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PHYSICS

Emergence of spin-orbit coupled ferromagnetic surface
state derived from Zak phase in anonmagnetic
insulator FeSi

Yusuke Ohtsuka't, Naoya Kanazawa'*t, Motoaki Hirayama1’21', Akira Matsui’', Takuya Nomoto',
Ryotaro Arita'?, Taro Nakajima2'3, Takayasu Hanashima?, Victor Ukleev®, Hiroyuki Aoki®’,
Masataka Mogi1=|=, Kohei Fujiwaras, Atsushi Tsukazaki®, Masakazu Ichikawa’,

Masashi Kawasaki'*%, Yoshinori Tokura'?*°

FeSi is a nonmagnetic narrow-gap insulator, exhibiting peculiar charge and spin dynamics beyond a simple
band structure picture. Those unusual features have been attracting renewed attention from topological as-
pects. Although the surface conduction was demonstrated according to size-dependent resistivity in bulk crys-
tals, its topological characteristics and consequent electromagnetic responses remain elusive. Here, we
demonstrate an inherent surface ferromagnetic-metal state of FeSi thin films and its strong spin-orbit coupling
(SOC) properties through multiple characterizations of two-dimensional conductance, magnetization, and spin-
tronic functionality. Terminated covalent bonding orbitals constitute the polar surface state with momentum-
dependent spin textures due to Rashba-type spin splitting, as corroborated by unidirectional magnetoresistance
measurements and first-principles calculations. As a consequence of the spin-momentum locking, nonequilibrium
spin accumulation causes magnetization switching. These surface properties are closely related to the Zak phase
of the bulk band topology. Our findings propose another route to explore noble metal-free materials for SOC-
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based spin manipulation.

INTRODUCTION

Iron and silicon are earth-abundant elements, sustaining the modern
industrial bases. Interesting magnetic and semiconducting proper-
ties of solid can be engineered through making Fe-Si-based com-
pounds, as exemplified by nearly half-metallic behavior of Fe;Si (1)
and an optoelectronics-compatible direct bandgap of B-FeSi, (2). A
cubic chiral compound FeSi with the so-called B20-type structure
has also attracted a great deal of interest for its unusual temperature
(T) dependences of magnetic susceptibility (3, 4) and electrical con-
ductivity (5, 6). While the density functional theory (DFT) predicts
a nonmagnetic and narrow-gap (~100 meV) insulating state (7),
experimental results on magnetic susceptibility and conductivity
spectrum indicate the presence of large effective moment (3) and
the disappearance of charge gap above T'= 200 K (5). Such spin and
charge dynamics in FeSi cannot be explained by a simple thermal
activation model based on the DFT band structure; this provokes
interesting theoretical models incorporating strong correlation
effects such as local Coulomb interactions (8-11) or formation of
Kondo singlets (5, 12). The origins of bandgap and thermally
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induced magnetism are still controversial partly due to strong sam-
ple dependence of physical properties (6).

Motivated by recent discoveries of topological aspects of related
compounds (vide infra), which share similar magnetic and elec-
tronic properties as FeSi, we re-examine its unusual features by
focusing on the surface state. One motive argument is about surface
conduction in a Kondo insulator SmBg (13), which is attributed to
the metallic surface state protected by spin-orbit coupling (SOC)-
assisted band inversion between 4f and 5d orbitals (14); thus, SmBg
is proposed to be a topological Kondo insulator (15). Another in-
centive is about Fermi-arc surface states observed in compounds
with the FeSi-type crystal structure (16, 17). The Fermi arcs arise to
connect the surface projections of band-crossing points protected
by the chiral crystalline symmetry (18, 19). Previous experimental
results on bulk FeSi hint at the existence of conducting surface state.
While a number of photoemission spectroscopy (PES) studies re-
ported a substantial density of states (DOS) at the Fermi level (Eg)
(20-22), clear formation of gap structure (~60 meV) with much less
residual DOS could be observed by ultraviolet laser-excited PES
with the longer escape depth of the photoelectrons (~100 A) and the
better bulk-sensitivity (23). Such escape depth-dependent PES
spectra are indicative of the presence of a metallic surface produc-
ing a well-defined Fermi edge. Furthermore, a marked change in
electrical resistivity with varying bulk sample size represents the
metallic surface conduction, posing the possibility that FeSi would
be a three-dimensional topological insulating phase (24).

As opposed to most studies using bulk crystals of submillimeter
scale, we investigate FeSi epitaxial thin films with thicknesses less than
several tens of nanometers to clarify the surface contributions in a
more direct and quantitative way. Through a systematic study on their
thickness dependence and first-principles calculations on electronic
and spin structures, we identify the surface ferromagnetic-metal
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state, which consists of covalent bonding orbitals terminated at the
surface, i.e., dangling bonds. The terminated orbitals extend upward
from the surface nuclei, resulting in potential gradient normal to the
surface and large Rashba-type (25) surface band splitting (~35 meV).
As consequences of the spin-momentum locking, current flow gen-
erates nonequilibrium spin density (26), which enables spintronic
functionalities such as unidirectional magnetoresistance (UMR) and
efficient magnetization switching. The emergence of the spin-orbit
coupled surface state can be described in terms of the Zak phase
(27), which is a central concept in the modern theory of electric po-
larization (28-30).

RESULTS

Film thickness dependence of electrical transport

and magnetization properties

FeSi thin films with different thicknesses were grown epitaxially
along the [111] direction on Si(111) substrates by using molecular
beam epitaxy (MBE) method. We capped the films with 10-nm-thick
MgO in situ by radio frequency magnetron sputtering to prevent
oxidization or contamination in atmosphere. As-grown (uncapped)
and Si-capped thin films were also prepared for comparing differ-
ent interface conditions (see Materials and Methods). Unless other-
wise noted, we discuss the results on MgO-capped FeSi thin films in
this article.

