by means of
an energy-dispersive measurement using an SSD. The (4 4 0) diffraction peak in figure 2(a)
is superposed on three or four peaks of fluorescence lines such as Fe Kα1,2 and Fe Kβ. In
(3h 3h h) reflections, the (3 3 1) peak is also superposed on the fluorescence. For (4 4 0), a high-
energy-resolution measurement using an analyser crystal of a graphite (0 0 2) was performed,
and the intensity of the diffraction peaks that are not contaminated by the fluorescence have
been measured and used for analysis. The magnetic effects from these fluorescence peaks are
negligible in figure 2(b), because their intensity can be accounted for as the area of magnetic
circular dichroism in both the resonant and non-resonant energy regions of absorption. This
means that the profile in figure 2(b) comes from just the magnetic effect of diffraction. The
R-values measured for a series of (h h 0) reflections with α = 0◦ and 90◦ are plotted in
figures 3(a) and (b), respectively; the R-values for the (3h 3h h) series with α = 0◦ and
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Figure 3. The flipping ratio R for the reflections of the (h h 0) series; (a) is for α = 0◦; (b) is
for α = 90◦ . The open circles denote the values measured by setting the sample position 0.5 mm
below the orbital plane; the filled circles are for a position 0.5 mm above. The filled circle for
(22 22 0) at 36.78 keV in panel (b) is not seen, because its value is 4.04 ± 1.90%.

90◦ are also plotted in figures 4(a) and (b), respectively. The open circles and the filled ones
correspond to the values measured by setting the sample position at 0.5 mm below and above
the orbital plane, respectively. The distributions of the plotted points in both figures 3 and 4
are favourably symmetric with respect to the primitive line of R = 0, which results from the
antisymmetrical shape of fP with respect to the orbital plane and ensures reliability of the
present results. The averages of the absolute values of R obtained above and below the orbital
plane are used for the analysis of the S–L separation based on equation (1). The values of fP

are tabulated in table 1; they were calculated with the computer program ‘SPECTRA’ using
WXMD data measured for an iron single crystal in advance. The deduced L(k), S(k), and
L(k) + 2S(k) for both the (h h 0) and the (3h 3h h) reflections are shown in figure 5. The
structure factors of F(k), S(k), and L(k) are given as

F(k) = NSm(h, k, l) fSm(k) + NFe(h, k, l) fFe(k), (2)

S(k) = NSm(h, k, l)SSm(k) + NFe(h, k, l)SFe(k), (3)

L(k) = NSm(h, k, l)LSm(k) + NFe(h, k, l)LFe(k), (4)

where fSm(k) and fFe(k) represent the charge scattering form factors, SSm(k) and SFe(k) are
the spin magnetic form factors, and LSm(k) and LFe(k) are the orbital magnetic form factors
for Sm and Fe, respectively. The phase terms of the x-ray scattering for Sm and Fe sites are
represented by NSm and NFe, respectively. The values of NSm and NFe for the (h h 0) and the
(3h 3h h) reflections are shown in table 1. Table 1 shows that S(k) and L(k) for the (h h 0)

reflection series directly correspond to SSm(k) and LSm(k) in the case of h = 4n + 2, where n
denotes an integer.

To deduce the values of the spin and the orbital moments from S(k) and L(k), an analysis
using the dipole approximation based on a free ion model was carried out. According to the
dipole approximation, the magnetic form factors are expressed as follows [31]:

SM(k) = SM(0)〈 j0〉M (M = Fe or Sm) (5)

LM(k) = LM(0){〈 j0〉M + 〈 j2〉M} (M = Fe or Sm). (6)

Here, SM(0) and LM(0) correspond to the net spin and orbital magnetic moments, SM and
LM, respectively, along with the applied magnetic field; 〈 j0〉M and 〈 j2〉M are the relativistic
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Figure 4. The flipping ratio R for the reflections of the (3h 3h h) series; (a) is for α = 0◦; (b) is
for α = 90◦ . The open circles denote the values measured by setting the sample position 0.5 mm
below the orbital plane; the filled circles are for a position 0.5 mm above. The filled and open
circles for (3 3 1) at 5.153 keV in panel (b) are not seen, because their values are 2.48 ± 0.08 and
−2.66 ± 0.10%, respectively.

Table 1. The polarization factor, f P , and the phase terms, NSm and NFe, in the structure factors
for the (h h 0) and (3h 3h h) reflection series of SmFe2 (h represents a natural number). The value
of fP has been calculated using WXMD data measured for an iron single crystal.

