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Nature of the field-induced charge ordered phase (phase II) of SmRu4P12 has been investigated by
resonant x-ray diffraction (RXD) and polarized neutron diffraction (PND), focusing on the relation-
ship between the atomic displacements and the antiferromagnetic (AFM) moments of Sm. From the
analysis of the interference between the non-resonant Thomson scattering and the resonant magnetic
scattering, combined with the spectral function obtained from x-ray magnetic circular dichroism, it
is shown that the AFM moment of Sm prefers to be parallel to the field (mAF ‖ H), giving rise to
large and small moment sites around which the P12 and Ru cage contract and expand, respectively.
This is associated with the formation of the staggered ordering of the Γ7-like and Γ8-like crystal-
field states, providing a strong piece of evidence for the charge order. PND was also performed to
obtain complementary and unambiguous conclusion. In addition, isotropic and continuous nature of
the phase II is demonstrated by the field-direction invariance of the interference spectrum in RXD.
Crucial role of the p –f hybridization is shown by resonant soft x-ray diffraction at the P K-edge
(1s↔ 3p), where we detected a resonance due to the spin polarized 3p orbitals reflecting the AFM
order of Sm.

I. INTRODUCTION

Hybridization between localized and itinerant electrons
plays an essential role in various kinds of interesting
phenomena in f electron systems, ranging from heavy
fermion state to orderings of magnetic and higher rank
multipole moments.1 The hybridization is in principle de-
pendent on the symmetry relation of the relevant orbitals
and therefore has strong relation with these phenomena.
Importance of understanding the details of orbital depen-
dent hybridization is becoming more important in recent
years in studying a wide variety of ordering phenomena
including hybrid multipoles.2 In this paper, we present
a rare case where an orbital dependent p –f hybridiza-
tion induces a charge order in magnetic fields, which is
actually realized in Sm-based filled-skutterudite.

SmRu4P12, a filled-skutterudite compound forming a
body-centered-cubic (bcc) lattice of space group Im3̄,
exhibits an antiferromagnetic (AFM) order with q =
(1, 0, 0) at TN=16.5 K,3–10 accompanied by a metal-
insulator transition.11,12 Anomalously, there appears an-
other transition at T ∗=14 K inside the AFM phase.13–18

The anomaly in specific heat at T ∗ is enhanced with in-
creasing the field and the region of the intermediate phase
(phase II, T ∗ < T < TN) expands, indicating that the
phase II is more stabilized in magnetic fields. The ori-

gin of this unusual phase has long been a mystery for
more than 10 years until a new theory was proposed and
verified experimentally.19–22 The nesting instability for a
q = (1, 0, 0) charge-density-wave (CDW) of the conduc-
tion band, consisting of the au molecular orbitals of the
P12 icosahedra, overcomes the AFM interaction in mag-
netic fields by incorporating the 4f state through the
p –f hybridization, a direct mixing between the 4f state
of the rare earth and the p state of the surrounding P
atoms.23–25 This leads to a field-induced charge order,
i.e., a difference in the charge density of the P12 molecu-
lar orbitals around the Sm ions at the corner (Sm-1) and
the center (Sm-2) of the bcc lattice, which is assisted
by a staggered ordering of the crystal-field (CF) states
of the Sm-4f electrons.19,20,26,27 To verify this scenario,
we have performed resonant x-ray diffraction (RXD) and
obtained supporting results for the theory.21

The main points of the previous RXD experiment are
as follows. (1) Atomic displacements are induced in mag-
netic fields in phase II. This has been interpreted as in-
directly reflecting the charge order. (2) AFM component
parallel to the magnetic field is dominant in phase II, giv-
ing rise to large and small magnetic moments of the Sm
ions. This is coupled with the selection of the AFM do-
mains in which the moments are aligned along the [111],
[1̄11], [11̄1], or [1̄1̄1] axis at zero field with a rhombo-
hedral distortion.9,18,22 In normal AFM orderings, the
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moments prefer to be perpendicular to the applied field
to gain the Zeeman energy. However, it is opposite in the
phase II of SmRu4P12. The parallel AFM (mAF ‖ H)
in phase II can be interpreted as a consequence of the
staggered ordering of the Γ7 and Γ8 CF states. (3) The
directions of the atomic displacements and the magni-
tudes of the AFM moments are reversed when the field
direction is reversed. All of these features are consistent
with the picture of the field-induced charge order through
p –f hybridization.
To depict the concept of the field-induced charge order,

we drew in Fig. 1 of Ref. 21 a larger magnetic moment
on Sm from which the surrounding atoms shift away and
a smaller one on Sm to which the surrounding atoms ap-
proach. However, it is not an experimentally determined
picture and is nothing more than a schematic. Although
the details of the lattice distortion and the atomic dis-
placements were clarified in the subsequent experiment of
high precision non-resonant x-ray diffraction, the relation
between the magnetic moment of Sm and the local lat-
tice expansion (or contraction) has not been determined
yet.22,28 This information, which is the first goal of the
present study, is important to step forward to the fun-
damental understanding on the mechanism of the charge
order through p –f hybridization.
For example, in an isostructural PrRu4P12 with simi-

lar nesting instability with q = (1, 0, 0), the charge order
occurs at 60 K, below which the nonmagnetic Γ1 and

magnetic Γ
(2)
4 CF states alternately become the ground

state.29 It is experimentally determined that around

the Pr site with the Γ
(2)
4 (Γ1) ground state with large

(small or vanishing) moment the local lattice expands
(contracts).30 These pieces of information can be asso-
ciated with the theoretical analysis that the Γ1 orbital
has much larger hybridization with the au molecular or-

bital than Γ
(2)
4 .25 Similar alternate ordering of large and

small moments, accompanied by a local lattice expan-
sion and contraction, respectively, is also observed in
PrFe4P12.

31,32

The field reversal method in RXD used in our previ-
ous study of Ref. 21 is based on the fact that the in-
tensities for ±H fields are written as |F±(ω)|2 = | ±
FC + iα(ω)FM|2, where FC and FM represent the crys-
tal structure factor due to atomic displacements (Thom-
son scattering) and the magnetic structure factor of the
AFM order, respectively, for a forbidden reflection with
q = (1, 0, 0). α(ω) is a resonance spectral function. By
measuring the difference in intensity for ±H , we should
be able to deduce the relationship between the signs of
FC and FM. Unfortunately, from the RXD experiment
only, however, we could not deduce it because of the un-
known phase factor of α(ω).
In polarized neutron diffraction (PND), on the other

hand, the intensities for up-spin and down-spin incident
neutrons are written as |F±|2 = |FN ± r0FM|2, where
FN is the nuclear structure factor (equivalent to FC in
RXD) and r0 = −5.38 fm is a constant factor. In PND,
differently from RXD, without an unknown factor α(ω),

we can directly deduce the relationship between the signs
of FN and FM, which has been performed for PrRu4P12

and PrFe4P12.
30,32 We use basically the same method for

SmRu4P12. If we could determine the spectral function
α(ω) in RXD, we should be able to obtain the consistent
result from RXD. To determine α(ω) independently, we
use x-ray magnetic circular dichroism (XMCD) and x-ray
absorption spectroscopy (XAS).
The second aim of this study is to detect and verify the

difference in charge densities on the two P12 cages around
Sm-1 and Sm-2, and clarify the relationship between the
charge density and the magnitude of the Sm moment.
This will be a genuinely direct evidence for the theory.
For this purpose, we use resonant soft x-ray diffraction
(RSXD) at the P K-edge, with which the 3p electronic
state of P is directly investigated through the 1s–3p reso-
nance. If the charge density is different between the two
cages, we expect different absorption edges for the two
P sites, which would give rise to a resonance peak in the
structure factor for this forbidden reflection.
The third aim of this study is to understand the phase

