PHYSICAL REVIEW B 104, 134431 (2021)

Observation of spontaneous x-ray magnetic circular dichroism in a chiral antiferromagnet
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X-ray magnetic circular dichroism (XMCD) signals are usually absent in antiferromagnets. In this paper, we
report the observation of spontaneous XMCD spectra originating from the inverse triangular spin structure, or
the polarization of the cluster magnetic octupole, in the chiral antiferromagnet Mn;Sn thin film. The result is
consistent with the recent theoretical predictions that the inverse triangular spin structure can give rise to finite
XMCD signals in the absence of net magnetization [J. Phys. Soc. Jpn 89, 083703 (2020) and Phys. Rev. Lett.

126, 157402 (2021)].

DOI: 10.1103/PhysRevB.104.134431

I. INTRODUCTION

Antiferromagnets do not possess a net magnetic moment
and are hence invisible to common magnetic probes. X-ray
magnetic circular dichroism (XMCD) [1-3], which typically
probes spin and orbital magnetic moments, is usually inappli-
cable to antiferromagnets in the absence of external magnetic
fields. Recently, Yamasaki et al. [4] proposed that the inverse
triangular spin (ITS) structure (also referred to as the trian-
gular spin structure with negative chirality) of a noncollinear
antiferromagnet can give rise to finite XMCD signals through
the nonvanishing magnetic dipole term 7 even without net
magnetization, as schematically shown in Fig. 1(a). The mag-
netic dipole term is defined as T =S — 3(S - #)7—where S
and 7 denote the spin angular momentum and unit electron
position operators, respectively—and becomes locally finite
when the spin density distribution is anisotropic [5]. The spin
magnetic moments in the d,. orbitals are shown as an example
in Fig. 1(a). Sasabe ef al. [6] extended this idea and showed
that the spontaneous XMCD signals can arise even without
the local magnetic dipole term as a result of spin- and orbital-
direction-dependent x-ray absorption.

A chiral antiferromagnet Mn3Sn with the D09 structure
[7] is an ideal material for observing the aforementioned
XMCD signals originating from the ITS structure because
the direction of the ITS structure can be controlled by ex-
ternal magnetic fields, as explained below. Very recently the
observation of finite XMCD signals has been reported us-
ing single crystalline Mn3Sn [8]. Mn3Sn consists of the AB
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stacking of two-dimensional Mn kagome lattices, depicted
by the colored planes in Fig. 1(b); the inherent geometrical
frustration of the kagome lattice stabilizes the ITS structure,
as shown in Fig. 1(c). This spin structure can also be viewed
as the ferroic order of the cluster magnetic octupoles [9],
which is represented by hexagons with blue and red colors
in Fig. 1(c). Each Mn spin has a local easy axis toward its
in-plane nearest-neighbor Sn sites, and only one of the three
Mn spins in each Mn triangle is parallel to the local easy axis
[10]. As a result, the other two Mn spins show spin canting
toward their local easy axis and induce weak ferromagnetism
with a net magnetic moment (~0.002 pp/Mn atom) parallel
to the octupole polarization [7,10]. This weak ferromagnetic
moment allows one to control the direction of the octupole
polarization by external magnetic fields.

It is worth mentioning that DO;9 Mn3Sn has attracted
considerable attention because the octupole polarization be-
stows Mn3;Sn with pairs of Weyl nodes in momentum space
[11-13] and induces strong ferromagneticlike responses such
as the anomalous Hall effect [7,14], anomalous Nernst effect
[15,16], and magneto-optical Kerr effect [17,18]. Octupole
polarization switching or manipulation by electric means has
also recently been demonstrated [19-21].

In this paper, we report the observation of XMCD sig-
nals originating from the ITS structure, or the polarization
of the cluster magnetic octupole, in a Mn3Sn thin film with
the kagome planes standing normal to the sample surface.
The standing kagome planes allow us to probe the octupole
polarization directly.

II. METHODS

The Mn3Sn thin film with the kagome planes standing
normal to the sample surface [21-23] was grown on a

©2021 American Physical Society
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FIG. 1. (a) Inverse triangular spin (S) structure with net magnetic dipole term (7). (b) Crystal structure of D09 Mn3Sn. (c) Top view of
Mn;Sn crystal structure. Mn atoms form two-dimensional kagome lattices with an inverse triangular spin structure. This spin structure can be
viewed as a ferroic order of cluster magnetic octupoles indicated by arrows and hexagons with blue and red gradation. (d) Thin film structure
with dominant Mn;Sn orientation is indicated. (e) Out-of-plane x-ray diffraction profiles of the Mn;Sn thin film and an MgO(110) substrate.
(f) Out-of-plane magnetic hysteresis loop measured using the magneto-optical Kerr effect (MOKE).

single-crystalline MgO(110) substrate with a W seed
layer. The sample structure, MgO(110) substrate/W
(15 nm)/Mn3Sn (40 nm)/MgO (3 nm), is schematically
shown in Fig. 1(d). Mn and Sn atoms were codeposited
using effusion cells. The sample was annealed at 600 °C for
30 min after MgO deposition. The actual atomic composition
was estimated to be Mnj3;Sngg3. The detailed sample
characterization will be reported elsewhere.

