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Anisotropic linear and nonlinear charge-spin conversion in topological semimetal SrIrO3
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Over the past decade, utilizing spin currents in the linear response of electric field to manipulate magnetization
states via spin-orbit torques (SOTs) is one of the core concepts for realizing a multitude of spintronic devices.
Besides the linear regime, recently, nonlinear charge-spin conversion under the square of electric field has been
recognized in a wide variety of materials with nontrivial spin textures, opening an emerging field of nonlinear
spintronics. Here, we report the investigation of both linear and nonlinear charge-spin conversion in one single
topological semimetal SrIrO3(110) thin film that hosts strong spin-orbit coupling and nontrivial spin textures
in the momentum space. In the nonlinear regime, the observation of crystalline direction dependent response
indicates the presence of anisotropic surface states induced spin-momentum locking near the Fermi level. Such
anisotropic spin textures also give rise to spin currents in the linear response regime, which mainly contributes
to the fieldlike SOT component. Our work demonstrates the power of combination of linear and nonlinear
approaches in understanding and utilizing charge-spin conversion in topological materials.
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I. INTRODUCTION

The generation and manipulation of spin currents is one
of the crucial aspects in the field of spintronics. Spin cur-
rents converted by charge currents exert spin-orbit torques
(SOTs) on the adjacent magnetic material through the transfer
of angular momentum, leading to current-induced magneti-
zation switching with low energy consumption in spintronic
devices [1,2]. In general, charge-spin conversion can in prin-
ciple arise from spin-orbit coupling (SOC), including bulk
spin Hall effect (SHE), and nontrivial spin textures at the
surface/interface due to inversion symmetry breaking, such as
spin-momentum locking [3–9]. In the presence of these mech-
anisms, the efficiencies of charge-spin conversion (referred
as SOT efficiencies) are widely accepted and reasonably
evaluated in the linear response regime [4,10–14]. Under a
small perturbation, such as an external electric field, both
the distribution and eigenstate in a carrier system are mod-
ified, giving rise to different nonequilibrium distributions
and thereby the spin currents. Besides the linear response
regime, recently, high-order response of charge-spin conver-
sion to electric field has been theoretically proposed and
also experimentally observed in noncentrosymmetric transi-
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tion metal dichalcogenides, topological Dirac semimetals, and
two-dimensional Rashba-Dresselhaus systems [13,15–29].
The high-order response is closely related to nontrivial spin
textures and topology due to strong SOC with inversion sym-
metry breaking, resulting in a variety of quantum phenomena,
such as nonlinear planar/anomalous Hall, nonreciprocal non-
linear optical, and inverse Edelstein effects. Conversely, these
exotic phenomena under the nonlinear responses also be-
comes a powerful probe to capture the nontrivial spin texture
properties, such as spin-momentum locked surface states via
magnetoelectric transport studies [25–27]. Thus the ubiqui-
tous nonlinear response effects in materials systems with
inversion asymmetry hold tremendous potential for adding
new functionalities and characterization means in the current
spintronics.

Transition metal oxides exhibit remarkable and highly tun-
able magnetoelectronic as well as SOC induced properties,
due to the strong coupling between charge, spin, orbital, and
lattice degrees of freedom, offering a versatile platform to
pursue desirable functionality for next-generation spintronic
devices [30–45]. In particular, the 5d transition-metal oxide
SrIrO3 exhibits pronounced charge-spin conversion in both
linear and nonlinear response [46–51]. In the linear regime,
large SOT efficiencies has been suggested to be associated
with the bulk SHE, stemming from the strong SOC related
topological nature in SrIrO3 [14,40–45]. However, the depen-
dence of SOT efficiencies on crystalline direction/orientation
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shows discrepancies among the previous studies, implicating
the underlying mechanisms in the linear charge-spin conver-
sion. In the nonlinear regime, an observation of the nonlinear
planar Hall effect in SrIrO3(001) evidences the existence
of surface states with spin-momentum locking, which was
ascribed to the strain induced nontrivial spin textures [27].
In addition, theoretical calculations predict that such surface
states should commonly exist in perovskite SrIrO3 with varied
crystal orientations protected by lattice symmetry [46,47].
Moreover, since the spin-momentum locking was reported to
contribute large SOT efficiencies in topological insulators and
transition metal dichalcogenides [6–9], it may also play a role
in the linear response in SrIrO3. The outstanding charge-spin
conversion features and the entanglement of the associated
microscopic mechanisms therefore call for a comprehensive
investigation to get deeper insight into the order-relevant
charge-spin conversion.