We show the thickness (¢) dependence of electrical transport and
magnetization properties in Fig. 1. All the MBE films share com-
mon features: Resistivity py, increases with decreasing temperature
below T'=300 K (Fig. 1A), representing an insulating behavior; Hall

conductivity (c,,) and magnetization (M) curves exhibit clear hys-
teresis loops with respect to magnetic field (H) changes, indicating
ferromagnetic ordering with out-of-plane anisotropy (Fig. 1, B and C).
On the other hand, the magnitudes of these physical quantities are
strongly dependent on ¢; this implies the heterogeneous electrical
conduction and magnetization in the compositionally homogeneous
thin films (see fig. S1 for cross-sectional composition distribution.)
Provided such heterogeneity stems from the coexistence of sur-
face and bulk contributions, we can separate them by examining
t dependence of the measures per sheet, i.e., sheet conductance
oheet = ¢/p.., sheet Hall conductance Gik}l,eet Oy, and magneti-
zation per surface unit cell area M*"**', Given that the surface contri-
bution is independent of ¢, it corresponds to the intercept of the
sheet measure as a function of t. Meanwhile, the bulk contribution
is in proportion to t and hence accords with the slope. Figure 1
(D to F) displays the ¢ dependence of 6o, 635, and M, The
ot versus t curves have finite intercepts and show steeper slopes
with increasing T (Fig. 1D), which respectively represent surface
conduction and an insulating behavior of bulk interior. The values
of 6% and M™*" at zero H are almost constant despite the large
variation of ¢ (Fig. 1, E and F). This represents that the ferromagnetic
order is confined within the surface region and couples dominantly
with the surface conduction, producing the t-independent anoma-
lous Hall conductance as observed (also see fig. S2 for transport
properties separably estimated for surface and bulk states.) Notice-
ably, the surface ferromagnetic order persists up to 200 K as seen in
the inset of Fig. 1F, and the Hall angle c5/G3he" of the surface
anomalous Hall effect is ~0.014, relatively large in magnitude

among conventional ferromagnetic metals (31).
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Fig. 1. Thickness (t) dependence of transport and magnetization properties. (A to C) Temperature (T) dependence of resistivity py at zero magnetic field (A) and
magnetic field (H) dependences of Hall conductivity 6y, (B) and magnetization M (C) at T= 2 Kin FeSi thin films with various t. Here, the physical quantities per volume (p,,
Gy, and M) are estimated under an assumption of the uniform electrical conductance and magnetization across the samples. The large t dependences of their magnitudes
indicate the heterogeneity of transport and magnetization properties. (D to F) Thickness dependences of sheet conductance csf(';eet (D), sheet anomalous Hall conductance
ci?ee‘ (E), and remanent magnetization per surface unit cell area M"e€t (F) at various T. Color solid lines or thick gray lines in each panel are guides to the eye. The insets

of (F) show the surface unit cell and T dependence of Mt
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at poH =0.05 T in the 10-nm-thick film. The ferromagnetic ordering temperature is estimated as T. ~ 200 K.
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Observation of surface ferromagnetic state by polarized
neutron reflectometry

The surface ferromagnetic order was further verified by polarized
neutron reflectometry (PNR) on a FeSi thin film with nominal
thickness of = 11 nm at T'= 7 K in a magnetic field of 1 T applied
parallel to the film surface. A polarized neutron beam obtained by a
supermirror polarizer was reflected by the film in a specular geom-
etry (Fig. 2A) and was detected by a two-dimensional position
sensitive detector. The magnetic moments in the film were aligned
parallel to the external magnetic field in the present condition (fig. S3);
therefore, we consider only specular and nonspin-flip scattering
process in the following analysis. Polarization direction of the inci-
dent neutrons was set to be parallel or antiparallel to the external
field at the sample position by a spin flipper and guide fields. We
refer to the reflectivity measured with incident neutrons with up
and down spins as R* and R", respectively. Figure 2B shows the
curves of R" and R™ as functions of the momentum transfer normal
to the surface Q,. A difference between R and R~, which stems from
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Fig. 2. Observation of surface ferromagnetic state by PNR. (A) Schematic illus-
trations of the experimental setup for PNR measurement and the distribution of
ferromagnetic moments. The spins (red arrows) are aligned in the film plane by the
in-plane magnetic field H;. (B) Measured (dots with error bars) and fitted (solid
lines) reflectivities of polarized neutrons with spin-up and spin-down (R* and R") at
T=7Kand at uoH;=1T. (C) Depth profiles of the nuclear (black) and the magnetic
(red) scattering length densities (SLDs).
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the depth profile of the finite net magnetization in the film, was
observed. By comparing the fidelity of candidate models assuming
surface, interface, or bulk magnetization distributions (fig. S4), we
identified that the magnetization is confined at the FeSi surface in
contact with the MgO cap. The depth profiles of nuclear and mag-
netic scattering length density, which respectively represent the
density distributions of the constituent elements and the magnetic
moments, were estimated by fitting to PNR reflectivity curves with
optimizing parameters (Fig. 2C; also see Materials and Methods).
The fitting analysis indicates that the surface ferromagnetic layer
has a thickness of 0.35 nm (with an error of +0.11 nm or —0.13 nm)
and an average of 2.1 pg/Fe (with an error of +0.4 pg/Fe or —0.6 ug/Fe),
whose distribution is blurred by the structural roughness of 0.28 +
0.02 nm, as schematically illustrated in the inset of Fig. 2A. This
result is in good agreement with the calculated surface ferromagnetic
state consisting mostly of the magnetic moments of the top three
Fe layers (fig. S5).

Ab initio calculations on surface electronic and spin states
To identify the origin of the ferromagnetic and conducting surface
state, we performed ab initio calculations on electronic and spin
states by using the generalized gradient approximation of the DFT
(see Materials and Methods for calculation setups) In accord with
the previous reports (7, 9-11), the bulk band structure is of an insu-
lating state with energy gap A ~ 80 meV (fig. S6). The valence bands
contain strongly hybridized states between Fe 3d and Si 2p orbitals,
whose Wannier functions are spread among Fe and Si atoms as ex-
emplified in Fig. 3A, representing their covalent bonding character.
On the other hand, the surface bands traversing Er are identified in
the band structures of both paramagnetic and ferromagnetic FeSi
slabs with a (111) plane (Fig. 3, C and E). The slab contains 15 rep-
etitions of a stacking unit that is a quadruple layer consisting of Fe-
dense, Si-sparse, Fe-sparse, and Si-dense layers in the order from
top to bottom (Fig. 3B) (32). As the number of surface states cross-
ing Er between any pair of time reversal invariant momenta is even
and their Fermi surfaces draw closed loops (Fig. 3D), they are not
surface states of a topological insulator or of a Weyl semimetal. The
surface band is rather composed of dangling bonds associated with
truncation of the covalent bonds; this is also verified by the disap-
pearance of surface conductance and ferromagnetism in the Si-capped
film, where the dangling bonds turn into the covalent bonds with
Si (fig. S7). It is also remarkable that the ferromagnetic moment is
generated only by the surface bands with exchange splitting (Fig. 3E
and see again fig. S5).

