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ABSTRACT

Magnetization switching using spin-orbit torque offers a promising route to developing non-volatile memory technologies. The prerequisite,
however, is the charge-to-spin current conversion, which has been achieved traditionally by harnessing the spin-orbit interaction in heavy
metals, topological insulators, and heterointerfaces hosting a high-mobility two-dimensional electron gas. Here, we report the observation
of charge-to-spin current conversion at the interface between ferromagnetic NigsFep, and ferroelectric Bi;WOs thin films. The resulting
spin-orbit torque consists of damping-like and field-like components, and the estimated efficiency amounts to about 0.48 + 0.02, which
translates to 0.96 + 0.04 nm™" in terms of interfacial efficiency. These numbers are comparable to contemporary spintronic materials exhibit-
ing giant spin-orbit torque efficiency. We suggest that the Rashba Edelstein effect underpins the charge-to-spin current conversion on the
interface side of NiggFeo. Further, we provide an intuitive explanation for the giant efficiency in terms of the spin-orbit proximity effect,
which is enabled by orbital hybridization between W and Ni (Fe) atoms across the interface. Our work highlights that Aurivillius compounds
are a potential addition to the emerging transition metal oxide-based spin-orbit materials.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0142695

I. INTRODUCTION

Electrical manipulation of magnetization via spin current-
induced spin-orbit torque (SOT) has emerged as a promising path-
way for developing next-generation spintronic memory and logic
technologies.! Generating spin current requires utilizing spin-orbit
coupling (SOC) to convert a charge current to its spin counter-
part. Traditionally, the spin-Hall effect (SHE) in nonmagnetic heavy
metal,” Rashba-Edelstein effect (REE) at inversion-asymmetric
interface/surface,” and spin-momentum locked topological surface
states” have been studied for charge-spin conversion. Under this
scheme, the spin current emanating from the SOC host exerts a
SOT on the magnetization of an adjacent ferromagnetic (FM) layer
triggering a switching. Compared to the spin-transfer torque mech-
anism, the SOT-induced magnetization switching is faster and more
energy efficient,’” making the latter a topic of intensive research.

One focus area concerns exploring new materials and strategies
to enhance the charge-spin conversion efficiency or the SOT effi-
ciency, which is defined as the ratio of spin current density to
charge current density. Some of the approaches to enhance the
SOT efficiency include the use of highly resistive -phase W films,°
asymmetric interfaces comprising an ultrathin ferromagnet (Co)
sandwiched between a heavy metal (Pt) and oxidized layer (AL, Ox),”
and Fermi-level and interface-engineered topological insulator (TT)-
based heterostructures.”’ In parallel, it is found that the oxida-
tion of heavy metals like Pt and W dramatically improves the
charge-spin conversion efficiency.'”'" This observation signals a
favorable prospect of oxides in developing highly efficient spintronic
devices.

Transition metal oxides (TMOs) constitute a unique material
class with a broad spectrum of functional properties, such as
magnetism, ferroelectricity, and metal-insulator transition.'” Such
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diverse behaviors originate from the complex interactions among
charge, spin, orbital, and lattice degrees of freedom. The extreme
sensitivity of these interactions to crystal symmetry and chem-
istry in TMO offers an unparalleled opportunity to control
and engineer new functionalities, including SOC."” Regarding
charge-spin conversion, the spin current yield from conducting
Rashba LaAlO3/SrTiO; interface is comparable to that of TI-based
systems.'* Meanwhile, a robust and symmetry-tunable SHE has been
observed recently in 4d (5d) transition metal-derived oxide SrRuO;
(SrIrO3). The charge-spin conversion efficiency of these materials
rivals that of elemental heavy metals.”” "’ In contrast, heterostruc-
tures consisting of an interface between insulating TMOs and metal
have not been explored for the charge-spin conversion.

In this work, using heterostructures consisting of ferromag-
netic NiggFeo2 (Py) and insulating (001)-oriented epitaxial Bi,WOg
(BWO) layers, we studied the possibility of charge-spin cur-
rent conversion. BWO is a wide bandgap (~2.7 eV) TMO with
an orthorhombic layered structure that consists of alternating
Bi;O, sheets and pseudo-perovskite WOs blocks.'® Oxidized Bi
and W interfaces were previously found to yield charge-spin
interconversion.'"'” We, thus, posit that Py/BWO interface could
also enable a charge-spin conversion. Another motivation to employ
BWO is its ferroelectricity, with a characteristic Curie temperature
(%950 °C) and spontaneous polarization (x50 uC cm™2).”"*" Thus,
it provides a unique opportunity to investigate the scope of oxide
ferroelectrics with strong SOC in spintronic applications.””