In this work, we experimentally investigate the linear and
nonlinear charge-spin conversion in SrIrO3(110) thin films.
The perovskite SrIrO3 has an orthorhombic crystal structure
with Pbnm space group. The lattice constants are a = 5.60 Å,
b = 5.58 Å, and c = 7.89 Å, corresponding to a pseudocubic
structure of lattice constant apc = 3.95 Å, so the SrIrO3 thin
films can be epitaxially grown on several substrates with
small lattice mismatch, such as SrTiO3 [52–54]. For SrIrO3

growing on SrTiO3(110), Fig. 1(a) shows the top view of
the crystal structure along the [110] direction, where the Sr
atoms and IrO6 octahedrons align anisotropically in the xy
plane, resulting in two types of mirror symmetry with re-
spect to the in-plane [001] and [1-10] directions. Since the
predicted spin-momentum locking and evaluated SOTs are
closely related to the crystalline directions [27,40,41,46,47],
the highly anisotropic properties of SrIrO3(110) for current
along the [1-10] and [001] directions enable us to explore both
response behaviors simultaneously. Specifically, as shown
in Figs. 1(b) and 1(c), we used the nonlinear planar Hall
measurement to detect the spin-momentum locking induced
second-order transverse charge-spin current in epitaxial thin
film SrIrO3(110), and in heterostructures of SrIrO3/NiFe,
harmonics Hall measurements were carried out to charac-
terize the spin currents induced SOTs in the linear response
regime. As a result, both coefficients of nonlinear planar Hall
effect and SOT efficiencies exhibit strong crystalline direction
dependence. The coefficients can be twofold different along
the [1-10] and [001] directions. These strongly anisotropic
responses are understood from first-principles calculations of
surface states and spin Hall conductivities. Combining the
experimental results and theoretical calculations, we conclude
that the anisotropic nonlinear charge-spin conversion associ-
ated with the strength of spin-momentum locking arise from
the specific spin textures at the Fermi surface. Furthermore,
such spin-momentum locking also acts as a source in the case
of the linear response regime, which dominates the interfacial
contribution of SOT efficiencies. Our study links the linear
and nonlinear charge-spin conversion in one single topolog-
ical semimetal SrIrO3, disentangling the mechanisms of its
prominent conversion efficiencies. Since the order-relevant
relationship should be general in more diverse materials with
strong SOC and nontrivial spin textures, our findings thus
provide a powerful method in interpreting and exploiting

FIG. 1. Schematic diagrams of the anisotropic linear and non-
linear charge-spin conversion in SrIrO3(110). (a) Top view of the
SrIrO3(110) crystalline structure along the [110] direction. The
dashed lines are the two orthogonal crystalline directions of [001]
and [1-10]. (b) Schematic view of band structure in the kx−ky plane
near the Dirac node. The circle denotes the anisotropic Fermi surface
at the Fermi level. (c) The linear charge-spin conversion in the
anisotropic Fermi surface, by which an electric field E (equivalent to
a charge current) applied along the [001] direction induces a shift of
the Fermi surface, resulting in a net spin accumulation with respect to
the shift �kx(E ). Then the spin accumulation couples to the adjacent
magnetic layer, leading to a magnetization precession due to SOTs,
and can be detected via the harmonics Hall measurements. (d) Illus-
tration of change-spin conversion in nonlinear regime. Based on the
configuration of (c), a nonlinear spin current Js(E 2) along the [1-10]
direction is generated simultaneously. When a magnetic field H is
applied along the [001] direction (parallel to E), a further asymmetric
distortion of the Fermi surface occurs along the [1-10] direction,
and the Js(E 2) is partially converted into a charge current Jc(E 2)
perpendicular to E. The Jc(E 2) can be detected via the nonlinear
planar Hall measurement.

emergent charge-spin conversion phenomena for linear and
nonlinear spintronics.