X-ray absorption spectroscopy (XAS) and XMCD mea-
surements were performed on the BL-16A2 beamline at the
Photon Factory [24]. The measurement temperature was room
temperature, and magnetic fields (H) of up to 5 T were
applied. The measurements with 0.1 T and 1 T were per-
formed after applying 2 T along the z direction to saturate
the octupole polarization. The XAS and XMCD spectra were
recorded in total electron yield mode. XMCD signals were
measured by reversing the helicity of x rays with 10-Hz fre-
quency at each photon energy under a fixed magnetic field
[24]. The measurements were repeated in the opposite mag-
netic field direction to eliminate artifacts. The XAS is defined
as (or4+n +0L+4n)+ (Op—g +o0rL_u), and XMCD is de-
fined as (or +y — 01, 41) — (OrR—m — 01,1 ), Where og/ +n
denotes the absorption coefficient measured with right- or left-
circularly polarized x rays under positive or negative magnetic
fields.

III. RESULTS

Figure 1(e) shows the out-of-plane 0/26 x-ray diffraction
(XRD) patterns of the Mn3Sn thin film and MgO(110) sub-
strate. The XRD pattern shows a relatively strong Mn3Sn
(2200) peak and weak (0002) and (2201) peaks, indicating
that most kagome planes stand normal to the sample surface.
That is, the [1T00] direction is parallel to the MgO [110]
direction, as shown in Fig. 1(d). The XRD ¢ scan (not shown)

revealed that the Mn3Sn [0001] direction was parallel to the
MgO [001] direction, and the Mn3Sn [1120] direction was
parallel to the MgO [110] direction, which is consistent with
findings of previous studies [21,25]. Note that the XRD pat-
tern did not show peaks of ferromagnetic WMn, Sn impurities,
which were reported to appear in W/M3Sn heterostructures
[21,25].

The magnetic properties were characterized by magneto-
optical Kerr effects (MOKE), and the measured magnetic
hysteresis loop at room temperature is shown in Fig. 1(f).
The magnetic fields were applied along the surface normal
direction. The MOKE showed hysteresis with a coercive
field of 0.35 T, which is larger than the bulk value of
~0.05T [7] but smaller than the value for randomly ori-
ented polycrystalline thin films, 0.6 T [26]. The sizable Kerr
rotation most likely originates from the octupole polariza-
tion in Mn3Sn [17,18] because the sign of the Kerr rotation
angle was opposite to that of typical ferromagnets such as
Fe and because the ferromagnetic moment induced by spin
canting (<0.01 ug/Mn atom, as described below) is almost
negligible.

Figure 2(a) shows a typical XAS spectrum of the Mn3Sn
thin film. The background, consisting of a double step func-
tion and a linear function, is subtracted. The XAS spectral
line shape did not depend on the magnetic field strength or
direction. The inset of Fig. 2(a) shows the measurement geom-
etry, where the incident x ray is in the yz plane, and the angle
between the incident x ray and the sample normal direction is
denoted by 6.

The XMCD spectra obtained with H =0.1T and 5 T
in the normal incidence (NI) geometry (6 = 0°) are shown
in Fig. 2(b). The spectra before performing magnetic-field
average are shown in the Supplemental Material [27]. The
spectral line shapes significantly differ from each other: The
spectrum obtained with H = 0.1 T shows a strong positive
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FIG. 2. (a) Typical XAS spectrum of the Mn3Sn thin film. The
inset shows the measurement geometry. (b) XMCD spectra taken
with H =0.1T and H = 5T under the normal-incidence (NI) ge-
ometry with 6 = 0°. The spin canting component (blue curve) is
extracted by subtracting the 0.1 T spectrum from the 5 T spectrum.
The second derivative spectra are shown in the inset. (¢) XMCD spec-
tra taken under the NI geometry and the grazing-incidence geometry
(6 = 70°). The inset shows the magnified view around the Mn L;
edge.

