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The chiral kagome antiferromagnet Mn3Sn has drawn extensive attention for its robust ferromagneticlike
responses despite minimal magnetization, and the fabrication of epitaxial W/Mn3Sn bilayer has unveiled unique
spintronics functionalities. However, it remains unclear whether the chiral antiferromagnetic order extends
throughout the Mn3Sn layer in these multilayers. Here, we perform x-ray magnetic circular dichroism mea-
surements on a Mn3Sn [1100] epitaxial thin film grown on a W underlayer and capped with an MgO overlayer,
utilizing both the bulk-sensitive fluorescence-yield mode and the surface-sensitive electron-yield mode. Our
analysis reveals that the x-ray absorption spectroscopy and x-ray magnetic circular dichroism (XMCD) spectra
obtained from each mode exhibit remarkable congruence, suggesting uniform electronic structures across the
entire film thickness and the absence of ferromagnetic inclusions. Furthermore, the XMCD hysteresis loop
obtained with the fluorescence-yield mode exhibits a more squarelike profile compared to those obtained with the
electron-yield mode and magneto-optical Kerr effect. This indicates minimal domain pinning centers in the bulk
region or near the bottom W/Mn3Sn interface. These findings underscore the intrinsic nature of spin-torque-
related phenomena observed in previous studies, affirming their association with the chiral antiferromagnetic
spin structure of Mn3Sn.

DOI: 10.1103/PhysRevB.110.L060412

Introduction. Utilizing antiferromagnets as active compo-
nents in spintronics devices holds great promise due to their
potential for high-speed operation, robustness against mag-
netic field perturbations, and absence of stray magnetic fields
[1–7]. Among the various candidate materials, D019-ordered
Mn3Sn with an inverse triangular spin structure has emerged
as a focal point of research due to its pronounced ferromag-
neticlike behaviors, including anomalous Hall effect [8,9],
anomalous Nernst effect [10,11], and magneto-optical Kerr
effect [12]. These behaviors stem from the presence of Weyl
node pairs in momentum space with strong Berry curvature
[13,14].

Recent advancements in epitaxial Mn3Sn thin film fabri-
cation [15,16] have showcased unique spintronics function-
alities such as binary full switching of octupole polarization
[17], tunneling magnetoresistance effect [18], and the chiral
spin rotation [19]. Despite these demonstrations, it remains
unclear whether the chiral antiferromagnetic order is realized
throughout the film from the bottom to top interfaces. This
uncertainty is critical for understanding spin-torque induced
phenomena, which occur through interfaces.

*Contact author: shoya.sakamoto@issp.u-tokyo.ac.jp
†Contact author: miwa@issp.u-tokyo.ac.jp

To clarify this uncertainty, we perform x-ray magnetic
circular dichroism (XMCD) measurements on an epitax-
ial Mn3Sn/W bilayer thin film employing both surface-
sensitive total-electron-yield (TEY) and bulk-sensitive partial-
fluorescence-yield (PFY) modes. While XMCD is usually
absent for antiferromagnetic materials, the emergence of
XMCD in the inverse triangular spin structure was demon-
strated both theoretically [20–23] and experimentally [24,25]
recently, and XMCD is becoming a powerful tool to charac-
terize the octupole polarization.