II. EXPERIMENTAL RESULTS

A. Nonlinear planar Hall measurements

Figure 2(a) shows the schematic diagram of the nonlinear
planar Hall measurement, in which angular dependence of
second harmonic transverse Hall voltage V 2ω

xy and longitudinal
voltage V 2ω

xx on the in-plane magnetic field direction with
respect to the current direction in the SrIrO3 single layer were
measured. For a fixed AC current I along the [001] direction of
0.8 mA and a magnetic field H of 4 T at temperature of 290 K,
as the example shown in Fig. 2(b), a typical second harmonic
planar Hall resistance R2ω

xy = V 2ω
xy /I as a function of the angle

ϕ exhibits cosine dependence. This suggests nonlinear planar
Hall effect (NHE) associated with complex spin textures, as
reported in the SrIrO3(100) films [27]. Note that the cosϕ an-
gular dependence can be ascribed to other contributions. For
instance, first, the Nernst effect induced by a thermal gradi-
ent can produce such angular dependence and yield isotropic
Nernst resistivity between transverse and longitudinal direc-
tions (ρ2ω

xy /ρ2ω
xx = 1) in the in-plane magnetic field scan. We

estimated the ratio ρ2ω
xy /ρ2ω

xx = (R2ω
xy /R2ω

xx )(L/W ) to be about
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FIG. 2. Nonlinear Hall effect measurement configuration and results. (a) A schematic of the patterned SrIrO3(110) sample geometry. The
input current I flows along the [001] direction. ϕ denotes the angle between the current I and the in-plane magnetic field H . (b) Second
harmonic planar Hall resistance R2ω

xy = V 2ω
xy /I as a function of ϕ. The amplitude �R2ω

xy was extracted by fitting the R2ω
xy data with cos ϕ. (c),(d)

�R2ω
xy as a function of ϕ under a fixed H of 4 T with various I from 0.2 to 1.5 mA, and under a fixed I of 0.8 mA with various H from 0.5 to

4 T, respectively. (e),(f) The dependence of �R2ω
xy on I for H = 4 T, and on H for I = 0.8 mA, respectively.

1.43, indicating that the Nernst effect is not the dominant
contribution in our measurements (see Supplemental Material
S1 [55]). Secondary, asymmetric magnon-mediated scatter-
ing can also generate the cosϕ dependence, as reported in a
magnetic-nonmagnetic topological system [24]. However, this
contribution can be readily ruled out in our SrIrO3 sample due
to the absence of electron-magnon scattering from a magnetic
layer.

To uncover the observed nonlinear nature, angular de-
pendent second harmonic planar Hall signals under various
magnitudes of current and magnetic field were further per-
formed. After subtracting a constant background component
of the signals, the second harmonic planar Hall resistance am-
plitudes �R2ω

xy as a function of ϕ for a series of magnitudes of
I under a fixed H of 4 T are obtained and plotted in Fig. 2(c).
Qualitatively, all the curves exhibit cosϕ shape and �R2ω

xy
increases monotonously with increasing I from 0.2 to 1.5 mA.
Fig. 2(d) exhibits the same tendency of �R2ω

xy at the H of 0.5 to
4 T with a fixed I of 0.8 mA. We further confirmed that the ex-
tracted �R2ω

xy exhibits bilinear dependence on the magnitudes
of the current I and magnetic field H , as shown in Figs. 2(e)
and 2(f), unambiguously evidencing the nonlinear nature of
R2ω

xy . This bilinear behavior is a distinctive feature of the
nonlinear planar Hall effect, which reflects a spin-momentum
locking phenomenon introduced by the complex spin textures
in momentum space. This phenomenon can be understood by
the fact that in the presence of an electrical field E due to the
applied I , the spin-momentum locked surface states generate
spin fluxes of nonlinear spin current with opposite momentum
at the second order of E. By applying the in-plane H simulta-
neously, the balance of the spin fluxes is broken, resulting in a
partial conversion of the spin current into a charge current with
direction orthogonal to the H (ϕ) [25–27]. Thus, the transverse
R2ω

xy cosϕ and longitudinal R2ω
xx sinϕ second harmonic signals

arise, and the larger the I and H , the stronger the ampli-

tude of the signals. To quantitatively estimate the strength of
spin-momentum locking, we computed the coefficient of the
nonlinear planar Hall resistivity generated by per unit electric
and magnetic field through �ρ2ω

xy /(ExH ), where Ex = IR1ω
xx /L

is the longitudinal electrical field collinear with the I . Substi-
tution of �ρ2ω

xy = 3.3×10−3 m�μm, V 1ω
xx = IR1ω

xx = 694 mV
with I = 0.8 mA and H = 4 T, the �ρ2ω

xy /(ExH ) value is cal-
culated to be 0.060 m�μm2 V−1 T−1 at temperature of 290
K, which is comparable to the most recently reported values of
SrIrO3 deposited on other substrates at room temperature [27].