pre-edge peak, denoted by « in Fig. 2(b), while the spectrum
obtained with H = 5T shows an intense negative peak at the
XAS peak position, denoted by g in Fig. 2(b). The XMCD
spectra are expected to consist of the spin-canting component,
which develops with increasing magnetic fields, and the field-
independent octupole component. The peak S most likely
originates from the spin-canting component, as the peak de-
velops with increasing magnetic fields. If the spectrum taken
with H = 0.1T is subtracted from the spectrum taken with
H = 5T, abroad featureless XMCD spectrum without peak o
is obtained, as shown by the blue curve in Fig. 2(b). This broad

spectrum resembles the XMCD spectra of metallic systems,
suggesting that it reflects the spin component. Hereafter, we
refer to this difference spectrum as the spin-canting XMCD
spectrum. It follows that the spectrum taken with H = 0.1 T,
which shows multiple sharp peaks, predominantly reflects the
octupole component. Note that a previous study on a Mn3Sn
(4043) thin film observed field-induced XMCD signals, the
magnitude of which is comparable to that obtained in the
present study, but the pre-edge peak «, a signature of the
octupole polarization, was not observed [28].

To examine the spectral line shapes in more detail, the
second derivatives of the XMCD spectra are shown in the inset
of Fig. 2(b). The second derivative of the spin-canting XMCD
spectrum does not exhibit a peak at position «, indicating that
the XMCD signals originating from the octupole polarization
do not depend on the magnetic field strength. In contrast,
the XMCD spectrum obtained with H = 0.1 T is expected
to contain a finite spin-canting component in addition to the
octupole component. To estimate how much the spin-canting
component contributes to the spectrum taken with H = 0.1 T,
we subtracted a fraction of the spin-canting XMCD spec-
trum from the H = 0.1 T spectrum and minimized the kink
feature y around 642 eV and the main feature §. From this
analysis, it was determined that approximately 13 &+ 13% of
the spin canting component contributes to the XMCD spec-
trum taken with H = 0.1 T. The XMCD spectrum that only
reflects the octupole polarization can thus be obtained as
XMCD(0.1 T) — 0.13 x (spin-canting XMCD), which we re-
fer to as the octupole XMCD.

The XMCD spectra captured in the NI geometry (8 = 0°)
and the grazing-incidence (GI) geometry (0 = 70°) with a
magnetic field of 0.1 T are shown in Fig. 2(c). Here, the
probing depth in the GI geometry is almost the same as
that in the NI geometry because a typical x-ray penetration
depth of ~100 nm is much longer than a typical electron
escaping depth of ~5 nm. The XMCD signals captured in
the GI geometry are smaller than those captured in the NI
geometry, and they seem to scale with cos#, as can be seen
in the inset of Fig. 2(c). This scaling behavior suggests that
the XMCD signals at 0.1 T originate from the octupole po-
larization, which always lies in the kagome plane, projected
onto the x-ray incidence axis. The small difference in the
spectral line shape may have originated from the spin-canting
component. Note that the XMCD spectrum (not shown) taken
with the magnetic field along the [1210] direction (30-degree
away from the sample normal in the xz plane) looked al-
most the same as that taken in the NI geometry as expected
[4.,6].

Here, we estimate the spin and orbital magnetic moments
using the XMCD sum rules [29-31]:

4 SéMCD + SE(QMCD

Moy = _§Tnh’ (D

XMCD XMCD
SMED _ X!

f L;
ooin = Mspin + Tmy = —2—=

Mpin n, o (2)

SXAS
where mo, and mygp, are the orbital and spin magnetic mo-
ments in units of ug/atom, respectively, and up is the Bohr
magneton; mr is the expectation value of the magnetic dipole
term mrp = —(T)up/h, with i being the reduced Planck
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FIG. 3. Magnetic field dependence of (a) the effective spin mag-
netic moment and (b) the orbital magnetic moment deduced using the
XMCD sum rules in the NI geometry (black circles). The black error
bars represent uncertainty in the spectral background subtraction
procedure. The data are decomposed into the spin canting compo-
nent (blue squares) and octupole component (red diamonds). The
shaded areas represent the uncertainty in the spectral decomposition
procedure.

constant [32]; Sz(;‘;[CD represents the XMCD integral over the

L, or L edges, and SXAS represents the XAS integral over the

L, 3 edges; ny, is the number of 3d holes, which was assumed
to be five in the present study.

The deduced effective spin magnetic moments mg’gn and or-
bital magnetic moments m,, are plotted with black circles in
Figs. 3(a) and 3(b), respectively. The effective spin magnetic
moment increases as the magnetic field increases and changes
the sign at around 1 T.