Il. EXPERIMENTAL METHODS
A. Sample fabrication

All samples used in this work are grown with the pulsed
laser deposition technique by employing the fourth harmonic
(A = 266 nm) excitation of an Nd: YAG laser on (001)-oriented
(LaAlO3)03-(Sr2TaAlOg)o; (LSAT) substrates. Bi;WOs (BWO)
layer was grown at 480-490 °C under an oxygen partial pressure of
120 mTorr while operating the laser at 15 Hz delivering energy of
about 6 mJ/pulse.” After the growth of the Bi; WOg layer, the sam-
ples were cooled to room temperature. Subsequently, NigsFeq (Py)
and Al O, layers were grown in situ at a base pressure of 5 x 10~
Torr by ablating Py and Al, O3 targets. The laser energy was set to
24 and 16 mJ/pulse during the growth of Py and ALO, layers,
respectively. The nominal BWO layer thickness is set to about
18 nm, while for the Py layer, the thickness tpy is set to about
5 nm. The Py layer thickness was controlled by counting the num-
ber of laser pulses, which was determined using a test sample that
was measured using the x-ray reflectivity technique for the thick-
ness calibration. After the growth, the combination of standard
photo-lithography, Ar-ion beam etching, and lift-off techniques was
employed to fabricate 20 x 100 um* microstrips. Subsequently, elec-
trodes comprised of Au (100 nm)/Ta (10 nm) were sputtered to real-
ize devices for the spin-torque ferromagnetic resonance (ST-FMR)
measurements.

B. Structural characterization

The microstructure and energy-dispersive x-ray spectroscopy
characterization were performed at room temperature using a trans-
mission electron microscope (Titan G2 80-200, FEI). Meanwhile,
the structural quality and topography were characterized by x-ray
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diffraction and atomic force microscopy techniques, respectively
(Fig. S1, supplementary material).

C. ST-FMR measurements

All the measurements reported in this article were carried out
at room temperature and under ambient conditions. A signal gener-
ator (68369B, Anritsu) was used for supplying microwave current
(Irr) via the source (S) port, and the mixing signal was collected
via the ground (G) ports of the ST-FMR device. The input signal
was amplitude-modulated using an 8 kHz sinusoidal excitation of
an amplitude of ~1 V from a lock-in amplifier (SR830, Stanford
Research Systems). Subsequently, the DC mixing signal was then
extracted using the lock-in technique. For DC-tuned ST-FMR mea-
surements, a voltage source (GS200, Yokogawa Electric Co.) was
used to sweep DC currents between —1.5 and 1.5 mA with a step
of 0.3 mA. Measurements were repeated three times at each step to
improve the signal-to-noise ratio, and their averaged response was
analyzed. All measurements were carried out for an RF power of
6.31 mW.

lll. RESULTS AND DISCUSSION

We start by briefly highlighting the microstructure and chem-
ical qualities of our sample. Figure 1(a) shows a schematic drawing
of the Al,Ox/Py/BWO/LSAT heterostructure, while Fig. 1(b) shows
a representative high-angle annular darkfield scanning transmission
electron microscopy (HAADF-STEM) image around the Py/BWO
interface. It shows a layered structure on the BWO side, consis-
tent with the (001)-oriented growth of the BWO layer (Fig. S1,
supplementary material). Meanwhile, the Py side of the interface
features randomly orientated lattice fringes, suggesting the poly-
crystalline nature of the Py layer. Interestingly, the intensity of the
HAADF image is noticeably suppressed near the interface, and we
find this generic feature to be about 1 nm thick. To clarify the origin
of this intensity suppression, we performed the energy-dispersive x-
ray spectroscopy (EDS) measurement. Figure 1(c) shows the EDS
maps highlighting the compositional distribution of Ni, Fe, W,
and Bi atoms across the Py/BWO interface. The Ni-distribution
exhibits a well-defined boundary, whereas the Fe-distribution grad-
ually decays into the BWO side. In contrast, the dispersion of W and
Bi atoms is limited within the BWO side, albeit with a noticeable
heterogeneity near the interface. The EDS intensity profiles shown
in Fig. 1(d) visually summarize these observations, where a reduc-
tion in the W and Bi intensity is accompanied by a sizable gain in
Fe intensity (highlighted by triangles). These findings suggest that
during the initial stage of Py deposition, high kinetic energy plasma
species knock out W and Bi atoms from the topmost BWO layers
and contribute to Fe diffusion from the growing Py layer.”* Over-
all, these processes lead to Bi and W (within the BWO layer) and
Fe (within the Py layer) deficiencies at the interface, which accounts
for reduced HAADF intensity in Fig. 1(b). Nonetheless, the above
measurements confirm that the Py/BWO interface is of reasonable
quality, with chemical disorders limited within the topmost BWO
layer.