B. Spin-orbit torques measurements

Spin-orbit torques (SOTs) arise from angular momentum
transfer by spin currents via bulk and interfacial contri-
butions, and have two components of dampinglike torque
τDL(≈M×HDL) and fieldlike torque τDL(≈M×HFL), where
the HDL and HFL are the equivalent magnetic fields generated
by the spin currents. The SOTs can exert on magnetization
M of an adjacent magnet and then force the M to precess
[56–58]. Hence, detecting such precession enables us to quan-
titatively study the DL- and FL-SOT efficiencies. The SOT
efficiencies of SrIrO3(110) were evaluated in the SrIrO3/NiFe
patterned Hall-bar device by detecting the magnetization
precession of the NiFe through the spin currents produced
from the SrIrO3 using harmonic Hall measurements [9,59,60].
Figure 3(a) schematically presents the direction of the in-
plane magnetic field H , applied AC current I , and acquired
voltage signals in our measurement configuration. All mea-
surements were performed at 290 K. The first-harmonic Hall
voltage V 1ω

xy (the so-called planar Hall voltage) measured on
the SrIrO3/NiFe device follows the sin2ϕ dependence, as
shown in Fig. 3(b), suggesting that the magnetization of the
NiFe is always aligned with the in-plane magnetic field for
H > 300 Oe. The second harmonic Hall voltage V 2ω

xy was
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FIG. 3. Harmonic Hall measurements of spin-orbit torques in the SrIrO3/NiFe bilayer sample. (a) A schematic of the patterned bilayer
geometry. The input current I flows along the [001] direction. ϕ denotes the angle between the current I and the in-plane magnetic field H .
(b) The typical first harmonic Hall voltage V 1ω

xy as a function of ϕ with H = 300 Oe. (c) The typical ϕ dependent second harmonic Hall voltage
V 2ω

xy and the fitted curves of the dampinglike and fieldlike components. (d) The dependence of extracted dampinglike voltage VDL for I from
1.5 to 3.5 mA on 1/(H + Hk ), where Hk is the anisotropy field of the NiFe layer. (e) The extracted fieldlike voltage VFL against 1/H for for I
from 1.5 to 3.5 mA. (f) The effective dampinglike and fieldlike fields, HDL and HFL, as a function of the SrIrO3 layer current density J.

measured simultaneously with the V 1ω
xy . The V 2ω

xy contains both
HDL and HFL components, which can be analyzed by the
following relationship when the magnetization of the NiFe
sufficiently lies in plane:

V 2ω
xy = 1

2
VDL cos ϕ + (−VFL cos ϕ cos 2ϕ), (1)

VDL = VAHE

HK − H
HDL, (2)

VFL = VPHE

H
(HFL + HOersted ). (3)

Here, VDL is the dampinglike voltage containing the HDL

which follows the same cos ϕ dependence, and VHL is the
fieldlike voltage including the contributions of the HFL and
an Oersted field HOersted in the SrIrO3 layer with cos ϕ cos 2ϕ

angular dependence; HK = 0.5 T is the effective anisotropy
field of the NiFe layer obtained from an anomalous Hall effect
measurement, VAHE and VPHE(= V 1ω

xy ) are the anomalous Hall
voltage and the planar Hall voltage, respectively. By fitting
a representative V 2ω

xy data with I = 2.5 mA and H = 300 Oe
as shown in Fig. 3(c) to Eq. (1), the experimental data were
well reproduced by considering both dampinglike and field-
like contributions. Figures 3(d) and 3(e) display the obtained
VDL and VHL for I varying from 1.5 to 4.5 mA as a function
of 1/(H + HK ) and 1/H, respectively. All the VDL and VHL

data for each I follow a linear relationship against the ab-
scissa. Accordingly, the slopes of these linear fitting curves
correspond to the HDLVAHE and the (HFL + HOersted )VPHE,
respectively. To estimate HFL, HOersted = μ0JtSIO/2 was ex-
cluded from the HFL + HOersted term based on Ampere’s
law, where J denotes the current density flowing into the
SrIrO3 layer calculated based on current-shunting effect and
tSIO = 25 nm is the thickness of the SrIrO3. Similarly, by
substituting the value of VAHE, HDL were estimated quanti-