Index fP NSm NFe

(h h 0) h �= 2n — 0 0
(2 2 0) 12.06 8 0
(4 4 0) 11.17 8 16
(6 6 0) 10.80 8 0
(8 8 0) 10.59 8 16
(10 10 0) 10.40 8 0
(12 12 0) 10.56 8 16
(14 14 0) 10.42 8 0
(16 16 0) 10.42 8 16
(18 18 0) 10.41 8 0
(20 20 0) 10.41 8 16
(22 22 0) 10.41 8 0
(3 3 1) 11.45 5.66 −8
(6 6 2) 10.77 0 16
(9 9 3) 10.40 −5.66 −8
(12 12 4) 10.51 −8 16
(15 15 5) 10.42 −5.66 −8
(18 18 6) 10.41 0 16
(21 21 7) 10.41 5.66 −8
(24 24 8) 10.43 8 16

radial integrals of the product of the wavefunction multiplied by spherical Bessel functions of
order 0 and 2, respectively. SSm, LSm, SFe, LFe are obtained as the best-fitted parameters by
the least-squares method, where the weights of statistical errors are taken into account. All
the reliable values of R up to (22 22 0) for the (h h 0) reflection series and up to (21 21 7)

for the (3h 3h 0) series except for (2 2 0) and (3 3 1) are used for the fitting analysis. The
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Figure 5. Magnetic form factors, S(k), L(k) and L(k)+ 2S(k), calculated from observed R-values
using equation (1). The results for the reflection series (h h 0) are shown as filled circles from
(6 6 0) to (22 22 0), and the results for the (3h 3h h) series are shown as open circles from (6 6 2)

to (21 21 7). The results of the fitting are also shown as crosses for both reflection groups.

values of R for (2 2 0) are thought to be unreliable judging from their asymmetric distribution
of R in figure 3. One of the reasons for the asymmetric distribution can be provided by the
following arguments. In the measurements of the (h h 0) reflection series, the angle between
the incident (or scattered) x-rays and the plane of the surface of the sample is as small as 9.8◦.
The absorption effect at the energy of 3.34 keV on the (2 2 0) peak, which strongly depends on
the roughness of the surface of the sample, is much larger than that on the other higher-energy
peaks. Therefore, the small movement of the sample can have a considerable influence on the
absorption effects on the (2 2 0) intensity when the electromagnet switches the direction of the
external field. The values of 〈 j0〉M and 〈 j2〉M are quoted from [32], where the values for Sm
are based on a single J -state. The dependence of the shape of the magnetic form factors on the
J -state is estimated to be small, so the possibility of excited J -states has no appreciable effect
on our analysis. The values of SSm, LSm, SFe, LFe obtained are tabulated in table 2. S(k), L(k),
and L(k) + 2S(k) deduced using the values of SSm, LSm, SFe, LFe from the fitting are plotted in
figure 5. The values obtained by analysis are in favourable agreement with the measured ones
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Figure 6. Magnetic form factors S(k), L(k), and L(k) + 2S(k) estimated from the values from the
analysis of the fitting (a) for Sm, (b) for Fe.

Table 2. Spin and orbital magnetic moments which have been obtained by a fitting based on the
dipole approximation. The total magnetization L +2S per unit formula for SmFe2 is also tabulated.

Sm ion Fe ion SmFe2

L (µB) 2.79 (±0.61) 0.19 (±0.04)
2S (µB) −2.54 (±0.55) 1.13 (±0.25)
L + 2S (µB) 0.25 1.32 2.89

as seen in figure 5. The magnetic form factors calculated from the results of the fitting are
shown in figures 6(a) and (b) for Sm and Fe, respectively. There are three possible sources of
errors in the values of the moments in table 2. The first one is the statistical error represented
as the square of photon counts. The second is the systematic error due to the inherent noises
in the electronic devices or the instability of the polarization factor during the experiments.
The third error is in the fitting analysis of the least-squares method. Among these, the most
significant error is the statistical one, dominating over the systematic and the fitting errors.

The total magnetic moment of SmFe2, 2.89 µB per formula unit, is slightly larger than
the value 2.60 µB (at 1 T) estimated from the magnetization. One of the reasons is that the
direction of the spin polarization of the conduction electrons is opposite to that of the external
field, and this contribution cannot be probed by the present diffraction study. The orbital
magnetic moment of the Fe ion was estimated to be 0.19 µB which is twice that of a pure iron
metal and is parallel to the spin magnetic moment. The spin and the orbital moments of Sm
ions are both large and couple with an antiparallel configuration. The cancellation of L and
2S for Sm reduces the total magnetization to 0.25 µB , which is much smaller than the value
expected from Hund’s rule, 0.71 µB . It is known that Sm has a J -mixing state, where both the
first excited state of the J -multiplets and the ground state are mixed with each other because
the gap of these states is so small [26, 27]. This peculiar magnetism of Sm may reduce the
magnetic moments at the Sm site in SmFe2. The present result also shows that there is an
antiparallel coupling of the spin magnetic moments between Fe sites and Sm sites, which is
consistent with the theory of 3d–4f interaction.
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4. Conclusions

WXMD in SmFe2 was measured for the reflection series (h h 0) and (3h 3h h). The magnetic
form factors have been successfully separated into the spin and the orbital components. The
spin and the orbital magnetic moments were estimated for Sm and Fe atoms by a least-squares
fitting based on the dipole approximation. The spin and the orbital moments of Sm ions were
deduced as 2.79±0.61 µB and −2.54±0.55 µB, respectively. The antiparallel coupling of these
moments leads to the small amount of total magnetization at the Sm site. It was clearly shown
that the spin moment of the Fe ions, 1.13 ± 0.25 µB , was dominant in the total magnetization
of SmFe2, where the orbital moment of the Fe ions is 0.19 ± 0.04 µB in the direction parallel
to the spin moment.
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