Methods. The Mn3Sn thin film, with the kagome planes
standing normal to the sample surface was grown on
a single-crystalline MgO(110) substrate with a W seed
layer by molecular beam epitaxy [17,24]. Figure 1(a) illus-
trates the schematic sample structure: MgO(110) substrate/W
(7 nm)/Mn3Sn (30 nm)/MgO (3 nm). The substrate underwent
annealing at 800 ◦C for 10 min before the deposition. The W
layer was grown at the substrate temperature of 300 ◦C with
a growth rate of 0.1 Å/s, followed by annealing at 800 ◦C
for 10 min to obtain a flat surface. For Mn3Sn deposition,
a 5-nm-thick Mn3Sn layer was initially grown at a rate of
0.25 Å/s at room temperature and annealed at 350 ◦C for
10 min. Subsequently, a 25-nm-thick Mn3Sn layer was grown
at a rate of 0.25 Å/s at 260 ◦C. A 3-nm-thick MgO cap-
ping layer was deposited at room temperature, followed by
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FIG. 1. (a) Schematic representation of the sample structure with cluster magnetic octupoles depicted by hexagons with blue and red
gradations. (b) Reflection high-energy electron diffraction patterns for the W seed layer after annealing and the Mn3Sn layer. (c) Geometry of
the XMCD measurements. (d) Spin angular momentum S and magnetic dipole term T for the dz2 orbital. (e) Net magnetic dipole term and
octupole polarization in the inverse triangular spin structure.

annealing at 600 ◦C for 30 min. The actual atomic composi-
tion was estimated to be approximately Mn:Sn = 3.07:0.93 by
energy dispersive x-ray spectroscopy. Mn and Sn atoms were
codeposited using effusion cells, and other layers were grown
using the electron-beam evaporation method.

The surface quality of each layer was monitored during
deposition using reflection high-energy electron diffraction
(RHEED). The RHEED patterns of W and Mn3Sn layers,
taken with electron beams parallel to the [001] direction of
the MgO(110) substrate, are depicted in Fig. 1(b). The streaky
RHEED patterns are consistent with those reported in a previ-
ous study [17], confirming the epitaxial growth of each layer.
The RHEED patterns of the MgO capping layer (not shown)
suggested that the in-plane orientation of MgO in the capping
layer is random. Magnetic properties were characterized using
polar magneto-optical Kerr effect (MOKE) with a 660 nm
continuous wave laser at room temperature.

X-ray absorption spectroscopy (XAS) and XMCD mea-
surements were conducted at BL-25SU at SPring-8, with the
measurements taken at room temperature. The measurement
geometry is depicted in Fig. 1(c) [26]. Magnetic fields (H)
of up to 1.9 T were applied at a 10 ◦ angle from the sample
normal, while the x-ray beam impinged perpendicularly to the
sample surface. In the TEY mode, a total current compensat-
ing for photoelectron loss was measured. For the PFY mode,
fluorescence x rays from Mn atoms were selectively detected
using a silicon drift detector with energy-resolving capability.
The probing depth of TEY and PFY modes are typically a
few nm and approximately 100 nm, respectively. Therefore,
the TEY mode can probe surface regions while the PFY mode
probes the entire 30-nm-thick Mn3Sn layer.

XMCD signals were measured by reversing the helicity
of x rays at a frequency of 1 Hz at each photon energy

under a fixed magnetic field. The XAS spectra were obtained
as (σR,+H + σL,+H ) + (σR,−H + σL,−H ), and XMCD spectra
were obtained as (σR,+H − σL,+H ) − (σR,−H − σL,−H ), where
σR/L,±H denotes the absorption coefficient measured with
right- or left-circularly polarized x rays under positive or
negative magnetic fields. The XMCD hysteresis loops were
obtained by recording XMCD signals at each magnetic field
at a fixed photon energy. Here, XMCD signals are normalized
to XAS signals at each magnetic field and are symmetrized
using sweeps from positive to negative magnetic fields and
vice versa.

Here, let us explain the origin of XMCD signals in Mn3Sn
with the inverse triangular spin structure. XMCD signals
stem not only from the spin angular momentum S but also
from magnetic dipole term T = S − 3(S · r̂)r̂, where S and
r̂ denote the spin angular momentum and unit electron po-
sition operators, respectively [27,28]. The magnetic dipole
term in the dz2 orbitals in X -Z coordinates is illustrated in
Fig. 1(d) as an example and can be expressed as (TX , TZ ) =
|S|
7 (cos φ,−2 sin φ), with φ denoting the angle of spin with

respect to the X axis [21]. Utilizing this relationship, it can
be generally shown that the net magnetic dipole term T net

in the inverse triangular spin structure rotates oppositely to
each Mn spin without changing its magnitude [23], as de-
picted in Fig. 1(e). Since the octupole polarization also rotates
oppositely to the spins [29] in a manner akin to the dipole
term [30], XMCD serves as an effective means to probe
the projected octupole polarization along the incident x-ray
direction.