Next, we focus on the spin-torque ferromagnetic resonance
(ST-FMR) measurements, which allow us to investigate a possible
charge-spin current conversion in our sample. Figure 2(a) shows the
circuitry and the example optical micrograph image of the device.
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the maps; black triangles highlight
the accumulation of Fe atoms in the
topmost layer of BWO and the Bi and W
deficiency therein. The STEM images
were obtained along the [010] zone axis
of the cubic LSAT substrate.
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During the measurement, we pass a radio-frequency (RF) charge
current through the microstrip while applying an in-plane magnetic
field (Hex) at an angle 0 = 35° from the current flow direction. If
charge-spin current conversion occurs, the resulting spin current
is expected to exert two distinct SOTs on the Py layer, namely, an
in-plane anti-damping-like SOT (7pr) and an out-plane field-like
SOT (7rL), as schematically shown in Fig. 2(a).* Consequently, the
magnetization (M) of Py would undergoe an out-of-equilibrium
precession, yielding an anisotropic magneto-resistive response. The
resulting oscillatory modulation in the resistance would then gener-
ate a rectified dc voltage (Vmix) through mixing with the RF-charge
current, which can be detected using the lock-in technique while
sweeping Hey; to satisfy the FMR condition.

Figure 2(b) shows the measured FMR spectra for excitation
frequencies (f) in the range between 5 and 12 GHz. The reso-
nance spectrum can be modeled with symmetric and antisymmetric
Lorentzian functions,’

‘/V2 Vv W(Hext - Ho)

Viix = Vs +Va ,
e (Hext — Ho)> + W? (Hext — Ho ) + W?

1)

where W, H,, and Vs(Va) are the spectral width, resonance
field, and amplitude of the symmetric (antisymmetric) function,

respectively. Figure 2(c) shows Vyix spectrum around resonance
(filled circles, f = 8 GHz), alongside the model fitting (black curve)
with Eq. (1), which allows estimating W, H,, Vs, and V4. Observa-
tion of finite symmetric (Vs) and antisymmetric (V) components
in the Vyix signal, in conjunction with their characteristic angular
and power dependence (Fig. S3, supplementary material), unam-
biguously confirms the existence of charge-spin current conversion
and SOTs in the sample.” In this context, Vs (V) is correlated with
the in-plane (out-of-plane) SOT 7pr, (r.) and follows the relation:’
L _ &(1 . 41'[Meff)l/2’ @)
L VA H,

where 4mMer refers to the effective magnetization and can be
obtained by fitting resonance fields with the Kittel formula,
f = (y/2m)[Ho(H, + 4nMeg)]? [Fig. 2(d)]. Using the extracted
4tMegr = 5.12 £ 0.02 kOe and Eq. (2), the SOT ratio is evalu-
ated at each f and is shown in Fig. 2(e). The SOT ratio is fairly
frequency-independent and adopts a mean value of 1 + 0.1.