As visualized in Fig. 3B, the eigenfunctions of surface states ex-
tend upward from the surface nuclei, forming an out-of-plane elec-
tric dipole moment. Such dipolar charge distribution induces large
Rashba effect (25), resulting in spin-band splitting. The Rashba-type
spin splitting coexists with other types of SOC-induced spin split-
ting originating from lattice symmetry or exchange splitting due
to the ferromagnetic order. In the paramagnetic state, the surface
bands are split by up to 35 meV, which is unexpectedly large (33) in
consideration of the small atomic numbers of Fe and Si (Fig. 3C).
The Fermi contours are spin-polarized (Fig. 3D), resulting from a
combination of different types of momentum-dependent spin po-
larizations: vortex-like in-plane spin texture due to the dominant
Rashba effect (25), radial in-plane spin texture originating from the
chiral lattice symmetry (34), and threefold symmetric out-of-plane
spin texture being reflective of (111) surface geometry (35). In the
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Fig. 3. Band structures, spin-polarized Fermi contours, and eigenfunction of the surface state. (A) Wannier function for valence bands in the bulk FeSi. (B) Eigen-
function of the surface state of the paramagnetic FeSi slab with (111) plane. (C to F) Projected band structures and spin-polarized Fermi contours of the paramagnetic (C
and D) and ferromagnetic (E and F) FeSi slab with SOC. In (C) and (E), the line thickness is proportional to the weight of the top and third Fe layers and the second and
fourth Si layers. The green region corresponds to the bulk state. Some bands appear to be partially missing due to vanishingly little surface contribution. The energy is
measured from the Fermi level. In (C), doubly branched surface bands (thick curves) are separated approximately by 35 meV. In (E), color of the band represents the z
component of spin polarization. In (D) and (F), the direction and the color of arrows represent the xy and the zcomponents of spin polarization, respectively.

ferromagnetic state, by contrast, the exchange splitting is dominant
over the SOC splitting (Fig. 3E), and the above spin textures are
perturbatively superposed on the collinear spin arrangement along
H direction (Fig. 3F).

Detection of surface spin-momentum locking
by UMR measurements
The characteristic spin-momentum locking is corroborated by H
direction dependence of UMR (36, 37). The UMR is from an addi-
tional resistivity term Ap,, linear in electric current density J and H;
Apxx = poY'JH, po, and Y’ being the resistivity at zero H and the
coefficient, respectively. This term causes a nonreciprocal charge
transport, where high- and low-resistance states are switched by the
reversal of current direction (35-37). In a noncentrosymmetric
system, where spin textures on Fermi surfaces have components odd
in momentum k, a charge current causes a shift of the Fermi surfaces
by Ak along the current direction x and hence induces a nonequilib-
rium overpopulation of spins in their polarized direction at the mo-
mentum k. As a consequence of the coupling between accumulated
spins S(Ak) and H, the resistance varies with the current direc-
tion J || Ak, which is phenomenologically expressed by Ap (] ) o<
[S(+Ak) —-S(-Ak)]-H. Owing to this nature, the momentum-
dependent component of spin polarization can be determined by
the H angle dependence of UMR as demonstrated in SrTiOs (35),
Bi,Ses (38), and Ge (39).

We detect the UMR due to the spin-polarized Fermi contours
(Fig. 3, D and F, and schematic illustrations for Fig. 4, A and B) of
FeSi thin film (¢t = 5 nm) in terms of second-harmonic resistance

Ohtsuka et al., Sci. Adv. 7, eabj0498 (2021) 17 November 2021

(40) p¥ = —%po ¥'Jo H under po|H| = 1 T and an a.c. input current
density J = Jo sin 2nft (Jo = 1.0 x 10° A/m? f= 13 Hz, J||[112]) (see
Materials and Methods). Figure 4 (C to E) shows the H angle depen-
dence of pZ in the yz, xy, and zx planes. The coordinates and the H
angle 0 are defined in Fig. 4 (C to E). In the paramagnetic state
above T = 200 K, all the 6 scans of pi{c follow sinusoidal functions,
exhibiting their peak magnitudes at different angles: 8 = 90°, 270°
(i.e., H|| £ y) for the x-y scans; 6 = 0°, 180° (i.e., H || * 2) for the z-x
scans; and 6 = 90° + 6y, 270° + 6 (6 = 12°) for the y-z scans. The net
polarization of accumulated spins S(Ak,) under J || x is therefore
oriented in the direction tilted to the z axis by 8, from the y axis, and
its direction is reversed under the reversal of current direction. While
the direction of S(Ak,) in the yz plane represents the combination of
the Rashba-type spin-momentum locking (y component) and the
out-of-plane (z) component originating from the threefold symmetry
of (111) plane, the parallel (x) component to electron momentum
stemming from the chiral lattice symmetry is not discerned as can
be seen from the nearly zero pZatH || x (Fig. 4, D and E). This may
be because the films contain two crystalline domains with opposite
chiralities (41), which leads to the opposite spin accumulations can-
celling each other.

On the other hand, p,ch; is not discernible in the ferromagnetic
state below T = 200 K, regardless of H direction. This is consist-
ent with the expectation from the calculated spin texture (Figs. 3H
and 4B), where the spins are polarized almost uniformly by the
exchange interaction and the spin modulations, i.e., the source
of UMR in the paramagnetic state, are buried as perturbative
components.
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Fig. 4. Detection of momentum-dependent spin polarization on Fermi contour
by UMR measurement in the 5-nm-thick film. (A and B) Schematic illustrations
of the UMR measurements in the presence of the spin-polarized Fermi contours of
the paramagnetic (A) and ferromagnetic (B) surface states. While the direction of
the accumulated spins is almost reversed with the reversal of the current direction
in the paramagnetic state (A), it remains nearly unchanged, pointing along the
magnetic field H, in the ferromagnetic state (B). Note that spin angular momen-
tum points opposite to magnetic moment. (C to E) Angular dependences of the
second-harmonic resistivity p)zof( for the scans in yz plane (C), in xy plane (D), and in
zx plane (E) at various temperatures. The magnitude of H is fixed at uoH=1T, and
the H angle is defined as illustrated in right sides of (C) to (E).