II comprehensively by RXD exhibiting clear signals. It
has been suggested that the phase II has a very isotropic
nature with respect to the applied field direction. The
parallel AFM is expected to be induced for any field di-
rections in accordance with the underlying order of p-
electron densities and the Γ7–Γ8 CF levels. This picture
should be confirmed experimentally.

II. EXPERIMENT

Single crystalline samples were grown by the tin-flux
method. The samples used in the RXD and RSXD ex-
periments are the same as those used in Refs. 21 and
22. RXD experiment at the Sm L3-edge was performed
at BL22XU in SPring-8. The sample was mounted in
a 8 T vertical-field superconducting cryomagnet. Polar-
ization of the incident x-ray is in the horizontal scatter-
ing plane (π-polarization). Polarization analysis of the
diffracted x-ray was carried out by using the Cu-220 re-
flection. RSXD experiment at the P K-edge, using the
same sample, was performed at BL-11B of the Photon
Factory in KEK. An in-vacuum two-axis diffractometer
equipped with a 7 T superconducting magnet33 was uti-
lized without polarization analysis. XMCD experiment
was performed at BL39XU in SPring-8 by a helicity mod-
ulation method using a diamond phase retarder. Pow-
dered sample was prepared by crushing the single crys-
tals. A 7 T cryogen-free superconducting magnet was
used to apply magnetic fields parallel to the x-ray beam.
PND experiment was performed by using the HB-1

triple axis spectrometer (PTAX) at the High Flux Iso-
tope Reactor (HFIR) at Oak Ridge National Laboratory
(ORNL). The same sample used in Ref. 3 was used, which
is enriched with 154Sm isotope to avoid severe absorption
of neutrons by natural Sm. The volume of the sample was
less than 1 mm3. A vertical magnetic field of 5 T was
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FIG. 1. X-ray energy dependences of the intensity of the 333
Bragg diffraction at 2 K (phase III) in magnetic fields of 0
and ±6 T along [11̄0]. After absorption correction.

applied along the [11̄0] crystal axis, with the [110]–[001]
horizontal scattering plane. A polarized neutron beam
of λ = 2.46 Å (E = 13.5 meV) was selected by a Heusler
alloy monochromator. The degree of polarization of the
incident neutrons was 92.5± 1 %. A Pyrolytic Graphite
(PG) analyzer was used to select the energy of the elas-
tically diffracted neutrons and also to reduce the back-
ground. The sequence of the horizontal collimators was
48′–80′–60′–240′. We measured intensities for up (‖H)
and down (‖−H) spin polarizations, which was switched
by a Mezei-type spin flipper. The actual count rate of the
Bragg diffraction from the sample was approximately 1/5
times the previous experiment of Ref. 3 using unpolarized
neutrons from a PG monochromator.

III. RESULTS AND ANALYSIS

A. AFM domain selection in phase III

We first describe that the low temperature phase-III
(T < T ∗) is a normal AFM ordered state, where the
magnetic moments prefer to be perpendicular to the mag-
netic field. Figure 1 shows the resonance spectra of the
333 Bragg diffraction at 2 K in magnetic fields of 0 and
±6 T along [11̄0]. Two resonant peaks are clearly ob-
served at E2 (6.712 keV, 2p3/2 ↔ 4f) and E1 (6.720
keV, 2p3/2 ↔ 5d) energies. These are of magnetic dipole
origin because no signal was observed in the σ-σ′ chan-
nel at the E1 resonance, which was measured by tuning
the incident polarization to σ by using a phase retarder
system.34,35 The intensity of π-π′ scattering decreases
significantly by applying the field, whereas that of π-σ′

slightly increases. This shows the increase in the vol-
ume fraction of the AFM domains in which the moments
are oriented along the [111] and [111̄] axes (mAF ⊥ H ,
mAF ‖ the horizontal scattering plane),22 which gives
rise to the π-σ′ scattering according to Eqs. (A.5) and
(A.7). In contrast, the volume fraction of the [1̄11] and
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FIG. 2. (a) X-ray energy dependences of the intensity of the
333 Bragg diffraction for the π-π′ channel at 15 K in magnetic
fields of ±6 T along [11̄0]. Solid lines are the fits with Eq. (1),

using the magnetic spectral function α(1)(ω) obtained from
XMCD. See text.

[11̄1] AFM domains, in which the moments have large
parallel component to the field (mAF ‖ H , mAF ⊥ the
scattering plane) and are responsible for the π-π′ scat-
tering, decreases by applying the filed because they are
energetically unfavorable. This is quite a normal behav-
ior of an AFM order. Almost the same result is obtained
also for H ‖ [1̄1̄2].36

B. Field-induced charge order in phase II

Figure 2 shows the x-ray energy dependence of the 333
Bragg-diffraction intensity for the π-π′ channel at 15 K
in phase II in magnetic fields of ±6 T for H ‖ [11̄0]. Al-
though this result has already been reported in Ref. 21
for the 030 reflection in H ‖ [001], the present result for
the 333 reflection in H ‖ [11̄0] is more clear-cut. Non-
resonant Thomson scattering appears in phase II due to
the field-induced atomic displacements, which is consid-
ered to reflect the underlying charge order. Simultane-
ously, the resonant magnetic scattering in the π-π′ chan-
nel is enhanced, indicating the development of the paral-
lel AFM component, which is usually not preferred and is
suppressed in phase III. The non-resonant magnetic scat-
tering is very weak (less than 1 cps) as can be observed in
the nonresonant region below 6.70 keV in Fig. 1, which
can be reasonably neglected. The non-resonant Thom-
son scattering and the resonant magnetic scattering inter-
fere with each other and exhibit characteristic anomalies
around the E2 and E1 resonance energies. The interfer-
ence structure in Fig. 2, which is reversed by changing
the field direction, contains information on the relation-
ship between the atomic displacement and the magnitude
of the parallel AFM component of Sm. The energy spec-
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H
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FIG. 3. Two possible models of atomic displacements in the
[1̄11] AFM domain for the field applied along [11̄0]. We call
the Sm atom with its moment oriented to [1̄11] at zero field
as Sm-1 and the other one as Sm-2. In a magnetic field, a fer-
romagnetic component mF is induced, resulting in a smaller
moment for Sm-1 and a larger moment for Sm-2 (m1 < m2).
In (a), the P12 cage and the Ru cube expand around the small
moment site of Sm-1, whereas in (b) they expand around the
large moment site of Sm-2. Only the Ru atoms are shown.

trum should be analyzed by using the following function.