While the ST-FMR measurements confirm a charge-spin cur-
rent conversion in the sample, they do not clarify whether it is
of bulk or interfacial origin. Noteworthy, the BWO and Al,Ox
layers are insulating in our sample. Thus, the charge-spin current
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FIG. 2. Spin—torque ferromagnetic res-
onance (ST-FMR) measurement. (a)
Optical micrograph of typical ST-FMR
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device and electrical circuitry used in
our study. The inset schematically shows
the geometric alignment of spin—orbit
torque components relative to the mag-
netization (M) axis and charge cur-
rent flow (lge). (b) ST-FMR spectra
recorded by varying the excitation fre-
quency, f, between 5 and 12 GHz. (c)
Example fitting of an ST-FMR spectrum

—or 1 (f = 8 GHz) with Eq. (1) around the
resonance field. Solid blue and green
) ) curves correspond to the symmetric
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nents obtained from the best fit (black
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(d) ; ; ; ; (e) 2.0 . . . . resonance fields, Ho (black filled circles)
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conversion could only occur within the Py layer” or at the inter- o= sin 6 hEDL]DC’ 3)

face. However, the absence of a measurable ST-FMR signal on a
controlled sample, Al;Ox/Py/ALO, featuring symmetric top and
bottom interfaces (see Fig. S4a in the supplementary material) pre-
cludes the possibility of current conversion in the bulk Py layer and
points toward an REE-induced interfacial origin.

Next, we consider the in-plane and out-of-plane SOTs and
quantify the corresponding efficiencies, hereafter referred to as &
and &g, respectively. To this end, first, we characterize £ using the
DC-tuned ST-FMR technique;’® subsequently, we evaluate &y from
Eq. (2), following the relation: 7pr/75r = &py /€. In the DC-tuned
ST-FMR technique, the RF charge current and a direct current (DC)
are simultaneously applied through the microstrip. The resulting
DC spin current and corresponding torque, 7pr, thereby modify the
FMR spectral width (W), which is related to the magnetic damping
parameter a s (= Wy/2nf), as follows:"”*

=ar+
I (Ho + 2nMer)poMisactyy  2e

where tho» Msats £, h, and e are the vacuum permeability, satura-
tion magnetization, thickness of ferromagnetic Py layer, reduced
Plank’s constant, and electron charge, respectively. Meanwhile,
&pL = Jspc!Jpc relates the DC spin current density, h/2eJspc to
its charge counterpart, Jpc. In Fig. 3, we plot the effective damp-
ing parameter « as a function Jp for positive ( = 35°) and negative
(0 = —145°) magnetic field (Hext). « linearly scales with Jpc, and a
linear fit to data (solid lines) further demonstrates a sign reversal
of the slope upon switching the Hex polarity. These observations
are consistent with the prevalent DC-tuned ST-FMR studies™”® and,
therefore, reliably allow for quantifying ;. Noting Mg = 5.34
x10°Am™}, tef= (tpy— tg) nm = 3.5 nm, where t4 = 1.5 nm accounts
for the interfacial dead layer thickness (see Fig. S5, supplementary
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FIG. 3. Effective damping parameter (solid squares) as a function of DC charge
current density. Solid lines represent the linear fits that are used to quantify &y,
using Eq. (3).

material), we estimated & = 0.48 + 0.02. Noting 7pr/7rr = &py /&py,
~ 1 [from Fig. 2(e)], we estimated &y = 0.48 + 0.02. Similarly,
we have studied another sample with tpy = 10 nm and found
Ep (Epp) = 0.62 + 0.05 (0.41 = 0.03).

Opverall, the DC-tuned ST-FMR study reveals a robust SOT effi-
ciency in our sample. However, while calculating &, and &, we
assumed that the entire Py layer contributes to charge-spin con-
version via REE. This assumption underestimates the intrinsic SOT
efficiencies by a factor of 1/t1, where t; refers to the interfacial screen-
ing length that is relevant for the REE. Assuming #; = 0.5 nm for
Py,'” we estimated the interfacial SOT efficiencies to be extremely
large, amounting to about = 0.96 + 0.04 nm™". This value is com-
parable to those of contemporary spintronic materials, as shown in
Fig. 4 (see Table S1 in the supplementary material for a detailed
comparison).