tatively and plotted together with the HFL against J shown in
Fig. 3(f). The effective fields per current density HDL/J and
HFL/J were determined to be −35.3 ± 1.1 Oe/(1011 A/m2)
and −22.2 ± 0.1 Oe/(1011 A/m2). As the effective fields are
attributed to the dampinglike and fieldlike torques, we finally
estimated the DL- and FL-SOT efficiencies by using the for-
mula ηDL(FL) = (2eμ0MstNiFe/h̄)(HDL(FL)/J ) [41,61], where
Ms = 610 emu/cm3 and tNiFe = 7 nm are the saturation mag-
netization and the thickness of the NiFe layer, respectively.
The calculated absolute value of ηDL is about 0.46 and ηFL is
about 0.29. Note that the ηDL is comparable to the reported
values of SrIrO3 [40–44], especially close to the results of a
SrIrO3/NiFe system [40,44].

C. Anisotropic NHE and SOTs

To further explore the linear and nonlinear charge-spin
conversion of spin-momentum locking in SrIrO3 (110), we
evaluated and compared the NHE and SOTs with current
along the [001] and [1-10] directions, respectively. Since the
complex spin textures near the Fermi surface is dependent
on the spatial symmetry of the lattice, both the NHE and
SOTs induced by the spin- momentum locked surface states
should be highly anisotropic and significantly different for
each crystalline direction. In the above sections, the results
of the NHE coefficient as well as the SOT efficiencies were
introduced when an AC current I was applied along the [001]
direction. Accordingly, similar measurements for the current
flowing along the [1-10] direction were performed. Figure S2
of the Supplemental Material [55] shows the detailed NHE
results under various H for I//[1-10]. Subsequently, the ob-
tained NHE amplitudes �R2ω

xy at 290 K were plotted together
in Fig. 4(a), which increase linearly with H for I flowing
along both [001] and [1-10] directions. By a linear fitting,
we find that the slope of I//[001] is about twofold as large
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FIG. 4. The anisotropic NHE and SOTs for the SrIrO3(110).
(a) The NHE amplitude �R2ω

xy for the SrIrO3[001] (red open circles)
and SrIrO3 [1-10] (blue open squares) directions. (b) The SOT com-
ponents HDL, HFL as a function of the SrIrO3 layer current density
J for the SrIrO3[001] and SrIrO3 [1-10] directions, respectively.
(c) The summarized dampinglike SOT efficiency ηDL (left column),
fieldlike SOT efficiency ηFL (middle column), and the coefficient of
NHE �ρ2ω

xy /(ExH ) (right column) for the [001] and [1-10] directions
at 290 K.

as that of I//[1-10], implying that the surface states have
strongly anisotropic spin textures. It should be stressed here
that since the acquired NHE signals reflect the nonlinear trans-
verse spin currents orthogonal to the applied charge currents
in a planar Hall geometry, the larger slope of I//[001] than
for I//[1-10] indicates that the spin-momentum locking along
the SrIrO3 [1-10] is stronger than that along the SrIrO3[001].
By substituting the relevant parameters, the NHE coefficient
�ρ2ω

xy /(ExH ) is estimated to be 0.024 m�μm2 V−1 T−1 for
SrIrO3[001]. On the other hand, the linear charge-spin con-
version induced effective fields HDL and HFL for I//[1-10]
were measured by the harmonic Hall method and estimated
using Eqs. (1)–(3) at 290 K (see Supplemental Material S3
[55]). The results of the effective fields for I//[1-10] and
I//[001] were plotted together as a function of current den-
sity J, as shown in Fig. 4(b). Consistent with the anisotropy
revealed in the NHE measurement, the HDL and HFL exhibit
linear dependence with J in both crystalline directions while
display anisotropic magnitudes. The absolute values of SOT
efficiencies ηDL and ηFL for SrIrO3 [1-10] are about 0.25
and 0.36, respectively. To further summarize the NHE co-
efficient and SOT efficiency results as shown in Fig. 4(c),
we find the FL-SOT efficiency and the strength of the spin-
momentum locking for I//[1-10] is stronger than that for
I//[001], whereas the DL-SOT efficiency for I//[001] is
more remarkable.