The spectral decomposition procedure mentioned above
can separate the deduced magnetic moments into the spin
canting component and the octupole component, as shown by
the blue squares and red diamonds, respectively, in Figs. 3(a)
and 3(b). Here, we assume that the octupole component does
not depend on the magnetic field, which is evidenced by the
fact that the spin-canting XMCD spectrum does not show any
octupole XMCD features. The effective spin magnetic mo-
ment, or the magnetic dipole term, of the octupole component
is found to be antiparallel to that of the spin-canting compo-
nent. These negative field-independent effective spin magnetic
moments indicate that the octupole XMCD indeed originates
from the inverse triangular spin structure of Mn3;Sn because
if the octupole XMCD originated from ferromagnetic or
superparamagnetic impurities, the effective spin magnetic mo-
ments would have been positive and magnetic field dependent.
The orbital magnetic moment is almost absent for the octupole
component but is finite for the spin-canting component. The
absence of the orbital magnetic moment is consistent with the
fact that the magnetic octupole polarization does not possess
a net magnetic moment.

The decomposition analysis showed that the spin canting
component was no more than 0.04 yg /Mn—even at 5 T—and
0.004 4+ 0.005 wg/Mn in the remanence state. This almost
negligible remanent spin magnetic moment is consistent with
the bulk value of 0.002 ug/Mn [7]. Despite this consistency,
there still is a possibility that the tiny field-dependent spin
magnetic moments were induced by minor paramagnetic or
ferromagnetic second phases or the spin canting of Mn3;Sn
grains with different orientations. Note that the magnetic mo-
ments are expected to be slightly underestimated because of
the existence of a small number of Mn3Sn grains with differ-
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FIG. 4. Comparison between the octupole XMCD spectrum
(red) and the theoretical spectrum (orange) [6]. The integral XMCD
spectra are also shown at the bottom.

ent orientations and the spectral overlap between the Mn L, 3
edges [33].

IV. DISCUSSION

Figure 4 compares the octupole XMCD spectrum obtained
in this study with a previously reported theoretical spectrum
[6]. The overall line shapes roughly agree with each other,
especially for the Mn L3 edge. However, the XMCD signals
were more than an order of magnitude weaker than those
of the calculations. This discrepancy may be due to the fact
that the theoretical calculations assumed an isolated ionic
Mn?* high-spin state with (S)/i = 5/2, (L)/h ~ 0, (T)/h ~
0, which is quite different from the local electronic structure
of the Mn atoms in Mn3Sn with a metallic nature and a local
magnetic moment of ~3 g [34].

In theoretical calculations, it was argued that the sizable
XMCD signals arise even without the net spin magnetic mo-
ment or net magnetic dipole term. This can be seen in the
XMCD integral becoming zero above both the Mn L3 and L,
edges (SEMP = S¥MED = 0). The finite oscillating XMCD
spectrum can be considered to originate from the magnetic
dipole term of each Mn 3d orbital, which is split in energy
by a crystal field and has a different x-ray absorption process.
For example, when the occupied d,> and d,>_,» orbitals with
the opposite magnetic dipole terms are nondegenerate, they
would exhibit XMCD spectra that are different in line shape
and hence a finite superimposed XMCD spectrum regardless
of whether or not net magnetic dipole term exists.

Experimentally, the XMCD integral over the Mn Lj
edge remains finite and approaches zero above the Mn L,
edge (SSMCP 2£0 and SFMCP 4 SEMCD = 0). As shown in
Figs. 3(a) and 3(b), this integral results in a finite effective spin
magnetic moment but a negligible orbital magnetic moment.
We attribute the origin of the finite effective spin magnetic
moment to the nonvanishing magnetic dipole term 7' in the
cluster magnetic octupole. Note that the finite net magnetic
dipole term does not seem necessary to observe XMCD sig-
nals as described above.

The present findings demonstrate that noncollinear an-
tiferromagnetic spin structures can be probed by XMCD.
This enables the resolution of antiferromagnetic domains and
antiferromagnetic domain walls using the scanning XMCD
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technique [35,36]. The local anisotropic spin distribution may
also be elucidated by analyzing the spectral line shape in
greater detail [37,38].

V. SUMMARY

In this paper, we report the observation of XMCD signals
arising from the noncollinear antiferromagnetic spin structure
of a Mn3Sn thin film with the kagome planes standing normal
to the sample surface. We reveal that the finite net magnetic
dipole term in the inverse triangular spin structure, or the
cluster magnetic octupole, induces the XMCD signals.
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