The above data and analysis unambiguously demonstrate that
the REE enables a charge-spin current conversion at the interface
of our sample, and the resulting spin current exerts in-plane and
out-of-plane SOTs on the Py layer. While both the Al,O4/Py and

(nm™)

int
FL

int
> DL>»

0.1¢ ]

FIG. 4. Comparison of interfacial spin—orbit torque efficiencies of con-
temporary  spin-orbit materials. NiggFeq2/Bi;WOs used in this work
(A), Ni()_gFeo_zl(Bi0_4seo_6)2Tea (B),8 Nio_gFBo_z/LﬂNOa/Sl’TiOg (C),27
CoFeB/LaAlO;/SrTiO; (D),"* and NiggFega/pox (E).'° The nominal thickness of
the ferromagnetic layer in samples (A) to (E) is about 5 nm.

scitation.org/journal/apm

Py/BWO interfaces can support the REE, typically a contribution
of about 0.006%-0.04% in & is expected from the Al,O/Py inter-
face,”” which is much smaller than what we observed in our sample.
Hence, we suggest that the contribution from the Py/BWO inter-
face is dominant in our sample. This conjecture is qualitatively
supported by the observation of a weak ST-FMR signal in a con-
trolled sample with asymmetric interfaces: Al,O./Py/Glass, which
does not contain the BWO layer (see Fig. S4b in the supplementary
material). As a possible explanation for large SOT efficiency, we
note that, at a metallic surface/interface, the REE-induced spin
accumulation scales with the Rashba coefficient, ag.”® The Rashba
coefficient depends on the strength of the interfacial electric field
(Ei) and spin-orbit coupling ({) as ar ~ E; {. The interfacial elec-
tric field promotes the forbidden intersite (onsite) orbital mixtures
that satisfy the selection rules, Al = 0 and Am + 0 (Al = = 1
and Am = 0).””"" The intersite orbital mixture enables conduc-
tion electrons to acquire a non-zero orbital momentum, which
leads to the momentum-dependent band splitting via spin-orbit
coupling.”"* In our samples, the work-function mismatch between
Py and oxide layers determines the strength of E;. Also, we note
that (001)-oriented BWO thin films exhibit in-plane ferroelectric-
ity,” which precludes the polarization-bound charge-induced elec-
tric field parallel to E;. The work function of Py and AL, Oy is around
4.8 and 3.9 eV.?> Meanwhile, the work function of BWO is around
5.7-6.06 eV.”* From these considerations, we conclude that E;
is comparable at the Al;Ox/Py and Py/BWO interfaces, and a
significantly enhanced effective spin-orbit coupling strength at
the latter underpins its dominant contribution to the giant SOT
efficiency.

Next, we consider hybridization between Ni/Fe and W orbitals
across the Py/BWO interface to rationalize the enhanced effec-
tive spin-orbit coupling strength. In BWO, W 5d (O 2p) orbitals
predominantly form the conduction band minima (valence band
maxima);ls"“ while in Py, 4s and 4p orbitals form the conduc-
tion band, and ferromagnetism arises due to the exchange cou-
pling among localized 3d electron spins via highly itinerant 4s and
4p electrons. Thus, when interface states are formed via hybridiza-
tion among W 54 and Py orbitals, conduction electrons in Py (with
{py = 65 meV) experience a stronger atomic spin-orbit interac-
tion around W ({w = 367 meV) atoms.”” The onsite s—p and
p-d orbital mixing (Al = + 1 and Am = 0) thereby enhances the
effective spin-orbit coupling strength, {, for itinerant electrons at
the Py/BWO interface. Considering ag ~ E; {, such spin-orbit prox-
imity effect naturally then explains the giant charge-spin conversion
or the SOT efficiency of the Py/BWO interface.

IV. CONCLUSION

In conclusion, we have observed the Rashba-Edelstein effect-
induced charge-spin current conversion at the interface between
Nig.gFeo and Bi,WOg layers. Using the spin-torque ferromagnetic
resonance technique, we demonstrated that the spin current exerts
both an in-plane damping-like and out-of-plane field-like spin-orbit
torques on the ferromagnetic layer. The calculated interfacial
spin—orbit torque efficiencies amount to about 0.96 + 0.04 nm™ ',
comparable to those of contemporary spin-orbit materials that yield
spin current through interfacial charge-spin conversion with giant
efficiency.
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This work introduces a new material class: Aurivillius oxides
as potential candidates for the charge-spin interconversion-based
spintronics research. From the prospect of fundamental studies, sev-
eral questions have to be addressed, such as the magnitude of the
Rashba parameter, ag, and the microscopic nature of the spin-orbit
proximity effect. Density functional theory calculation considering
orbital hybridization between Aurivillius oxides and ferromagnet
could shed light on these aspects.””’ A sizable number of Auriv-
illius oxides are ferroelectric at room temperature. Therefore, we
anticipate that our results could serve as a reference for exploring
electrically tunable Rashba spin-orbit interaction using ferroelec-
tric oxides.”” Regarding applications, Aurivillius ferroelectrics are
Si-compatible, stable at BEOL processing temperature, and can be
heterointerfaced with a range of nonmagnetic electrode materials.”
These attributes favorably hint at a niche application of oxide-based
spintronic devices for room temperature operations.