I(ω) =
∣

∣FC + i{α(1)
E2(ω)G

(1)
E2 + α

(1)
E1(ω)G

(1)
E1} · FM

∣

∣

2
, (1)

α
(1)
E2(ω) =

I2Γ2e
iφ2

~ω −∆2 + iΓ2
, (2)

α
(1)
E1(ω) =

I1Γ1e
iφ1

~ω −∆1 + iΓ1
, (3)

where α
(1)
E2(ω) and α

(1)
E1(ω) are the E2 and E1 reso-

nance spectral functions due to magnetic dipole moments

(rank-1), respectively. G
(1)
E2 and G

(1)
E1 are the geometrical

factors described in the Appendix, which are calculated

to be G
(1)
E2 = (−0.77, 0.77, 0) and G

(1)
E1 = (−0.68, 0.68, 0)

in the present geometry of the 333 reflection for π-π′

with the [11̄0]-axis oriented upwards. Although the E2
resonance could have a magnetic octupolar (rank-3) con-
tribution, it is estimated to be weak and may be ne-
glected. This is justified by the polarization dependence
of the E2 intensity, which can be explained by the mag-
netic dipolar geometrical factor.36 FC is the crystal struc-
ture factor due to the atomic displacements of P and Ru
atoms. The Sm atoms remain on the same sites without
breaking the site symmetry and do not contribute to FC

nor other resonances such as the E1-E2 mixed processes.
FM = m1 − m2 is the magnetic structure factor of the
AFM order. Only the component of FM along [11̄0] con-
tributes to the π-π′ intensity.
Let us consider the atomic displacements in the [1̄11]

AFM domain, which is preferred in a magnetic field ap-
plied along the [11̄0] direction. The two possible cases are
shown in Fig. 3. Our goal is to determine which case is
actually realized. However, it is not possible without the
knowledge of the phase factors of α(ω) as shown below. If
we use the atomic displacement parameters determined
in Ref. 22 (δ = 1.3× 10−4 for Ru, δu = −0.6× 10−4 and
δv = 1.5× 10−4 for P), we have negative FC for the case
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FIG. 4. (a) Temperature dependences of the 333 Bragg-
diffraction intensity for π-π′ at E = 6.712 keV (E2) in mag-
netic fields of 0 and ±6 T. (b) Temperature dependences of
the average and difference intensities for the data at ±6 T
and the non-resonant intensity at 6.680 keV measured in the
π-π′ channel. (c) Temperature dependences of the intensity
at 0 T and the averaged intensity at ±6 T for π-σ′. The lines
are guides for the eye.

(a) (FC = −0.331 + 0.0232i to be exact) and the sign
reverses for the case (b). By neglecting the small imagi-
nary part of FC, the data in Fig. 2 can be fit by tuning

FC = −3.27, I2G
(1)
E2 · FM = 2.73, I1G

(1)
E1 · FM = 2.52,

φ2 = −2.62 rad, and φ1 = 0.92 rad. Other parameters
are ∆2 = 6.712 keV, ∆1 = 6.720 keV, Γ2 = 1.5 eV, and
Γ1 = 1.3 eV. The calculated curves are shown in Fig. 2 by
the solid lines. The negative FC here means that the P12

cage and the Ru cube expand around the small moment
site of Sm-1, i.e., the case (a) is realized. It is noted,
however, the same fitting curves are obtained by using
FC = 3.27, φ2 = −2.62 + π, and φ1 = 0.92 + π, where
both of the signs of FC and α(ω) are reversed. This set
of parameters gives the opposite conclusion for the case
(b). This is the reason we need to determine the phase
of the spectral function by another method. The data
analysis will be performed again after determining α(ω)
by XMCD.

The T -dependences of the π-π′ and π-σ′ intensities at
the E2 resonance energy at zero field and ±6 T are shown
in Fig. 4. At zero field, both π-π′ and π-σ′ intensities ex-
hibit a normal T -dependence of an AFM order. In mag-
netic fields, the π-π′ scattering exhibits a strong asymme-
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try with the field reversal in phase II. The T -dependence
of the intensity of the non-resonant term is shown as Inr
in Fig. 4(b), which has been measured at 6.680 keV and
6 T. This is proportional to |FC,ππ′ |2. The development
of the parallel AFM component on entering phase II is
clearly detected as the enhancement of the average in-
tensity (I+ + I−)/2, reflecting |FM,ππ′ |2. The difference
in intensity (I+ − I−)/2 shows the T -dependent interfer-
ence effect, which is proportional to FC,ππ′FM,ππ′ . In the
π-σ′ channel, on the other hand, there arise little asym-
metry in the field reversal and only the averaged inten-
sity is shown in Fig. 4(c). It is noted, however, the π-σ′

intensity, reflecting the perpendicular AFM component,
is suppressed in phase II. This result consistently shows
that the parallel AFM component is enhanced in phase
II. Although these features had been predicted from our
first report forH ‖ [001], the present results demonstrate
the anomalous magnetic state in phase II more clearly.

The T -dependences of the crystal and magnetic struc-
ture factors deduced from the intensity data are shown
in Fig. 5, which directly demonstrates the behavior of
the order parameters for H ‖ [11̄0]. The normal T -
dependence of the AFM order parameter at zero field
changes by applying a magnetic field, forming a field-
induced phase below TN. The parallel AFM component
develops as represented by the enhancement of FM,ππ′

and by the suppression of FM,πσ′ , accompanied by a stag-
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FIG. 6. Energy spectrum of the 333 Bragg-diffraction at ±6 T
in phase II measured as a function of the field direction, as
represented by the azimuthal angle ψ.

gered atomic displacement represented by FC,ππ′ . With
further decreasing temperature, these features disappear
and the normal AFM phase is recovered, where the per-
pendicular AFM domains dominate.