III. DISCUSSION AND CONCLUSIONS

Since the SOT efficiencies exhibit strong anisotropy for
the charge current I along the [001] and [1-10] directions

in SrIrO3(110), their associated bulk SHE and interfa-
cial spin-momentum locked surface states should also be
anisotropic. From the NHE measurement, we confirmed
the anisotropic magnitude of �ρ2ω

xy /(ExH ), which is about
twofold larger for I//[1-10] than for I//[001], indicating a
stronger spin-momentum locking for I//[1-10], consistent
with the anisotropy of FL-SOT. As the FL-SOT is mostly
contributed by the interfacial spin accumulation, the same
anisotropy between the NHE results and FL-SOT suggests
that the spin-momentum locking is a source of the FL-
SOT. In contrast, DL-SOT exhibits an opposite anisotropy as
compared to the FL-SOT. Since the bulk SHE governs the
DL-SOT, one would thus expect that the opposite tendency
of DL-SOT and FL-SOT may result from the dominant con-
tribution of an anisotropic spin Hall conductivity.

To uncover the underlying mechanisms for the experi-
mentally derived anisotropic behavior in linear and nonlinear
response regimes, we performed first-principles calculations
of surface states and spin Hall conductivities. Figure 5 shows
the compiled results, where a unit cell of SrIrO3(110) and the
Brillouin zones are depicted in Figs. 5(a) and 5(b), respec-
tively. It has been reported that the perovskite oxide SrIrO3

exhibits a nonmagnetic correlated state [50,62] combined with
a topological crystalline semimetal character [46,47] and large
intrinsic SHE [14,40,45]. In line with literature results, the
calculated band structure of the (110) surface shows typical
surface states close to the Fermi energy [Fig. 5(c)], which
are protected by the crystalline mirror symmetry [50,62]. By
inspecting the Fermi surface, one can readily observe the
strongly anisotropic spin-momentum locked surface states be-
tween 	̄-X̄ and 	̄-Z̄ directions [see Fig. 5(d)]. Notably, the
spin-momentum locking is significant around X̄ along the
	̄-X̄ direction (the [1-10] direction in real space), consistent
with the nonlinear Hall measurement and anisotropy of FL-
SOT. In addition, the calculated spin Hall conductivity (SHC)
hosts significant anisotropy with a larger SHC for the charge
current along [001] than along [1-10], as shown in Fig. 5(e).
This strong anisotropy of SHC may explain the anisotropy of
the DL-SOT, i.e., the larger and opposite contribution from
the anisotropy of SHC over the anisotropy of surface states
lead to the observed anisotropic DL-SOT. This anisotropic
behavior can be understood as even though the semimetal
nature of SrIrO3 permits conductive electrons transport in
both bulk and surface/interface, the nonlinear planar Hall
effect and the fieldlike SOT component are dominated by
spin-momentum locked surface states in case of inversion
symmetry breaking [5,26,63]. Thus, when electrons in bulk
are far away from the surface/interface with space inversion
symmetry, they should provide less contribution to the surface
states’ associated electrical-transport phenomena. Therefore,
despite hosting large anisotropic spin-momentum locked sur-
face states evidenced by nonlinear Hall measurement, they
mainly contribute to the FL-SOT, while the DL-SOT has the
larger contribution from the bulk SHE.

To conclude, we have investigated the linear and nonlin-
ear charge-spin conversion in SrIrO3(110) from combined
nonlinear planar Hall measurements, spin-orbit torque mea-
surements, and first-principles calculations. In the nonlin-
ear response regime, crystalline direction dependent spin-
momentum locking is observed via evaluating the nonlinear
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FIG. 5. First-principles calculation results of surface states and spin Hall conductivities. (a) Crystal structure of SrIrO3. (b) Brillouin
zone with special k points on the kx-ky plane. (c) Band structure of the (110) surface. (d) Fermi surface on the kx-ky plane, where the green
arrows denote the spin directions. (e) Spin Hall conductivities for current I along the [001] (red circles) and [1-10] (blue squares) directions,
respectively. Here, the notation σ

γ

αβ denotes that charge current, spin current, and spin polarization are along β, α, and γ directions, respectively.

planar Hall effect, which reflects an anisotropic spin texture in
the surface states, while in the linear response regime, the DL-
SOT and FL-SOT exhibit opposite anisotropy of crystalline
directions. Comparing the experimental observations and the-
oretical calculations, we distinguish that the spin-momentum
locked surface state dominates the FL-SOT, while the bulk
SHE mainly contributes to the DL-SOT. Our work repre-
sents a step forward for disentangling the mechanism of high
charge-spin conversion efficiencies in topological materials,
demonstrating the power of combination of linear and non-
linear approaches in understanding and utilizing charge-spin
conversion.