SUPPLEMENTARY MATERIAL

See the supplementary material for x-ray diffraction, atomic-
force microscopy, oxygen EDS map, power and angle dependence
of the ST-FMR signal, room temperature magnetization characteri-
zation, ST-FMR data on the controlled sample with symmetric and
asymmetric interfaces, and a table summarizing detailed comparison
of samples shown in Fig. 4.

ACKNOWLEDGMENTS

We gratefully acknowledge Dr. Seiji Mitani for giving the
access to the VSM and AFM setups for magnetization and topog-
raphy characterization, respectively. We would like to acknowledge
support from Dr. Atsuya Kurita for preparing STEM specimens.
This work was supported by Grants-in-Aid for Scientific Research
(Grant No. 19H02604) and by JST FOREST Program (Grant No.
JPMJFR203D) (Y.K.).

AUTHOR DECLARATIONS
Conflict of Interest

The authors declare no conflicts of interest.

Author Contributions

Saikat Das: Conceptualization (lead); Data curation (lead); Formal
analysis (lead); Investigation (lead); Writing - original draft (lead);
Writing - review & editing (equal). Satoshi Sugimoto: Investiga-
tion (supporting); Writing - review & editing (supporting). Varun
Kumar Kushwaha: Investigation (supporting); Writing — review &
editing (supporting). Yusuke Kozuka: Funding acquisition (lead);
Investigation (supporting); Resources (equal); Supervision (equal);
Validation (lead); Writing - review & editing (equal). Shinya Kasai:
Investigation (supporting); Resources (equal); Supervision (equal);
Writing - review & editing (supporting).

DATA AVAILABILITY

The data that support the finding of this study are available
from the corresponding authors upon reasonable request.

ARTICLE scitation.org/journal/apm

REFERENCES

TA. Manchon, ]. Zelezn)'f, I. M. Miron, T. Jungwirth, J. Sinova, A. Thiaville,
K. Garello, and P. Gambardella, Rev. Mod. Phys. 91, 035004 (2019).

21, Liu, T. Moriyama, D. C. Ralph, and R. A. Buhrman, Phys. Rev. Lett. 106,
036601 (2011).

31. M. Miron, K. Garello, G. Gaudin, P.-J. Zermatten, M. V. Costache, S. Auffret,
S. Bandiera, B. Rodmacq, A. Schuhl, and P. Gambardella, Nature 476, 189 (2011).
“A. R. Mellnik, J. S. Lee, A. Richardella, J. L. Grab, P. J. Mintun, M. H. Fischer,
A. Vaezi, A. Manchon, E.-A. Kim, N. Samarth, and D. C. Ralph, Nature 511, 449
(2014).

5S. Manipatruni, D. E. Nikonov, and L. A. Young, Appl. Phys. Express 7, 103001
(2014).

8C.-F. Pai, L. Liu, Y. Li, H. W. Tseng, D. C. Ralph, and R. A. Buhrman, Appl. Phys.
Lett. 101, 122404 (2012).

71. Mihai Miron, G. Gaudin, S. Auffret, B. Rodmacq, A. Schuhl, S. Pizzini, J. Vogel,
and P. Gambardella, Nat. Mater. 9, 230 (2010).

8E. Bonell, M. Goto, G. Sauthier, J. F. Sierra, A. L. Figueroa, M. V. Costache,
S. Miwa, Y. Suzuki, and S. O. Valenzuela, Nano Lett. 20, 5893 (2020).

°K. Kondou, R. Yoshimi, A. Tsukazaki, Y. Fukuma, J. Matsuno, K. S. Takahashi,
M. Kawasaki, Y. Tokura, and Y. Otani, Nat. Phys. 12, 1027 (2016).

"H. An, T. Ohno, Y. Kanno, Y. Kageyama, Y. Monnai, H. Maki, J. Shi, and
K. Ando, Sci. Adv. 4, eaar2250 (2018).