Deterministic magnetization switching by electric current

As one other consequence of the spin-momentum locking, we realize
current-induced magnetization switching, which is mediated by the
angular momentum transfer from the accumulated spins to magne-
tization torque, i.e., spin-orbit torque (SOT) (42). Figure 5 (A and B)
shows the magnetization switching under small external magnetic
fields woH, = +£0.02 T along the current direction x in the 5-nm-
thick film. We used current pulses Jyuse for switching the perpen-
dicular magnetization M, and evaluated the change in M, by Hall
resistivity p,, measurement with a low current density after the
current pulse injections (see Materials and Methods). Under uoH, =
0.02 T (Fig. 5B), the sign of p,, is switched from positive (negative)
to negative (positive) at Jpylse ~ 1.6 X 10" A/m? (1.6 x 10'! A/m?).
The magnitude of p,, nearly reaches that in the fully polarized state,
indicating the almost 100% switching ratio. The opposite Hy results
in the switching through opposite path (Fig. 5B). Given also that the
switching does not occur under H || y (fig. S8), a damping-like SOT
(43) tpr >« M x (S, x M) due to y component of accumulated spins
§, is responsible for rotating M. Although S, or the spin polariza-
tion due to Rashba effect is not discernible in the UMR measure-
ment with J ~ 1 x 10 A/m?, its contribution emerges as the SOT in
the high current density regime of ] ~ 1 x 10'' A/m” Furthermore,
the perpendicular magnetization can be repeatedly switched be-
tween up and down directions as shown in Fig. 5 (C and D). It is
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Fig. 5. Deterministic magnetization switching by current pulses in the 5-nm-
thick film. (A) Schematic illustration of current-induced magnetization switching
due to a damping-like spin-orbit torque. (B) Current-pulse amplitude Jpyse depen-
dence of Hall resistivity p,, under small in-plane magnetic fields jgHx=+0.02 T at
120 K. The horizontal dashed lines represent the magnitude of anomalous Hall re-
sistivity of the fully polarized state along +z. The switching ratio reaches almost
100%. (C and D) The deterministic magnetization switching by a series of current
pulses. The procedure of current pulse injections (blue bars) and subsequent mon-
itoring of the magnetization direction by anomalous Hall resistivity measurements
(green triangles) is shown in (C). Hall resistivity proportional to the magnetization
direction repeatedly switches with current pulse injections, and the switching be-
havior is reversed with the reversal of in-plane magnetic field.

also noteworthy that we observed the external H-free magnetiza-
tion switching in an as-grown thin film (figs. S9 and S10).

DISCUSSION

We have identified the metallic and ferromagnetic surface state and
its spintronic functionalities in the FeSi thin films. The surface state
with the strong SOC stems from the truncation of the bulk orbitals
spreading in the interatomic regions and the consequent appearance
of surface polarization charges. FeSi does not belong to the class of
topological insulators nor Weyl semimetals. Nevertheless, the surface
state of FeSi can be interpreted in terms of a different topological aspect
using the Zak phase concept (27, 44, 45), which is the well-defined
quantity to represent the orbital position and plays a central role in the
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modern theory of electric polarization (28-30). A Zak phase is a Berry
phase accumulated by a Bloch state along a path across the Brillouin
zone. For describing surface polarization, the Zak phase is defined
at each momentum kj| in the surface Brillouin zone by integrating
Berry connection along the reciprocal lattice vector G perpendicular

|G|
to the surface: 8(k)=-i).5“ fo (un(k) | Vi, | un(k))dk,, where

u,(k) is the periodic part of the Bloch wave function in the nth band,
with the gauge choice u,(k) = u,(k + G)e ", and the sum is over the
occupied states. As seen in the definition of surface polarization

£ /Aﬁ(ku)dkH (modulo e/Agys), the

(2n)’
Zak phase corresponds to the displacement of the Wannier center,
i.e., the origin of bulk electric polarization P and also the resultant
accumulation of surface charge e8(kj)/2n (modulo e) at the given
k. Here, Aquf and A are primitive surface cell areas in the real and
reciprocal spaces; both are related by A= (2m)%*/A. The Zak phase
0(kj) = 0 [6(k|) = m] represents that the wave function is located on
the atomic position (at the middle of interatomic area).

In Fig. 6, we simulate the Zak phase in the projected Brillouin zone
by using the face-centered cubic (fcc) lattice of Fe and Si, whose
structure is obtained from the B20-type structure by a small shift of
atomic positions (7, 46). Note that the size of the unit cell is one-
fourth of the B20-type structure, and the Zak phase is quantized to
0 or m owing to the spatial inversion symmetry. The surface states
appear near the Fermi level in the slab calculation (Fig. 6A), which
is consistent with the Zak phase showing © in most regions of the
projected Brillouin zone (Fig. 6B). The existence of the surface state
of FeSi is intrinsically associated with the Zak phase of its bulk band
topology. This is reminiscent of an analogy with the emergence of
surface Dirac-cone state in the topological insulator, hosting the
surface conduction while the bulk is a charge-gapped insulator (47).
Meanwhile, the electronic state of FeSi is characterized by the Zak
phase, which is quantized as & in the most region of BZ in the fcc
model (Fig. 6B). The quantization of Zak phase directly represents
that the bulk electronic state of FeSi hosts a topological structure.
Because of bulk-edge correspondence, the termination of the bulk
state results in the nearly quantized charge accumulation at the surface.

On applying this calculation to the actual case, the Zak phase
becomes negligibly small in the entire Brillouin zone. This is be-
cause the present framework of the Zak phase picture cannot cover
the situation where an even number of the covalent bondings with
0(k)) = 7 are terminated in the surface unit cell. In such case, the
calculated Zak phase yields Gsui(k)) = 2m X /2 = 0 (modulo e) de-
spite the actual surface charge accumulation (1 is an integer.) In the
above simulation, we therefore reduce the Brillouin zone to half by
slightly changing the atomic position so that there are an odd num-
ber of terminated orbitals. (It would be desirable to stretch the con-
cept of Zak phase beyond the limitation of modulo e arithmetic in
the future.) Here, we also note that no band inversion occurs in most
region of the projected Brillouin zone upon the structural transforma-
tion from B20-type to fcc lattice (46) (also see fig. S11), which guaran-
tees that the above model is sufficient for the qualitative discussion.