C. Isotropic ordered state in phase II

One of the distinctive features of this field-induced
phase is its continuous response of the order parameter
to the magnetic field, resulting in an isotropic nature.
Figure 6 shows the field-direction (azimuthal angle) de-
pendence of the energy spectrum measured by rotating
the sample about the scattering vector (3, 3, 3) in mag-
netic fields of ±6 T in phase II at 15 K. The magnetic
field was first set at +6 T and the energy scans were car-
ried out with the rotation of the sample, i.e., the field
direction was changed by a step of 30◦ in a constant field
of +6 T. As clearly demonstrated in Fig. 6, the energy
spectrum does not change with the rotation. Although
+6 T at ψ = 180◦ is geometrically equivalent to −6 T at
ψ = 0◦, the spectra for these two angles are identical. In
all the way from ψ = 0◦ to 180◦, the intensity is always
enhanced at 6.712 keV (E2) and suppressed at 6.720 keV
(E1).
Next, the field was reversed to −6 T at ψ = 0◦, and

the energy scans were carried out with the rotation of
the sample to ψ = 180◦ by a step of 30◦. In this turn,
the intensity is always suppressed at 6.712 keV (E2) and
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FIG. 7. (a) Intensities and (b) flipping ratios of the 111,
114, and 330 Bragg diffraction of polarized neutrons for up
and down spin states in phase II at 5 T ‖ [11̄0] and 14 K.
The background has been subtracted. The flipping ratios are
compared with the calculations. F and AF represent the ferro-
and antiferro-magnetic Bragg points, respectively.

enhanced at 6.720 keV (E1). These results show that
the relationship between the atomic displacement (local
expansion or contraction) and the magnitude of the Sm
moment (large or small) along the field direction, which
is reversed with the field reversal, does not change with
the rotation of the sample in a constant field.

D. Polarized neutron diffraction

We next study by PND the relationship between the
atomic displacement and the magnitude of the Sm mo-
ment. The diffraction intensity for a neutron beam with
polarization P , without analyzing the final polarization,
is expressed as

( dσ

dΩ

)

=
∣

∣FN + r0FM⊥ ·P
∣

∣

2
, (4)

where FN and FM are the nuclear and magnetic structure
factors, respectively. FM⊥ represents the component per-
pendicular to the scattering vector. Since we already
know FN from the previous x-ray diffraction study.22

we can directly investigate FM by using the nuclear–
magnetic interference term.
Figure 7(a) shows the intensities of 111 (antiferromag-

netic), 114 (ferromagnetic) and 330 (ferromagnetic) re-
flections for up and down spin polarizations. Note that a
magnetic field of 5 T is applied upwards along the verti-
cally oriented crystal axis of [11̄0] with the [110]− [001]
horizontal scattering plane. The flipping ratios Iup/Idown

are shown in Fig. 7(b). To compare the flipping ratio
with the calculation, we simply assume that the Sm mo-
ments at the corner (Sm-1) and the center (Sm-2) of the

200

100

0

In
te

n
s
it
y
  
(c

o
u
n
ts

/3
2
m

in
)

20151050

Temperature  (K)

   5 T || [1 1 0]

1 1 1 AF
SmRu4P12

Ð

FIG. 8. Temperature dependence of the 111 antiferromag-
netic Bragg intensities for up (solid circle) and down (open cir-
cle) spin polarizations. The background has been subtracted.
The solid and broken lines are guides for the eye.

bcc unit cell may be expressed as m1 = mF +mAF and
m2 = mF−mAF, respectively, as shown in Fig. 3. From
the magnetization data at 5 T and 14 K in phase II, we
set mF = (0.0424,−0.0424, 0) µB, which gives a uniform
magnetization of |mF| = 0.06 µB.

17 The calculated flip-
ping ratios for 114 and 330 reflections are consistent with
the observation.

Among the four 〈111〉 AFM domains, those with the
moments parallel to the field are selected in phase II. We
therefore set mAF = (−0.0928, 0.0928, 0.0928) µB. This
gives an AF component of |mAF| = 0.16 µB. This is
a reasonable assumption because the ordered moment is
estimated to be 0.3 µB at the lowest temperature and the
AF magnetic moment at 14 K is estimated from Fig. 5
to be about half the value at the lowest temperature.3,18

This model gives a smaller moment of |m1| = 0.117 µB

for Sm-1 and a larger moment of |m2| = 0.213 µB for
Sm-2. By using the atomic displacement parameters ob-
tained in Ref. 22 for H ‖ [110], corresponding to the
case (a) in Fig. 3, we have the calculated flipping ratio
for 111 as shown in Fig. 7(b), which well reproduces the
experimental observation.

Figure 8 shows the T -dependence of the 111 Bragg
intensity for up and down spin polarizations. We can
see that the intensity for up spin becomes higher than
that for down spin in phase II because of the appearance
of FN in addition to FM. As we analyzed above, these
data provide a strong piece of evidence that the P12 cage
and Ru cube expand (contract) around the small (large)
moment site of Sm. However, although these data of
PND are direct and have no ambiguity, we must admit
that the statistical error bar of the 111 intensity is still
large to be conclusive. It should be confirmed by another
method, which will be done later by analyzing the RXD
data of Fig. 2.
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FIG. 9. Results of resonant soft x-ray diffraction at the P
K-edge using a π-polarized incident beam without analyzing
the final polarization. (a) X-ray energy dependences of the
010 Bragg intensity at 14 K in phase II in magnetic fields
applied along the [001] axis. BG represents the background
signal due to the fluorescence. (b) Temperature dependence
of the 010 intensity at resonance in magnetic fields of 0 and
±6 T. The background has been subtracted. (c) X-ray energy
dependences of the 111 Bragg intensity at 9 K in phase III
in magnetic fields of 0 and ±6 T along the [112̄] axis. (d)
Comparison of the energy spectrum of the 010 and 111 Bragg
intensities at 9 K at zero field after background subtraction.

E. Resonant Soft X-ray Diffraction

One of the important aims of this study is to directly
detect the charge ordering of the p-electrons in the au
band consisting of the P12 molecular orbitals. RSXD at
the PK-edge, which directly observes the 3p state via the
1s–3p transition, is expected to be the best tool. We also
expect that the p –f hybridization would induce a spin
polarization in the 3p orbital in the AFM phases II and
III, which should be detected as a resonant scattering of
magnetic origin.
Figure 9(a) shows the energy spectrum of the 010

Bragg intensity in phase II in magnetic fields along the
[001] axis. The resonant intensity at 2141.8 eV increases
with increasing the field. Since we have not analyzed
the polarization of the diffracted x-ray, we cannot con-
clude whether this increase reflect the development of the
charge order or the increase in the magnetic π-π′ scat-
tering. The T -dependence of this resonant intensity is
shown in Fig. 9(b). At zero field where only the AFM
order exists, the resonant signal is purely of magnetic

origin. The T -dependence is exactly the same as the one
at the Sm L3-edge. In magnetic fields, the intensity in-
creases in phase II. It is noted that the intensity is equally
enhanced for plus and minus field directions, which is
different from the result at the Sm L3-edge. Although
there remains a possibility that this enhanced compo-
nent is of charge origin (rank-0), or from the modified p
orbitals due to the lattice distortion (rank-2, Templeton-
Templeton scattering), they both seems to be unlikely.
If the resonant charge scattering were the case, it should
behave in the same way as the non-resonant Thomson
scattering and should interfere with the magnetic scat-
tering, giving rise to the field-reversal asymmetry in in-
tensity. The same should be the case also for the rank-2
scattering. Therefore, we conclude that the enhanced in-
tensity in phase II reflects the increase in magnetic scat-
tering, i.e., the increase in the π-π′ scattering due to the
enhancement of the parallel AFM component.