"K.-U. Demasius, T. Phung, W. Zhang, B. P. Hughes, S.-H. Yang, A. Kellock,
W. Han, A. Pushp, and S. S. P. Parkin, Nat. Commun. 7, 10644 (2016).

2D, 1. Khomskii, Transition Metal Compounds (Cambridge University Press,
Cambridge, 2014).

"3M. Coll, J. Fontcuberta, M. Althammer, M. Bibes, H. Boschker, A. Calleja,
G. Cheng, M. Cuoco, R. Dittmann, B. Dkhil, I. El Baggari, M. Fanciulli, I. Fina,
E. Fortunato, C. Frontera, S. Fujita, V. Garcia, S. T. B. Goennenwein, C.-G.
Grangyist, J. Grollier, R. Gross, A. Hagfeldt, G. Herranz, K. Hono, E. Houw-
man, M. Huijben, A. Kalaboukhov, D. J. Keeble, G. Koster, L. F. Kourkoutis, J.
Levy, M. Lira-Cantu, J. L. MacManus-Driscoll, J. Mannhart, R. Martins, S. Menzel,
T. Mikolajick, M. Napari, M. D. Nguyen, G. Niklasson, C. Paillard, S. Panigrahi,
G. Rijnders, F. Sinchez, P. Sanchis, S. Sanna, D. G. Schlom, U. Schroeder,
K. M. Shen, A. Siemon, M. Spreitzer, H. Sukegawa, R. Tamayo, J. van den Brink,
N. Pryds, and F. M. Granozio, Appl. Surf. Sci. 482, 1 (2019).

Y. Wang, R. Ramaswamy, M. Motapothula, K. Narayanapillai, D. Zhu, J. Yu,
T. Venkatesan, and H. Yang, Nano Lett. 17, 7659 (2017).

'5Y. Ou, Z. Wang, C. S. Chang, H. P. Nair, H. Paik, N. Reynolds, D. C. Ralph,
D. A. Muller, D. G. Schlom, and R. A. Buhrman, Nano Lett. 19, 3663 (2019).

8T, Nan, T. J. Anderson, J. Gibbons, K. Hwang, N. Campbell, H. Zhou, Y. Q.
Dong, G. Y. Kim, D. F. Shao, T. R. Paudel, N. Reynolds, X. J]. Wang, N. X. Sun,
E.Y. Tsymbal, S. Y. Choi, M. S. Rzchowski, Y. B. Kim, D. C. Ralph, and C. B. Eom,
Proc. Natl. Acad. Sci. U. S. A. 116, 16186 (2019).

7], Zhou, X. Shu, W. Lin, D. F. Shao, S. Chen, L. Liu, P. Yang, E. Y. Tsymbal, and
J. Chen, Adv. Mater. 33,2007114 (2021).

'8X. Liu, P. Long, Z. Sun, and Z. Yi, J. Mater. Chem. C 4, 7563 (2016).

195, Sugimoto, J. Uzuhashi, S. Isogami, T. Ohkubo, Y. K. Takahashi, S. Kasai, and
K. Hono, Phys. Rev. Mater. 3, 104410 (2019).

297 Jeong, J. Mun, S. Das, J. Kim, J. R. Kim, W. Peng, M. Kim, and T. W. Noh,
ACS Appl. Electron. Mater. 3, 1023 (2021).

21y, Djani, E. Bousquet, A. Kellou, and P. Ghosez, Phys. Rev. B: Condens. Matter
Mater. Phys. 86, 054107 (2012).

22D, Di Sante, P. Barone, R. Bertacco, and S. Picozzi, Adv. Mater. 25, 509
(2013).

233, Das, T. Ohkubo, S. Kasai, and Y. Kozuka, Cryst. Growth Des. 21, 625
(2020).

2%W. S. Choi, C. M. Rouleay, S. S. A. Seo, Z. Luo, H. Zhou, T. T. Fister, J. A.
Eastman, P. H. Fuoss, D. D. Fong, J. Z. Tischler, G. Eres, M. F. Chisholm, and
H. N. Lee, Adv. Mater. 24, 6423 (2012).

25T. Seki, Y.-C. Lau, S. Iihama, and K. Takanashi, Phys. Rev. B 104, 094430
(2021).

26, Kasai, K. Kondou, H. Sukegawa, S. Mitani, K. Tsukagoshi, and Y. Otani, Appl.
Phys. Lett. 104, 092408 (2014).