The Zak phase provides a numerical entity of the wave function
distribution and is essentially related to the character of chemical
bonding. It will be used as a useful benchmark for predicting the
emergence, reciprocal-space distribution, and SOC properties of
surface state in a general material. In addition, the surface ferro-
magnetic order in FeSi is closely relevant to the large Zak phase of d

charge (30): Gguef = P -1 =
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Fig. 6. Relation between the surface band and the Zak phase in fcc FeSi.
(A) Projected band structure of a 15-layer slab of fcc FeSi with (111) plane. The calcu-
lations were performed on the paramagnetic state without SOC. The line thickness
is proportional to the weight of the top and third Fe layers and the second and
fourth Si layers. The green region corresponds to the bulk state. Some bands
appear to be partially missing due to vanishingly little surface contribution. The
energy is measured from the Fermi level. (B) Color map of the Zak phase in the surface
Brillouin zone. The blue region represents the surface momenta k| with the Zak
phase 8(k|) = m, while the other region is of the Zak phase 6(k|) = 0.

electrons, which induces the large density of state and leads to the
satisfaction of Stoner criterion. By reinvestigation based on the
modern theory of electric polarization, a wide variety of materials
will be identified to host functional surfaces of the Zak phase origin.
In contrast to the conventional idea that heavy elements are essen-
tial ingredients for SOC-based spintronic materials, the notion of
Zak phase can shed light on compounds made of common elements
and demonstrate another route to enhanced SOC using surface
states inherent in covalent crystals.

MATERIALS AND METHODS

Thin-film growth and device fabrication

The FeSi thin films were grown on a highly resistive Si(111) sub-
strate by the MBE method. For epitaxial growth of FeSi, we used a
FeSi(111) buffer layer of nominally 2-nm thickness, which was
grown by reacting a deposited Fe layer with the Si(111)-(7 x 7) sur-
face at 330°C. We then coevaporated Fe and Si onto this substrate
below 330°C and followed this by an annealing at 350°C. We depos-
ited MgO-capping layer in situ by radio frequency magnetron sput-
tering at room temperature, while we evaporated Si by using the
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Knudsen cell for the fabrication of Si capping layer. Typical thick-
ness of the capping layers was nominally 10 nm.

0-26 x-ray diffraction scans confirmed the epitaxial growth of
B20-type FeSi. Cross-sectional transmission electron microscopy
images also verified the epitaxial growth of FeSi. Energy-dispersive
x-ray spectrometry mappings showed the homogeneous distribu-
tion of Fe and Si in the thin films. See fig. S1 for the detailed charac-
terization results.

By using ultraviolet photolithography and Ar ion milling, we
fabricated Hall bar devices with 1-mm width and 3-mm length for
UMR measurements and ones with 10-pm width and 30-um length
for magnetization switching experiments. The electrodes Au (45 nm)/
Ti (5 nm) were formed by electron beam deposition.

Magnetization and transport measurements

The magnetizations of rectangular samples (approximately 7.0 mm
by 2.5 mm size) were measured by using the Reciprocating Sample
Option of a Magnetic Property Measurement System (Quantum
Design). The longitudinal and Hall resistivities were measured with
a conventional four-terminal method by using the d.c. transport
option of a Physical Property Measurement System (Quantum
Design). The detailed temperature and magnetic field dependences
are shown in fig. S12.

The UMRs were evaluated by measuring the second-harmonic
signals of the a.c. resistances. We measured o4 by using a current
source (Model 6221, Keithley) and lock-in amplifiers (LI5650, NF
Corporation). The current frequency was 13 Hz. The current ampli-
tude was typically set to be 0.5 mA, which corresponds to a current
density 1.0 x 10° A/m” in the 5-nm-thick film. The second harmonic
voltages were anti-symmetrized as a function of H. The current-
density dependence and the detailed temperature and magnetic field
dependences of pi{c are shown in fig. S13.

Polarized neutron reflectometry

PNR was carried out at BL17 (SHARAKU) in the Materials and Life
Science Experimental Facility of J-PARC in Japan (48). The PNR
measurements were performed on a rectangular sample of approx-
imately 15 mm by 15 mm size at T'= 7 K under an in-plane magnetic
field poHj = 1 T. Incident neutrons with a wavelength band of 2.2 to
8.8 A were polarized either spin-up (+) or spin-down (-) with re-
spect to the magnetic field. We measured the reflectivity for the
incident neutrons with up or down spins (R" or R") without polar-
ization analysis for the reflected neutrons. The spin-flip scatterings
were not expected at 7 Kand 1 T, because the magnetization of the
sample was fully aligned along H. The depth profiles of nuclear and
magnetic scattering length densities were deduced through model
fitting to the PNR spectra by using GenX software (49), where layer
thicknesses, densities, surface/interfacial roughness, and magnetic
moments were used as the fitting parameters.

Current-induced magnetization switching

The current pulses with a 0.11-ms duration and varying pulse heights
were injected for magnetization switching. The critical current to
realize the magnetization switching ranged from 7 to 12 mA, which
corresponds to current density of 1.4 x 10" to 2.4 x 10'* A/m? in the
5-nm-thick film. After each pulse injection, we monitored anomalous
Hall resistivity with passing a low d.c. current of 0.05 mA, which
corresponds to a much lower current density 1.0 x 10° A/m” in the
5-nm-thick film. Electric currents were supplied by a current source
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(Model 6221, Keithley), and voltages were detected by a voltmeter
(Model 2182A, Keithley).

Ab initio calculations

The Wannier function visualizations shown in Fig. 3 are obtained
from first-principles calculations. We first perform a calculation based
on the DFT with Quantum Espresso code (50), where we assume a
nonmagnetic case and adopt the unit cell of FeSi. The lattice param-
eters of FeSi are taken from the experiment and set a = 4.448 A(51). We
use the exchange-correlation functional proposed by Perdew and
Ernzerhof (52). After completing the self-consistent calculation with
the number of k-points N = 12 x 12 x 12 and the cutoff energy for the
plane wave basis set E = 80.0 eV, we perform the wannierization by
using Wannier90 code (53). The inner and outer windows are set to
[3, 16.6] and [3, 32] eV with respect to the Fermi level. The model
consists of Fe-2p, Fe-3d, Si-2s, and Si-2p orbitals, which amounts to
48 Wannier functions in total for the unit cell. We extract the Wannier
functions localized between the Fe and Si atoms and visualize it.