The observation of the magnetic scattering in the P
K-edge RSXD at a forbidden Bragg point directly shows
that the P12 molecular orbitals are spin polarized in a
staggered manner. This is a direct evidence for the p –f
hybridization, which has been considered as being essen-
tial for the ordering phenomena in SmRu4P12.

There are some points that should be remarked. First,
the non-resonant Thomson scattering was not detected in
RSXD. Although the reason is unclear, this must be the
reason we did not observe the field-reversal asymmetry.
Judging from the intensity observed in the Sm L3-edge
experiment, the non-resonant Thomson scattering should
have been detected above the background level. Some
surface effect, or the difference in the penetration depth,
might be associated with. Second, the resonant inten-
sity is much smaller than that of PrRu4P12, where the
background intensity from the fluorescence is negligibly
smaller than the signals of non-resonant Thomson and
resonant scatterings.37,38 In PrRu4P12, the resonant sig-
nal was attributed mostly to the modified p-band by the
staggered structural distortion. The signal truly reflect-
ing the p –f hybridized state was considered to be much
weaker. In this respect, here in SmRu4P12, where the
non-resonant Thomson scattering was not detected, the
resonant signal would be attributed to the spin polarized
p-state through the p –f hybridization. Finally, in the
RSXD experiment performed at the Ru L3-edge around
2840 eV (2p3/2 ↔ 4d), no signal was detected, indicating
that the spin polarization of the 4d-band through d –f
hybridization is weak, not playing a major role in the
ordering phenomenon in SmRu4P12.

Figure 9(c) shows the energy spectrum of the 111
Bragg intensity in phase III at the lowest temperature of
9 K. The intensity does not change by applying a mag-
netic field. This can be understood by considering that
we do not analyze the final polarization, i.e., the π-π′

intensity decreases whereas the π-σ′ intensity increases
due to the change in the domain population. Another
important feature is that the resonant spectrum is ap-
parently different from that of the 010 reflection. The
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FIG. 10. (a) XMCD (filled circles) and XAS (dashed line) of
SmRu4P12 at 15 K and 7 T in phase II around the Sm L3-
edge. (b) Real and imaginary parts of the magnetic dipolar
spectral function fm(ω) in an arbitrary unit. Solid lines are
the fits using Eq. (5).

resonant peak for 111 is wider than that for 010 and has
a side peak at 2142.8 eV. The difference in the energy
spectrum is shown in Fig. 9(d). This anisotropy is also
observed in PrRu4P12 and is attributed to the anisotropic
3p state of the P12 molecular orbital.38

F. Determination of the magnetic spectral function

In order to deduce the relationship between FC and
FM from the results of RXD, we need to determine the
resonant spectral function α(ω) for the magnetic dipole

moment, i.e., the rank-1 spectral functions of α
(1)
E2(ω) and

α
(1)
E1(ω). For this purpose, we have performed an XMCD

measurement. As described in the Appendix, XAS and
XMCD spectra are directly associated with the electric
charge (rank-0) and magnetic dipolar (rank-1) spectral
functions, respectively. Figure 10(a) shows the XMCD
and XAS spectra at 15 K and 7 T in phase II.39 The
XMCD spectrum, especially around the E2 resonance at
6.712 keV, is similar to those of other trivalent Sm com-
pounds such as Sm2Fe14B, SmFe2, and SmAl2, indicat-
ing that the E2 transition (2p↔ 4f) reflects mostly the
atomic nature of Sm3+.40 The spectrum around the E1
resonance at 6.720 keV is similar to that of Sm2Fe14B,
but is slightly different from those of SmFe2 and SmAl2.
This would be because the E1 transition (2p ↔ 5d) is
affected by the hybridization of the Sm-5d with the sur-
rounding orbitals.41

From the XAS and XMCD spectra, we directly ob-

tain the imaginary part f ′′
m(ω) by using (A.13). The real

part f ′
m(ω) is obtained by the Kramers-Kronig transfor-

mation. f ′
m(ω) and f ′′

m(ω) thus obtained are shown in
Fig. 10(b). To use these spectral functions in the analysis
of the RXD data in Fig. 2, we fit fm(ω) by the following
Lorentzian function:

fm(ω) = α
(1)
E2(ω) + α

(1)
E1(ω)

=
I2Γ2e

iφ2

~ω −∆2 + iΓ2
+

I1Γ1e
iφ1

~ω −∆1 + iΓ1
. (5)

The fitted curves for f ′
m(ω) and f

′′
m(ω) are shown by the

solid lines in Fig. 10(b). The phase parameters obtained
are φ2 = −2.67 rad and φ1 = 0.61 rad, which are close
to the values we first tried in Sec. III-B and not the ones
shifted by π rad.

Using these parameters, we analyzed again the energy
spectrum of RXD using Eq. (1), the result of which is
shown by the solid lines in Fig. 2. The parameters ob-
tained are FC = 9.86(−0.331 + 0.0232i), using the ex-
act phase for the case of local expansion around Sm-1,

I2G
(1)
E2 · FM = 2.66 and I1G

(1)
E1 · FM = 2.56. We can

now conclude that the case (a) in Fig. 3 is realized, i.e.,
the P12 cage and the Ru cube expand (contract) around
the small moment site of Sm where the AFM moment
is antiparallel to the applied field. This is the same re-
sult as the one obtained from PND. Energy dependences
of the 111, 223, 221, and 225 Bragg reflections, which
have different structure factors of FC, are also explained
consistently.42 Therefore, the results of PND and RXD
now complementarily give conclusive evidence on the re-
lationship between the atomic displacement and the mag-
nitude of the Sm moment, which is shown in Fig. 11.

When the field direction is reversed from [110] to [1̄1̄0],
the magnetic moment of Sm-1 becomes larger and that
of Sm-2 becomes smaller as shown in Fig. 11(c) because
they have parallel and antiparallel components along the
field, respectively. It is noted that the magnetic struc-
ture factor FM = m1 −m2 does not change by the field
reversal. However, since the local lattice distortion fol-
low the change in the 4f and p states, the cage of P12

and Ru contract around Sm-1 and expand around Sm-
2, which results in the change in the sign of FC. This
is the reason why the interference changes by reversing
the field direction. On the other hand, when we rotate
the crystal in a constant field, the interference does not
change as described in Sec. III-C. In Fig. 11(a), the large
(small) moment of Sm-2 (Sm-1) keeps being oriented par-
allel (antiparallel) to the field throughout the rotation
without changing its magnitude and the local volume of
the surrounding cage. Thus, the relation between the
magnetic moment and the lattice does not change.
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FIG. 11. (a) A model structure representing the relationship
between the atomic displacements and the magnetic moments
of Sm ions in magnetic fields applied along [110] in phase
II. The surrounding cage of P12 and Ru expand (contract)
around the small (large) moment site of Sm-1 (Sm-2) where
the AFM moment has an antiparallel (parallel) component
along the applied field. (b) The AFM ordered state at zero
field with equal moments at Sm-1 and Sm-2 and equal vol-
umes of the surrounding cage. (c) The same as (a), but for
the reversed field direction. The magnetic moment of Sm-1
becomes larger than that of Sm-2. (d), (e), (f) Schematic
of the charge density of the p electrons, which is represented
by the size of the circle, and the electronic state of the f
electrons, corresponding to the situation of (a), (b), (c), re-
spectively. The indices of 7 and 8 represent the Γ7-like and
Γ8-like states, respectively.