APL Mater. 11, 041113 (2023); doi: 10.1063/5.0142695
© Author(s) 2023

11, 041113-6

01:21:50 £202 J0qwa08q 10


https://scitation.org/journal/apm
https://www.scitation.org/doi/suppl/10.1063/5.0142695
https://doi.org/10.1103/revmodphys.91.035004
https://doi.org/10.1103/physrevlett.106.036601
https://doi.org/10.1038/nature10309
https://doi.org/10.1038/nature13534
https://doi.org/10.7567/apex.7.103001
https://doi.org/10.1063/1.4753947
https://doi.org/10.1063/1.4753947
https://doi.org/10.1038/nmat2613
https://doi.org/10.1021/acs.nanolett.0c01850
https://doi.org/10.1038/nphys3833
https://doi.org/10.1126/sciadv.aar2250
https://doi.org/10.1038/ncomms10644
https://doi.org/10.1016/j.apsusc.2019.03.312
https://doi.org/10.1021/acs.nanolett.7b03714
https://doi.org/10.1021/acs.nanolett.9b00729
https://doi.org/10.1073/pnas.1812822116
https://doi.org/10.1002/adma.202007114
https://doi.org/10.1039/c6tc02069k
https://doi.org/10.1103/physrevmaterials.3.104410
https://doi.org/10.1021/acsaelm.1c00005
https://doi.org/10.1103/physrevb.86.054107
https://doi.org/10.1103/physrevb.86.054107
https://doi.org/10.1002/adma.201203199
https://doi.org/10.1021/acs.cgd.0c01428
https://doi.org/10.1002/adma.201202691
https://doi.org/10.1103/physrevb.104.094430
https://doi.org/10.1063/1.4867649
https://doi.org/10.1063/1.4867649

APL Materials

27H. Yang, B. Zhang, X. Zhang, X. Yan, W. Cai, Y. Zhao, J. Sun, K. L. Wang,
D. Zhu, and W. Zhao, Phys. Rev. Appl. 12, 034004 (2019).

28 A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R. A. Duine, Nat. Mater. 14,
871 (2015).

29C.R. Ast and I. Gierz, Phys. Rev. B 86, 085105 (2012).

30K, V. Shanavas, Z. S. Popovié, and S. Satpathy, Phys. Rev. B 90, 165108
(2014).

31L. Petersen and P. Hedegard, Surf. Sci. 459, 49 (2000).

32G. Manchon, S. Ghosh, C. Barreteau, and A. Manchon, Phys. Rev. B 101, 174423
(2020).

ARTICLE scitation.org/journal/apm

33W. Song and M. Yoshitake, Surf. Interface Anal. 38, 793 (2006).

34K. Wy, S. Song, H. Wu, J. Guo, and L. Zhang, Micro Nano Lett. 15, 317 (2020).
35H. Djani, A. C. Garcia-Castro, W. Y. Tong, P. Barone, E. Bousquet, S. Picozzi,
and P. Ghosez, npj Quantum Mater. 4, 51 (2019).

36L. Salemi, M. Berritta, A. K. Nandy, and P. M. Oppeneer, Nat. Commun. 10,
5381 (2019).

57. Laref, S. Ghosh, E. Y. Tsymbal, and A. Manchon, Phys. Rev. B 101, 220410
(2020).

38C. A.-P. de Araujo, J. D. Cuchiaro, L. D. McMillan, M. C. Scott, and J. F. Scott,
Nature 374, 627 (1995).

APL Mater. 11, 041113 (2023); doi: 10.1063/5.0142695
© Author(s) 2023

11, 041113-7

01:21:50 £202 J0qwa08q 10


https://scitation.org/journal/apm
https://doi.org/10.1103/physrevapplied.12.034004
https://doi.org/10.1038/nmat4360
https://doi.org/10.1103/physrevb.86.085105
https://doi.org/10.1103/physrevb.90.165108
https://doi.org/10.1016/s0039-6028(00)00441-6
https://doi.org/10.1103/physrevb.101.174423
https://doi.org/10.1002/sia.2228
https://doi.org/10.1049/mnl.2019.0702
https://doi.org/10.1038/s41467-019-13367-z
https://doi.org/10.1103/physrevb.101.220410
https://doi.org/10.1038/374627a0