The band structure and the spin-texture visualization shown in
Fig. 3 and fig. S6 are obtained from first-principles calculations for slab
systems. The actual calculations, with the SOC turned on, are per-
formed on the basis of DFT with Vienna Ab initio simulation pack-
age (VASP) code (54,55), where we assume two different magnetic
phases, paramagnetic and ferromagnetic. We take a unit cell of FeSi
with the experimental lattice parameter, a = 4.448 A (5I), and then
consider its hexagonal extension, where the ¢ axis is taken parallel to
the [111] axis of the cubic cell.

The resulting structure consists of three sets of layers in the unit
cell, each of which contains the layer with three Fe atoms, one Si
atom, one Fe atom, and three Si atoms, and, therefore, 12 layers per
unit cell in total. The supercell systems are constructed by stacking
five unit cells along the c axis so that the surface layer consists of
three Fe atoms per unit cell and three Si atoms on the opposite side.
The overall structure extends to 61.6 A, including a vacuum layer of
23.1 A at the edge of the slabs. We use the exchange correlation
functional proposed by Perdew and Ernzerhof (52), E. = 400 eV as
the cutoff energy for the plane wave basis set and N=6 x 6 x 1 as the
number of k-points for the self-consistent calculation. Using PyProcar
(56), we perform the subsequent calculations, i.e., band calculations
along the high symmetry line with the denser k-mesh, and spin-
texture calculations on the Fermi surface, while Vaspkit (57) is ex-
ploited to extract the Bloch wave function of the surface band at the
M point and visualize it.

In the calculation of FeSi having the fcc structure, we fix the
lattice constant and change the coordinate of each atom. We use
N =12 x 12 x 12 k-points for the bulk calculation and N = 12 x
12 x 1 k-points for the slab calculation. In the bulk calculation, Fe is
located at the center of the unit cell. The supercell systems are con-
structed by stacking 15 unit cells.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj0498

REFERENCES AND NOTES
1. A.lonescu, C. A.F. Vaz, T. Trypiniotis, C. M. Glirtler, H. Garcia-Miquel, J. A. C. Bland,
M. E. Vickers, R. M. Dalgliesh, S. Langridge, Y. Bugoslavsky, Y. Miyoshi, L. F. Cohen,
K. R. A. Ziebeck, Structural, magnetic, electronic, and spin transport properties of epitaxial
Fe3Si/GaAs(001). Phys. Rev. B 71, 094401 (2005).

7 of 9


https://science.org/doi/10.1126/sciadv.abj0498
https://science.org/doi/10.1126/sciadv.abj0498

SCIENCE ADVANCES | RESEARCH ARTICLE

2.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Ohtsuka et al., Sci. Adv. 7, eabj0498 (2021)

D. Leong, M. Harry, K. J. Reeson, K. P. Homewood, A silicon/iron-disilicide light-emitting
diode operating at a wavelength of 1.5 um. Nature 387, 686-688 (1997).

. V.Jaccarino, G. K. Wertheim, J. H. Wernick, L. R. Walker, S. Arajs, Paramagnetic excited

state of FeSi. Phys. Rev. 160, 476-482 (1967).

. K.Tajima, Y. Endoh, J. E. Fischer, G. Shirane, Spin fluctuations in the temperature-induced

paramagnet FeSi. Phys. Rev. B 38, 6954-6960 (1988).

. Z.Schlesinger, Z. Fisk, H.-T. Zhang, M. B. Maple, J. DiTusa, G. Aeppli, Unconventional

charge gap formation in FeSi. Phys. Rev. Lett. 71, 1748-1751 (1993).

. S.Paschen, E. Felder, M. A. Chernikov, L. Degiorgi, H. Schwer, H. R. Ott, D. P. Young,

J. L. Sarrao, Z. Fisk, Low-temperature transport, thermodynamic, and optical properties
of FeSi. Phys. Rev. B 56, 12916-12930 (1997).

. L.F. Mattheiss, D. R. Hamann, Band structure and semiconducting properties of FeSi.

Phys. Rev.B47,13114-13119 (1993).

. Y. Takahashi, T. Moriya, A theory of nearly ferromagnetic semiconductors. J. Physical

Soc. Japan 46, 1451-1459 (1979).

. C.Fu, S. Doniach, Model for a strongly correlated insulator: FeSi. Phys. Rev. B 51,

17439-17445 (1995).

. V.. Anisimov, S. Y. Ezhov, I. S. Elfimov, I. V. Solovyev, T. M. Rice, Singlet semiconductor

to ferromagnetic metal transition in FeSi. Phys. Rev. Lett. 76, 1735-1738 (1996).

. J.M.Tomczak, K. Haule, G. Kotliar, Signatures of electronic correlations in iron silicide.

Proc. Natl. Acad. Sci. U.S.A. 109, 3243-3246 (2012).

. G. Aeppli, Z. Fisk, Kondo insulators. Comments Condens. Matter Phys. 16, 155-170

(1992).

. S.Wolgast, C. Kurdak, K. Sun, J. W. Allen, D.-J. Kim, Z. Fisk, Low-temperature surface

conduction in the Kondo insulator SmBg. Phys. Rev. B 88, 180405 (2013).

. F.Lu, J.-Z. Zhao, H. Weng, Z. Fang, X. Dai, Correlated topological insulators with mixed

valence. Phys. Rev. Lett. 110, 096401 (2013).

. M. Dzero, K. Sun, V. Galitski, P. Coleman, Topological Kondo insulators. Phys. Rev. Lett.

104, 106408 (2010).

. D.S.Sanchez, I. Belopolski, T. A. Cochran, X. Xu, J.-X. Yin, G. Chang, W. Xie, K. Manna,

V.SuB, C.-Y.Huang, N. Alidoust, D. Multer, S. S. Zhang, N. Shumiya, X. Wang, G.-Q. Wang,
T.-R.Chang, C. Felser, S.-Y. Xu, S. Jia, H. Lin, M. Z. Hasan, Topological chiral crystals
with helicoid-arc quantum states. Nature 567, 500-505 (2019).

. S.Changdar, S. Aswartham, A. Bose, Y. Kushnirenko, G. Shipunov, N. C. Plumb, M. Shi,

A.Narayan, B. Buchner, S. Thirupathaiah, Electronic structure studies of FeSi: A chiral
topological system. Phys. Rev. B 101, 235105 (2020).

. G.Chang, S.-Y. Xu, B. J. Wieder, D. S. Sanchez, S.-M. Huang, |. Belopolski, T.-R. Chang,

S.Zhang, A. Bansil, H. Lin, M. Z. Hasan, Unconventional chiral fermions and large
topological fermi arcs in RhSi. Phys. Rev. Lett. 119, 206401 (2017).