IV. DISCUSSION

A. The relation among the order parameters

We have concluded that the P12 cage and the Ru cube
contract (expand) around the large (small) moment site
of Sm. Intriguingly, this relation is opposite to the cases
in PrRu4P12 and PrFe4P12.

30,32 Although it is difficult
to give a clear explanation at the present stage, let us dis-
cuss this difference. In SmRu4P12 with f

5 (J = 5/2) con-
figuration, the Γ7 doublet has a strong hybridization with
the au conduction band of the P12 molecular orbitals.19

Consequently, when the staggered ordering of the CF
states takes place without breaking the local symmetry,
the Sm ion with the Γ7-like ground state has larger mag-
netic moment than that with the Γ8-like ground state.
In contrast, in PrRu4P12, the nonmagnetic Γ1 orbital
has much stronger hybridization with the au band than

the magnetic Γ
(2)
4 orbital.25 That is, the CF state that

has strong hybridization with the au band has opposite
magnetic character between Sm and Pr skutterudites.

What is common in the charge ordered states in
SmRu4P12 and PrRu4P12 is that the local volume of the
P12 cage and the Ru cube contracts at the rare-earth
site with the ground state orbital possessing strong p –
f hybridization. According to a theoretical model for
SmRu4P12, the Γ7-like Sm sites with larger moments
are expected to attract more p-electrons.26 This situa-
tion is schematically illustrated in Figs. 11(d) and (f).
It is noted, however, the atomic displacements are sec-
ondary effects in response to the primary orderings of the
charge density and the CF states. It is difficult to asso-
ciate the atomic displacements with the primary order
parameters in a straightforward manner without taking
into account the total electronic energy involved in this
change. If we simplistically consider only the au molecu-
lar orbital, which has a relatively anti-bonding character,
the increase in the charge density should lead to the ex-
pansion of the cage, which is opposite to our expectation.
Here, it is useful to refer to a result of band calculation
for PrRu4P12 taking into account the staggered displace-
ment of the P atoms.23 According to the calculation, the
total number of electrons increase (including all the or-
bitals other than au) on the P atoms of the cage that con-
tracts around Pr-2 at (0.5, 0.5, 0.5).43 This seems to be
consistent with the picture of Figs. 11(d) and (f). In any
case, although we have observed the spin polarization in
the p orbital by RSXD, we have no experimental evidence
on the charge density. In future, it should be challenged
to observe the difference in the charge densities of the
two P12 cages, which is estimated to be ∼1/100, i.e., the
ratio of the energy scale of the charge order (∼100 K)
to the band width (∼1 eV). It should also be challenged
to observe the staggered ordering of the CF states of the
two Sm sites that develops with increasing the magnetic
field.

When the field direction is reversed, the atomic dis-
placements and the magnitude of the Sm moments are
also reversed by conserving the relationship among them.
This means that the order parameters are linearly and
continuously modified by the applied field, which leads to
the continuous modification of the ordered state in phase
II when the sample is rotated and the field direction is
changed. This must be basically the same phenomenon
as the one observed in PrFe4P12 at low magnetic fields
in the unusual nonmagnetic ordered phase where parallel
AFM is always induced for any field dlrection.44,45
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B. Phase II to III transition

The transition from phase II to III is relatively broad
for H ‖ [100].21 However, in the present experiment for
H ‖ [110], the transition is sharp as we can see in Fig. 5.
This is also the case for H ‖ [112].46 This result is con-
sistent with the sharp anomaly observed in the recent
specific-heat measurement forH ‖ [111] and [110].47 This
anisotropy in the transition is considered to be related
with the domain distribution. For H ‖ [100], the four
domains with the AFM moments oriented along [111],
[11̄1], [1̄11], and [1̄1̄1] are equivalent both in phase II and
III. Domain population does not change by the transition
between phase II and III. The change in the magnetic
moment is expected to be small and the phase transition
looks like a crossover.
In contrast, for H ‖ [110] or [112], as reported in

Ref. 22, different domains are selected in phases II and
III. In phase III, the AFM moments prefer to be perpen-
dicular to the field, whereas in phase II they prefer to be
parallel to the field. Therefore, for H ‖ [110], the [111]
and [1̄1̄1] domains are selected in phase II, and change to
[1̄11] and [11̄1] domains in phase III. Since the change in
the direction of the ordered moments accompany changes
in the f -electron state, the phase transition for H ‖ [110]
is expected to experience a large change in entropy, lead-
ing to a sharp anomaly in the order parameters.

V. SUMMARY

We have performed resonant x-ray diffraction (RXD)
to clarify the nature of the field-induced charge ordered
phase (phase II) of SmRu4P12, especially to clarify the
relationship between the magnitudes of the Sm moments
and the atomic displacements of P and Ru surrounding
the Sm atom. The P12 cage and the Ru cube contract
(expand) around the large (small) moment site of Sm. X-
ray magnetic circular dichroism was utilized to determine
the rank-1 spectral function for the magnetic dipole mo-
ment, with which we concluded the above relation from
RXD by analyzing the interference between the Thomson
scattering from the atomic displacements and the reso-
nant scattering from the AFM order. We also performed
a flipping-ratio measurement in polarized neutron diffrac-
tion to obtain complementary and unambiguous conclu-
sion. Based on this result, we discussed the details of the
orbital dependent p –f hybridization responsible for this
intriguing phase transition. It is remarked that this rela-
tion is opposite to the cases in PrRu4P12 and PrFe4P12.
Isotropic and continuous nature of phase II was demon-

strated by showing that the interference spectrum of
RXD is invariant to the field direction. In phase II, a
magnetic domain is always selected so that the AFM
component becomes parallel to the applied field and gives
rise to large and small moments, which is associated with
the formation of the staggered ordering of the Γ7-like and
Γ8-like CF states.