IV. METHODS

A. Film and device fabrication

The SrIrO3(25 nm) single layer and SrIrO3(25 nm)/
NiFe(7 nm) bilayer samples were grown on the (110)-oriented
SrTiO3 substrates by pulsed laser deposition using a KrF
excimer laser (λ = 248 nm). During the growth of SrIrO3

the substrate temperature was kept at 700 °C, and the oxy-
gen partial pressure was 0.1 mbar. After SrIrO3 deposition,
the samples were cooled with 20 °C/min at 1 mbar oxy-
gen pressure. Subsequently, the NiFe layer was deposited
on SrIrO3 at room temperature in vacuum for the bilayer
sample.

For electric transport measurements, the samples were fab-
ricated into Hall bar patterns by standard photolithography
and Ar ion etching techniques. Here, the current path with
dimension of 10 μm in width W aligned to SrIrO3[001] and
SrIrO3 [1-10] directions, respectively. The length L between
two adjacent voltage paths is 50 μm.

B. Measurements

The thickness of the SrIrO3 layer tSIO was determined by
an in situ RHEED monitoring during growth. The saturation
magnetization Ms and the thickness tNiFe of the NiFe layer
were confirmed by a superconducting quantum interference
device and a X-ray reflectivity (XRR) scan, respectively. The
structural properties of the SrIrO3 were characterized by an
XRD-θ/2θ scan and a reciprocal space mapping (see Sup-
plemental Material S4 [55]). The electric transport properties
were measured using a home-built low-temperature and high
magnetic field magnetoelectric system. The input AC cur-
rents were generated by a Keithley6221 with a frequency
of 133.73 Hz and varied amplitudes. The output voltages,
including the first/second planar Hall voltage VPHE(= V 1ω

xy )
and V 2ω

xy , first/second magnetoresistance voltage V 1ω
xx and V 2ω

xx ,
and anomalous Hall voltage VAHE, were acquired by lock-in
SR 830 (Stanford). The anisotropy field Hk of NiFe was deter-
mined by the VAHE measurement. The angular dependence of
the magnetotransport voltages were measured with a sample
rotator.

C. First-principles calculations

First-principles calculations were performed using the Vi-
enna ab initio Simulation Package (VASP) [64,65]. The revised
Perdew-Burke-Ernzerhof (PBEsol) functional [66] was used,
since it yields a better description of densely packed structures
than the PBE functional [67]. The spin-orbit coupling (SOC)
was included. A Hubbard interaction of U = 1.39 eV calcu-
lated by the constrained random phase approximation [68]
was imposed on Ir−5d orbitals within the DFT+U frame-
work [69]. For all calculations, the plane-wave cutoff for the
orbitals was set to 520 eV and the Brillouin zone was sampled
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with a k−point density of 0.13 Å−1. The crystal structure was
fully relaxed until the Hellmann-Feynman forces acting on
each atom were less than 5 meV/Å. The surface electronic
structures were computed using the WANNIERTOOLS code [70].
The Wannier functions and spin Hall conductivities were ob-
tained using the WANNIER90 suite [71,72].

ACKNOWLEDGMENTS

This work was supported by the National Key Re-
search and Development Program of China (Grants No.

2019YFA0307800 and No. 2017YFA0303600), the National
Natural Science Foundation of China (Grants No. 12174406,
No. 11874367, No. 51931011, and No. 52127803), the Key
Research Program of Frontier Sciences, Chinese Academy
of Sciences (Grant No. ZDBS-LY-SLH008), K. C. Wong
Education Foundation (Grant No. GJTD-2020-11), the 3315
Program of Ningbo, the Natural Science Foundation of the
Zhejiang province of China (Grant No. LR20A040001),
and the Beijing National Laboratory for Condensed Matter
Physics. P. Liu is supported by the Shenyang National Re-
search Center for Materials Science (Grant No. E21SLA07).