. P.Tang, Q. Zhou, S.-C. Zhang, Multiple types of topological fermions in transition metal

silicides. Phys. Rev. Lett. 119, 206402 (2017).

K. Breuer, S. Messerli, D. Purdie, M. Garnier, M. Hengsberger, Y. Baer, M. Mihalik,
Observation of a gap opening in FeSi with photoelectron spectroscopy. Phys. Rev. B 56,
R7061-R7064 (1997).

T. Susaki, T. Mizokawa, A. Fujimori, A. Ohno, T. Tonogai, H. Takagi, Temperature

and substitution dependence of the photoemission spectra of FeSi. Phys. Rev. B 58,
1197-1200 (1998).

C.-H. Park, Z.-X. Shen, A. G. Loeser, D. S. Dessau, D. G. Mandrus, A. Migliori, J. Sarrao,

Z. Fisk, Direct observation of a narrow band near the gap edge of FeSi. Phys. Rev. B 52,
R16981-R16984 (1995).

K. Ishizaka, T. Kiss, T. Shimojima, T. Yokoya, T. Togashi, S. Watanabe, C. Q. Zhang,
C.T.Chen, Y.Onose, Y. Tokura, S. Shin, Ultraviolet laser photoemission spectroscopy

of FeSi: Observation of a gap opening in density of states. Phys. Rev. B 72, 233202 (2005).
Y.Fang, S. Ran, W. Xie, S. Wang, Y. S. Meng, M. B. Maple, Evidence for a conducting
surface ground state in high-quality single crystalline FeSi. Proc. Natl. Acad. Sci. U.S.A. 115,
8558-8562 (2018).

E. 1. Rashba, Properties of semiconductors with an extremum loop. I. Cyclotron

and combinational resonance in a magnetic field perpendicular to the plane of the loop.
Sov. Phys. Solid State 2, 1109-1122 (1960).

V. M. Edelstein, Spin polarization of conduction electrons induced by electric current

in two-dimensional asymmetric electron systems. Solid State Commun. 73, 233-235
(1990).

J. Zak, Berry's phase for energy bands in solids. Phys. Rev. Lett. 62, 2747-2750 (1989).

R. Resta, Theory of the electric polarization in crystals. Ferroelectrics 136, 51-55
(1992).

R. D. King-Smith, D. Vanderbilt, Theory of polarization of crystalline solids. Phys. Rev. B 47,
1651-1654 (1993).

D. Vanderbilt, R. D. King-Smith, Electric polarization as a bulk quantity and its relation

to surface charge. Phys. Rev. B 47, 4442-4455 (1993).

N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, N. P. Ong, Anomalous Hall effect. Rev.
Mod. Phys. 82, 1539-1592 (2010).

17 November 2021

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

S.G. Azatyan, O. A. Utas, N. V. Denisov, A. V. Zotov, A. A. Saranin, Variable termination

of MnSi/Si(111) V3x4/3 films and its effect on surface properties. Surf. Sci. 605, 289-295
(2011).

L-D.Yuan, Z. Wang, J-W. Luo, E. |. Rashba, A. Zunger, Giant momentum-dependent spin
splitting in centrosymmetric low-Z antiferromagnets. Phys. Rev. B 102, 014422 (2020).

K. V. Samokhin, Spin-orbit coupling and semiclassical electron dynamics

in noncentrosymmetric metals. Ann. Phys. (N. Y.) 324, 2385-2407 (2009).

P.He, S. M. Walker, S. S.-L. Zhang, F. Y. Bruno, M. S. Bahramy, J. M. Lee, R. Ramaswamy,

K. Cai, O. Heinonen, G. Vignale, F. Baumberger, H. Yang, Observation of out-of-plane spin
texture in a SrTiOs(111) two-dimensional electron gas. Phys. Rev. Lett. 120, 266802 (2018).
G. L. J. A. Rikken, P. Wyder, Magnetoelectric anisotropy in diffusive transport. Phys. Rev. Lett.
94, 016601 (2005).

Y. Tokura, N. Nagaosa, Nonreciprocal responses from non-centrosymmetric quantum
materials. Nat. Commun. 9, 3740 (2018).

P.He, S.S.-L. Zhang, D. Zhuy, Y. Liu, Y. Wang, J. Yu, G. Vignale, H. Yang, Bilinear
magnetoelectric resistance as a probe of three-dimensional spin texture in topological
surface states. Nat. Phys. 14, 495-499 (2018).

T. Guillet, C. Zucchetti, Q. Barbedienne, A. Marty, G. Isella, L. Cagnon, C. Vergnaud,

H. Jaffrés, N. Reyren, J.-M. George, A. Fert, M. Jamet, Observation of large unidirectional
Rashba magnetoresistance in Ge(111). Phys. Rev. Lett. 124, 027201 (2020).

F.Pop, P. Auban-Senzier, E. Canadell, G. L. J. A. Rikken, N. Avarvari, Electrical
magnetochiral anisotropy in a bulk chiral molecular conductor. Nat. Commun. 5, 3757
(2014).

D. Morikawa, Y. Yamasaki, N. Kanazawa, T. Yokouchi, Y. Tokura, T.-h. Arima,
Determination of crystallographic chirality of MnSi thin film grown on Si (111) substrate.
Phys. Rev. Mater. 4, 014407 (2020).

A.Manchon, J. Zelezny, I. M. Miron, T. Jungwirth, J. Sinova, A. Thiaville, K. Garello,

P. Gambardella, Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic
systems. Rev. Mod. Phys. 91, 035004 (2019).

J. C. Slonczewski, Current-driven excitation of magnetic multilayers. J. Magn. Magn. Mater.
159, L1-L7 (1996).

.M. Hirayama, R. Okugawa, T. Miyake, S. Murakami, Topological Dirac nodal lines

and surface charges in fcc alkaline earth metals. Nat. Commun. 8, 14022 (2017).

M. Hirayama, S. Matsuishi, H. Hosono, S. Murakami, Electrides as a new platform

of topological materials. Phys. Rev. X 8,031067 (2018).

V. V. Mazurenko, A. O. Shorikov, A. V. Lukoyanov, K. Kharlov, E. Gorelov, A. I. Lichtenstein,
V. 1. Anisimov, Metal-insulator transitions and magnetism in correlated band insulators:
FeSi and Fe;_«Co,Si. Phys. Rev. B 81, 125131 (2010).