In resonant soft x-ray diffraction (RSXD) at the P K-
edge (1s↔ 3p), we detected a resonance due to the spin
polarized 3p orbitals reflecting the AFM order of Sm. We
could not observe resonance, on the other hand, at ener-
gies around the Ru L3-edge (2p↔ 4d). This result shows
that the p –f hybridization indeed plays more important
role than the d –f hybridization in the exchange interac-
tion in SmRu4P12. The charge order of the p electrons
in the P12 molecular orbitals was not detected by RSXD
probably because the modulation in the charge density
was too small to be detected.
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Appendix: Formalism of resonant x-ray diffraction
and x-ray magnetic circular dichroism

1. Resonant x-ray diffraction

The intensity of x-ray diffraction is proportional to the
square of the total structure factor, which is expressed as

F (κ, ω) =
∑

j

fj(κ, ω)e
−iκ·rj , (A.1)

where κ = k′ − k represents the scattering vector and
~ω the photon energy. fj(κ, ω) is the energy-dependent
atomic scattering factor of the jth atom at rj , which is
generally expressed as

f(κ, ω) = fnr(κ) +
2

∑

ν=0

f
(ν)
E1 (ω) +

4
∑

ν=0

f
(ν)
E2 (ω) . (A.2)

The subscript j is omitted hereafter. The first term rep-
resents the non-resonant Thomson scattering from all the
electric charges of the atom:

fnr(κ) = f0(κ)[ε
′∗ · ε] . (A.3)
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ε and ε′ are the polarization vectors of the incident
and scattered x-rays, respectively. The second and third
terms represent the resonant scattering factors due to
electric dipole (E1) and electric quadrupole (E2) tran-
sitions, respectively, which should be taken into account
in the vicinity of an absorption edge of some specific el-
ement. The E1 and E2 scattering factors have sensitivi-
ties up to rank-2 (electric quadrupole) and rank-4 (elec-
tric hexadecapole) moments, respectively, as expressed
by the summation over ν.48

The resonant scattering factor consists of the spectral
function α(ν)(ω) and the geometrical factor G(ν), which
are both rank dependent.49 The E1 scattering factors
for rank-0 (electric charge) and rank-1 (magnetic dipole)
moments are expressed as

f
(0)
E1 (ω) = α

(0)
E1(ω)[ε

′∗ · ε] , (A.4)

f
(1)
E1 (ω) = i α

(0)
E1(ω)[ε

′∗ × ε] ·m , (A.5)

and for E2,

f
(0)
E2 (ω) = α

(0)
E2(ω)[(ε

′∗ · ε)(k̂′ · k̂)
+ (ε′∗ · k̂)(k̂′ · ε)] , (A.6)

f
(1)
E2 (ω) = i α

(1)
E2(ω)[(ε

′∗ · ε)(k̂′ × k̂)

+ (ε′∗ × ε)(k̂′ · k̂) + (k̂′ · ε)(ε′∗ × k̂)

+ (ε′∗ · k̂)(k̂′ × ε)] ·m , (A.7)

where m represents the magnetic dipole moment of the
atom under consideration. The terms in the square
brackets from (A.3) to (A.7) are the geometrical factors
G(ν), which have different forms depending on the re-
spective scattering processes.

2. X-ray magnetic circular dichroism

For the forward scattering with k′ = k, the E2 scat-
tering factors of (A.6) and (A.7) become

f
(0)
E2 (ω) = α

(0)
E2(ω)[ε

′∗ · ε] , (A.8)

f
(1)
E2 (ω) = i α

(1)
E2(ω)[ε

′∗ × ε] ·m , (A.9)

the same form as the E1 scattering factors of (A.4) and

(A.5). Then, by rewriting α
(0)
E2(ω) + α

(0)
E1(ω) = f ′

0(ω) +

if ′′
0 (ω) and α

(1)
E2(ω) + α

(1)
E1(ω) = f ′

m(ω) + if ′′
m(ω), we can

rewrite (A.2) for the forward scattering as

f(ω) = {f0 + f ′

0(ω) + if ′′

0 (ω)}[ε′∗ · ε]
+ i {f ′

m(ω) + if ′′

m(ω)}[ε′∗ × ε] ·m . (A.10)

The polarization vector of the circularly polarized x-
ray with ± helicity is written as ε± = (εσ ± iεπ)/

√
2,

where we define εσ and επ so that the relation εσ × επ ‖
k̂ is satisfied. We also use a description in which the
electric field of an electromagnetic wave is expressed as
E(r, t) ∝ εei(k·r−ωt).
When we write the absorption coefficient for a circu-

larly polarized x-ray with ± helicity as µ± = µ0 ± ∆µ,
the average and difference of µ± become proportional to
the XAS and XMCD spectrum, respectively:

µ+ + µ− = −af ′′

0 (ω) = 2µ0 , (A.11)

µ+ − µ− = a(k̂ ·m)f ′′

m(ω) = 2∆µ , (A.12)

µ+ − µ−

µ+ + µ−

= − (k̂ ·m)f ′′
m(ω)

f ′′
0 (ω)

. (A.13)

a = 4reλ/vc is a constant factor, where re represents
a classical electron radius, λ the wavelength of the x-
ray, and vc the unit cell volume. We normally plot

the XMCD spectrum for the geometry with k̂ · m < 0
(H ‖ −k).40 From the experimental results of XAS and
XMCD, we can deduce f ′′

m(ω) using Eq. (A.13). By ap-
plying a Kramers-Kronig transformation to f ′′

m(ω), we
obtain f ′

m(ω).
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Supplemental Material

H ‖ [1̄1̄2]

3. Domain population in phase III

In the main text we described on the results for H ‖
[11̄0]. We show here the results for H ‖ [1̄1̄2], which are
almost the same as those for H ‖ [11̄0].
Figure S1 shows the resonance spectra of the 333 Bragg

diffraction at 2 K in magnetic fields of 0 and ±6 T along
[1̄1̄2]. As described in the main text for H ‖ [11̄0], the π-
π′ intensity decreases significantly by applying the field.
This shows that the volume fraction of the AFM do-
main increases in which the moments are oriented along
[111], perpendicular to the applied field (‖ the horizon-
tal scattering plane), and give rise to the π-σ′ scattering
according to Eqs. (A.5) and (A.7). In contrast, the vol-
ume fractions of other AFM domains, which have parallel
components to the field, decrease by applying the field,
resulting in the decrease in the π-π′ intensity.
To investigate the domain population in more detail

in phase III, we have performed a full linear polariza-
tion analysis by measuring the intensity as a function of
the incident linear-polarization angle η for several ana-
lyzer angles φA, which are defined as shown in Fig. S2. In
Fig. S3, we show the data for the 333 reflection at the E2
resonance at 2 K in magnetic fields of 0 and −6 T. The
data are compared with the calculated curves assuming
the magnetic dipolar geometrical factor for the E2 reso-
nance. At 0 T, the data are well explained by assuming
a population ratio of 0.20 : 0.20 : 0.13 : 0.47 for the [111],
[1̄11], [11̄1], and [1̄1̄1] domains, respectively. The devia-
tion from the equal population ratio of 0.25 could be due
to some surface strain. At −6 T, in contrast, the calcu-
lated curves assume only the [111] domain (mAF ⊥ H),
which well explain the data and indicate the [111] domain
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is dominant. This shows that the phase III is a normal
AFM phase in which the ordered moments prefer to be
perpendicular to the field.
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4. Absence of σ-σ′ scattering in the E1 resonance

Figure S4 shows the resonance spectra of the 333 Bragg
diffraction for the four scattering channels of π-π′, π-
σ′, σ-π′, and σ-σ′. The purpose of this measurement
is to show that the σ-σ′ scattering vanishes in the E1
resonance, which is expected for the resonant scattering
of magnetic dipole origin. This can be observed in the
bottom panel of Fig. S4. The field-reversal asymmetry at
6.720 keV (E1) is absent for σ-σ′. The dip in intensity
around 6.720 keV is due to the imperfect correction of
absorption at the main edge, which becomes difficult for
strong Bragg diffraction.