Results & Discussion. Figure 2(a) displays XAS spectra
obtained using both the TEY and PFY modes. The spectra
are normalized to unity at the L3 edge maximum. In the PFY
spectrum, relatively large intensities are observed at the L2
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FIG. 2. (a) XAS and (b) XMCD spectra taken with TEY and
PFY modes. Each XAS and XMCD spectrum is normalized by the
XAS L3 edge maximum. As PFY spectra are distorted by the self-
absorption effect, the PFY spectrum around the L2 edge is separately
scaled by a factor of 0.4. (c) TEY L3 edge and (d) PFY L3 edge
XMCD spectra acquired with magnetic fields of 50 mT and 1.9 T.

edge due to the self-absorption effect [31]. To facilitate better
comparison, the PFY L2 edge peak is separately scaled down
by a factor of 0.4, as indicated by the light-blue curves in
Fig. 2(a). The spectra exhibit single broad peaks for each Mn
L2 and L3 edge and do not show multiplet features. Such a
line shape is typical of metallic compounds, and weak shoul-
der features observed in previous studies [24,25] were likely
extrinsic, originating from Mn oxides formed at the surface.
Note that the weak peak feature around 655 eV arises from
Mg K-edge absorption from higher-order x rays with doubled
photon energy. The agreement in line shape between the TEY
and PFY spectra suggests that the electronic structure does not
vary significantly between the bulk and surface regions.

Figure 2(b) shows XMCD spectra obtained using both the
TEY and PFY modes at a magnetic field of 50 mT. Initially,
a magnetic field of ±1.9 T was applied and then reduced
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FIG. 3. (a) PFY XMCD hysteresis loops obtained with pho-
ton energies of 638.7 eV and 640.1 eV, corresponding to octupole
and spin-canting components, respectively [24]. (b) TEY and PFY
XMCD hysteresis loops obtained with a photon energy of 638.7 eV.
A hysteresis loop measured with MOKE is also included for com-
parison. The proposed magnetization process for bulk and surface
regions are also schematically illustrated in the insets.

to ±50 mT to investigate the remanent state. The L2 edge
peak is scaled down by a factor of 0.4 to correct for the
self-absorption effect. Consistent with the XAS spectra, both
the TEY and PFY XMCD spectra closely resemble each
other, suggesting that not only the electronic structure but
also the magnetic structure remains consistent throughout the
entire Mn3Sn layer. This consistency indicates the absence of
significant unwanted second phases, such as ferromagnetic W-
Mn-Sn intermetallic compounds, near the bottom Mn3Sn/W
interface.

The XMCD intensity (∼0.6%) of the positive peak at
638.7 eV is approximately three times stronger than that re-
ported in a previous study (∼0.2%) [24]. This is likely due
to the higher quality of the present sample compared to the
sample studied in the previous research. In fact, the saturation
Kerr rotation angle [∼15 mdeg, Fig. 3(a)] was three times
larger than that reported in the previous study (∼5 mdeg).

Figures 2(c) and 2(d) depict the magnetic field depen-
dence of the TEY and PFY XMCD spectra at the Mn L3

edge, respectively. The intensity of the TEY XMCD spectrum
increases with increasing magnetic fields. Importantly, the
XMCD line shape remains almost unchanged by magnetic
fields, indicating the absence of significant ferromagnetic,
superparamagnetic, or paramagnetic second phases, which
would emerge or grow as the magnetic field increases. Fur-
thermore, it also suggests the absence of significant spin
canting.
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To delve deeper into the magnetic field dependence,
we conducted magnetic field sweep measurements with
fixed photon energies and obtained XMCD hysteresis loops.
Figure 3(a) displays the PFY hysteresis loops measured with
photon energies of 638.7 eV and 640.1 eV. Here, 638.7 eV and
640.1 eV correspond to the octupole and spin-canting compo-
nents, respectively [24]. It was observed that the spin-canting
component is almost nonexistent within the accuracy of the
measurements.