M. Z. Hasan, C. L. Kane, Colloquium: Topological insulators. Rev. Mod. Phys. 82, 3045-3067
(2010).

M. Takeda, D. Yamazaki, K. Soyama, R. Maruyama, H. Hayashida, H. Asaoka, T. Yamazaki,
M. Kubota, K. Aizawa, M. Arai, Y. Inamura, T. Itoh, K. Kaneko, T. Nakamura, T. Nakatani,

K. Oikawa, T. Ohhara, Y. Sakaguchi, K. Sakasai, T. Shinohara, J. Suzuki, K. Suzuya, |. Tamura,
K. Toh, H. Yamagishi, N. Yoshida, T. Hirano, Current status of a new polarized neutron
reflectometer at the intense pulsed neutron source of the Materials and Life Science
Experimental Facility (MLF) of J-PARC. Chinese J. Phys. 50, 161-170 (2012).

M. Bjorck, G. Andersson, GenX: An extensible X-ray reflectivity refinement program
utilizing differential evolution. J. Appl. Cryst. 40, 1174-1178 (2007).

P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. Buongiorno Nardelli, M. Calandra,

R. Car, C. Cavazzoni, D. Ceresoli, M. Cococcioni, N. Colonna, I. Carnimeo, A. Dal Corso,

S. de Gironcoli, P. Delugas, R. A. DiStasio Jr., A. Ferretti, A. Floris, G. Fratesi, G. Fugallo,

R. Gebauer, U. Gerstmann, F. Giustino, T. Gorni, J. Jia, M. Kawamura, H.-Y. Ko, A. Kokalj,

E. Kiigtikbenli, M. Lazzeri, M. Marsili, N. Marzari, F. Mauri, N. L. Nguyen, H.-V. Nguyen,

A. Otero-de-la-Roza, L. Paulatto, S. Poncé, D. Rocca, R. Sabatini, B. Santra, M. Schlipf,

A. P. Seitsonen, A. Smogunoy, |. Timrov, T. Thonhauser, P. Umari, N. Vast, X. Wu, S. Baroni,
Advanced capabilities for materials modelling with QUANTUM ESPRESSO. J. Phys.
Condens. Matter 29, 465901 (2017).

0. Schob, E. Parthé, The structure of HfSn. Acta Crystallogr. 17, 452-453 (1964).

K. B.J. P. Perdew, M. Ernzerhof, Generalized gradient approximation made simple.

Phys. Rev. Lett. 77, 3865-3868 (1996).

G. Pizzi, V. Vitale, R. Arita, S. Blugel, F. Freimuth, G. Géranton, M. Gibertini, D. Gresch,

C. Johnson, T. Koretsune, J. Ibafiez-Azpiroz, H. Lee, J.-M. Lihm, D. Marchand, A. Marrazzo,
Y. Mokrousov, J. |. Mustafa, Y. Nohara, Y. Nomura, L. Paulatto, S. Poncé, T. Ponweiser,
J.Qiao, F. Thole, S. S. Tsirkin, M. Wierzbowska, N. Marzari, D. Vanderbilt, I. Souza,

A. A. Mostofi, J. R. Yates, Wannier90 as a community code: New features and applications.
J. Phys. Condens. Matter 32, 165902 (2020).

G. Kresse, J. Hafner, Ab initio molecular dynamics for liquid metals. Phys. Rev. B 47,
558-561 (1993).

G. Kresse, J. Hafner, Ab initio molecular-dynamics simulation of the liquid-metal-
amorphous-semiconductor transition in germanium. Phys. Rev. B 49, 14251-14269
(1994).

80of9



SCIENCE ADVANCES | RESEARCH ARTICLE

56. U.Herath, P. Tavadze, X. He, E. Bousquet, S. Singh, F. Mufioz, A. H. Romero, PyProcar:

A Python library for electronic structure pre/post-processing. Comput. Phys. Commun.
251, 107080 (2020).

57. V.Wang, N. Xu, J. C. Liu, G. Tang, W.-T. Geng, Vaspkit: A user-friendly interface facilitating
high-throughput computing and analysis using VASP code. arXiv:1908.08269 [cond-mat.
mtrl-sci] (22 August 2019).

58. K.Momma, F. Izumi, VESTA 3 for three-dimensional visualization of crystal, volumetric
and morphology data. J. Appl. Cryst. 44, 1272-1276 (2011).

59. K. Yasuda, A. Tsukazaki, R. Yoshimi, K. S. Takahashi, M. Kawasaki, Y. Tokura, Large
unidirectional magnetoresistance in a magnetic topological insulator. Phys. Rev. Lett. 117,
127202 (2016).

60. Y.Fan, Q.Shao, L. Pan, X. Che, Q. He, G. Yin, C. Zheng, G. Yu, T. Nie, M. R. Masir,

A.H. MacDonald, K. L. Wang, Unidirectional magneto-resistance in modulation-doped
magnetic topological insulators. Nano Lett. 19, 692-698 (2019).

Acknowledgments: We thank G. Aeppli, H. M. Rennow, T. Ideue, K. Kondou, T. Yokouchi, and
E. I. Rashba for fruitful discussions. The PNR measurements at the Materials and Life Science

Ohtsuka et al., Sci. Adv. 7, eabj0498 (2021) 17 November 2021

Experimental Facility of the J-PARC was performed under a user program (proposal no.
2020A0211). Funding: This work was supported by JSPS KAKENHI (grant nos. JP20H01859,
JP20H05155, and JP20H01867), JST CREST (grant nos. JAMJCR16F1 and JPMJCR1874), and JST
FOREST (grant no. JAMJFR2038). Author contributions: Y.O. and N.K. grew the thin films with
support from K.F., AT., M.l, and M.K. Y.O. and N.K. performed magnetization and transport
measurements. Y.0., N.K,, T.Na., and T.H. performed PNR with support from V.U.and H.A.Y.O.,
N.K., and M.M. performed magnetization switching experiments. M.H., A.M., T.No., and R.A.
performed first-principles calculations. N.K., M.H., and Y.T. wrote the draft. N.K. and Y.T.
conceived the project. All the authors discussed the results and commented on the
manuscript. Competing interests: The authors declare that they have no competing interests.
Data and materials availability: All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplementary Materials.

Submitted 17 April 2021
Accepted 28 September 2021
Published 17 November 2021
10.1126/sciadv.abj0498

90of9


https://arxiv.org/abs/1908.08269