The solid lines are the fits to the data with Eq. (1) in
the main text, using the same phase factors of φ2 and φ1
determined from XMCD. The amplitudes of FC, I2FM,
and I1FM were treated as free parameters. FC and I1
were set to be zero for π-σ′ and σ-σ′, respectively. The
intensities for σ-π′ are mostly due to the contamination
from the σ-σ′ channel caused by the imperfect analyzer
condition of 2θA 6= 90◦.
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FIG. S4. X-ray energy dependences of the 333 Bragg-
diffraction intensity for π-π′, π-σ′, σ-π′, and σ-σ′ scattering
processes in magnetic fields of ±6 T at 15 K. After absorption
correction. The solid lines are the fits to the data with Eq.
(1) in the main text.

5. On the Rank-3 contribution to the E2 resonance

There arises an E2 resonance and causes the interfer-
ence with the Thomson scattering. This E2 resonance
is of magnetic dipole origin which can be understood
by the geometrical factor in Eq. (A.7) described in the
main text. With respect to the possibility of a magnetic
octupolar (rank-3) contribution to the E2 resonance, it
is estimated to be weak and may be neglected because
the polarization dependences shown in Fig. S3 are well
explained by assuming the rank-1 (dipolar) geometrical
factor as demonstrated by the calculated curves.
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6. Temperature dependence

Figure S5 shows the temperature dependences of the
π-π′ and π-σ′ intensities at the E2 resonance at zero field
and ±6 T. The results are almost the same as those for
H ‖ [11̄0] in the main text.
At zero field, both π-π′ and π-σ′ intensities exhibit

a normal T -dependence of an AFM order. In magnetic
fields, the π-π′ scattering exhibits a strong asymmetry
with the field reversal in phase II. The T -dependence of
the intensity of the non-resonant term is shown as Inr,
which has been measured at 6.680 keV and 6 T. This
is proportional to |FC,ππ′ |2. The development of the
parallel AFM component on entering phase II is clearly
detected as the enhancement of the average intensity
(I+ + I−)/2, reflecting |FM,ππ′ |2. The difference in in-
tensity (I+ − I−)/2 shows the T -dependent interference
effect, which is proportional to FC,ππ′FM,ππ′ . In the π-σ′

channel, on the other hand, there arise little asymmetry
in the field reversal and only the averaged intensity is
shown. It is noted, however, the π-σ′ intensity, reflect-
ing the perpendicular AFM component, is suppressed in
phase II. This result consistently shows that the parallel
AFM component is enhanced in phase II.
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The T -dependences of the crystal and magnetic struc-
ture factors deduced from the intensity data are shown
in Fig. S6, which directly illustrates the behavior of the
order parameters. The increase in FM,ππ′ and the de-
crease in FM,πσ′ in phase II show that the [1̄1̄1] AFM
domain (‖ H) is selected. The [111] AFM domain (⊥ H)
is selected in the low temperature AFM phase III.
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are deduced from the intensity in Fig. S5. The solid lines are
guides for the eye.



4

111, 221, 223, AND 225 REFLECTIONS FOR
H ‖ [11̄0]

Figure S7 shows the x-ray energy dependences of some
Bragg-diffraction intensities other than 333 reflection de-
scribed in the main text. The fitting curves for each
reflection were obtained in the same way as those for
the 333 reflection explained in the main text. The same
magnetic spectral function fm(ω) obtained from XMCD
is used. The interference anomalies of the 111 and 223
reflections are opposite to those of the 333, 221, and 225
reflections because the phase of the crystal structure fac-
tor FC is opposite. The calculated structure factors are
listed in Table S-I. The relatively poorer agreement at the
E1 resonance energy of 6.720 keV is due to the imperfect
correction of absorption at the edge.

TABLE S-I. Crystal structure factor FC in the field-induced
phase at 15 K and 6 T for H ‖ [11̄0] calculated from the
atomic displacement parameters reported in Ref. 22.

h k l FC

1 1 1 0.204 − 0.00936i
3 3 3 −0.331 + 0.0232i
2 2 3 0.608 − 0.0866i
2 2 1 −0.115 + 0.0227i
2 2 5 −0.912 + 0.148i
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fields of ±6 T along [11̄0]. After absorption correction. Solid
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function α(1)(ω) obtained from XMCD.

XMCD AT THE SAMARIUM L2-EDGE

Figure S8(a) shows the XMCD and XAS spectra
around the Sm L2-edge at 15 K and 7 T in phase II. In
contrast to the result for the L3-edge, the XMCD spec-
trum exhibits a large anomaly at the E1-transition en-
ergy whereas there is little anomaly at the E2-transition
energy. This could be understood by the dominant con-
tribution of the E1 resonance to the XMCD of Sm com-
pounds at the L2 edge, which mainly reflects the Sm
4f–5d exchange interaction as explained in Ref. 40. As
described in the main text, we directly deduced the imag-
inary part f ′′

m(ω) from the XMCD and XAS spectra. The
real part f ′

m(ω) was obtained by the Kramers-Kronig
transformation. f ′

m(ω) and f ′′
m(ω) thus obtained are

shown in Fig. S8(b).
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FIG. S8. (a) XMCD (filled circles) and XAS (dashed line) of
SmRu4P12 at 15 K and 7 T in phase II around the Sm L2-
edge. (b) Real and imaginary parts of the magnetic dipolar
spectral function fm(ω) in an arbitrary unit. Solid lines are
the fits using Eq. (3) in the main text.
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RSXD AT THE SAMARIUM M4,5-EDGE

Figure S9(a) shows the energy dependences of the
010 Bragg intensity at the Sm M -edge. The measure-
ment was performed at zero field without polarization
analysis. The intensity exhibits resonant enhancements
around 1080 eV (M5-edge) and around 1104 eV (M4-
edge). Both resonances consist of some fine structures.
Since theM -edge resonance arises from the 3d–4f dipole
transition, the resonant signal directly reflects the 4f
electronic state. At zero field, where only the AFM or-
der exists, the resonance is purely of magnetic origin.
Figure S9(b) shows the temperature dependence of the
integrated intensity for the rocking scans shown in the
inset. The temperature dependence, which directly re-
flects the AFM order of the 4f state, is exactly the same
as those obtained at the Sm L-edge and the P K-edge
shown in Fig. 4 and Fig. 9 in the main text, respectively.
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FIG. S9. Results of resonant soft x-ray diffraction at the Sm
M -edge for a π-polarized incident beam without analyzing the
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