Figure 3(b) presents the XMCD hysteresis loops acquired
with both the TEY and PFY modes at a photon energy
of 638.7 eV, corresponding to the strong pre-edge positive
peak as marked by the vertical lines in Fig. 2. A hystere-
sis loop measured with MOKE is included for comparison.
The coercive fields of approximately 150 mT are consistent
among the TEY, PFY and MOKE hysteresis loops, align-
ing with those reported in a previous study [17]. The PFY
XMCD signals display a slight increase as magnetic fields
approach zero from higher magnetic fields. This observation
suggests that the octupole polarization points toward the out-
of-plane or the x-ray incidence direction from the magnetic
field direction, owing to perpendicular magnetic anisotropy
induced by tensile epitaxial strain in the Mn3Sn [21̄1̄0]
direction [17].

In contrast, the TEY hysteresis curve exhibits opposite
behavior, decreasing as magnetic fields approach zero from
higher magnetic fields. Moreover, achieving saturation of the
octupole polarization in the TEY hysteresis loop requires
higher magnetic fields. Spin canting or other magnetic in-
clusions cannot account for this behavior, as they would
yield negative XMCD signals that decrease as magnetic
fields increase. Therefore, we infer that perpendicular uni-
axial magnetic anisotropy diminishes only near the MgO
interface, possibly due to relaxed strain or influence from
MgO interface, and the sixfold, fourfold, or in-plane magnetic
anisotropy becomes dominant, thereby tilting the octupole
polarization away from the surface normal. This explanation
aligns with the consistent line shapes observed between the
TEY and PFY spectra. Note that the inherent sixfold magnetic
anisotropy alone may not fully explain the ∼60% reduction
of the remanence octupole polarization from the saturation
value, as the ∼60% reduction corresponds to the octupole
polarization angle of ∼50 degrees from the surface normal.
The identical coercive fields observed between the TEY and

PFY hysteresis loops eliminate the possibility of other mag-
netic inclusions and suggest weak magnetic coupling between
the surface and bulk regions. The magnetization process de-
scribed above is illustrated in the insets of Fig. 3(b).

The absence of any magnetic inclusions and the ob-
served sharp squarelike PFY hysteresis loops suggest that
the recently observed spin-torque related phenomena [17,19],
which occurs at the Mn3Sn/W interfaces, and tunneling mag-
netoresistance [18] happening at the Mn3Sn/MgO interfaces
are intrinsic, reflecting the chiral antiferromagnetic order.
The present findings indicate that achieving high-quality
Mn3Sn/W bilayers is feasible and lay the foundation for ad-
vancing antiferromagnetic spintronics based on noncollinear
antiferromagnets.

Conclusion. In this Letter, we investigated the uniformity
of the magnetic structure of a Mn3Sn [1100] epitaxial thin
film from the bottom to top interfaces using XMCD mea-
surements with both bulk-sensitive partial-fluorescence-yield
mode and surface-sensitive total-electron-yield modes. The
XAS and XMCD spectra obtained from each mode exhibit
nearly identical characteristics, indicating uniform electronic
and magnetic structures throughout the entire film thickness
and the absence of other magnetic inclusions. Furthermore,
the XMCD hysteresis loop acquired with the fluorescence-
yield mode displays a more squarelike profile compared to
those obtained with the electron-yield mode and magneto-
optical Kerr effect. This suggests minimal domain pinning
centers in the bulk region or near the bottom W/Mn3Sn
interface. These findings underscore the intrinsic nature of
spin-torque-related phenomena observed in previous studies
and provide a solid foundation for future investigations.
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