[1] B. Dieny, I. L. Prejbeanu, K. Garello, P. Gambardella, P. Freitas,
R. Lehndorff, W. Raberg, U. Ebels, S. O. Demokritov, J.
Akerman, A. Deac, P. Pirro, C. Adelmann, A. Anane, A. V.
Chumak, A. Hirohata, S. Mangin, S. O. Valenzuela, M. Cengiz
Onbasli, M. d’Aquino et al., Opportunities and challenges for
spintronics in the microelectronics industry, Nat. Electron. 3,
446 (2019).

[2] Q. Shao, P. Li, L. Liu, H. Yang, S. Fukami, A. Razavi, H. Wu,
K. Wang, F. Freimuth, Y. Mokrousov, M. D. Stiles, S. Emori,
A. Hoffmann, J. Akerman, K. Roy, J.-P. Wang, S.-H. Yang,
K. Garello, and W. Zhang, Roadmap of spin-orbit torques,
IEEE Trans. Magn. 57, 800439 (2021).

[3] J. E. Hirsch, Spin Hall Effect, Phys. Rev. Lett. 83, 1834 (1999).
[4] J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and T.

Jungwirth, Spin Hall effects, Rev. Mod. Phys. 87, 1213 (2015).
[5] A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R. A. Duine,

New perspectives for Rashba spin-orbit coupling, Nat. Mater.
14, 871 (2015).

[6] A. R. Mellnik, J. S. Lee, A. Richardella, J. L. Grab, P. J.
Mintun, M. H. Fischer, A. Vaezi, A. Mancho, E.-A. Kim, N.
Samarth, and D. C. Ralph, Spin-transfer torque generated by a
topological insulator, Nature (London) 511, 449 (2014).

[7] D. C M., R. Grassi, J.-Y. Chen, M. Jamali, D. R. Hickey,
D. Zhang, Z. Zhao, H. Li, P. Quarterman, Y. Lv, M. Li, A.
Manchon, K. A. Mkhoyan, T. Low, and J.-P. Wang, Room-
temperature high spin-orbit torque due to quantum confinement
in sputtered BixSe films, Nat. Mater. 17, 800 (2018).

[8] Q. Shao, G. Yu, Y.-W. Lan, Y. Shi, M.-Y. Li, C. Zheng, X. Zhu,
L.-J. Li, P. K. Amiri, and K. L. Wang, Strong Rashba-Edelstein
effect-induced spin−orbit torques in monolayer transition metal
dichalcogenide/ferromagnet bilayers, Nano Lett. 16, 7514
(2016).

[9] P. Li, W. Wu, Y. Wen, C. Zhang, J. Zhang, S. Zhang, Z. Yu, S. A.
Yang, A. Manchon, and X.-X. Zhang, Spin-momentum locking
and spin-orbit torques in magnetic nano-heterojunctions com-
posed of Weyl semimetal WTe2, Nat. Commun. 9, 3990 (2018).

[10] H. Kurebayashi, J. Sinova, D. Fang, A. C. Irvine, T. D. Skinner,
J. Wunderlich, V. Novak, R. P. Campion, B. L. Gallagher,
E. K. Vehstedt, L. P. Zarbo, K. Vyborny, A. J. Ferguson, and T.
Jungwirth, An antidamping spin-orbit torque originating from
the Berry curvature, Nat. Nanotechnol. 9, 211 (2014).

[11] D. Kurebayashi and N. Nagaosa, Theory of current-driven dy-
namics of spin textures on the surface of a topological insulator,
Phys. Rev. B 100, 134407 (2019).

[12] A. Manchon, J. Zelezny, I. M. Miron, T. Jungwirth, J. Sinova,
A. Thiaville, K. Garello, and P. Gambardella, Current-induced
spin-orbit torques in ferromagnetic and antiferromagnetic sys-
tems, Rev. Mod. Phys. 91, 035004 (2019).

[13] Z.-F. Zhang, Z.-G. Zhu, and G. Su, Theory of nonlinear re-
sponse for charge and spin currents, Phys. Rev. B 104, 115140
(2021).

[14] P. Jadaun, L. F. Register, and S. K. Banerjee, Rational design
principles for giant spin Hall effect in 5d-transition metal ox-
ides, Proc. Natl. Acad. Sci. USA 117, 11878 (2020).

[15] I. Sodemann and L. Fu, Quantum Nonlinear Hall Effect Induced
by Berry Curvature Dipole in Time-Reversal Invariant Materi-
als, Phys. Rev. Lett. 115, 216806 (2015).

[16] K. Hamamoto, M. Ezawa, K. W. Kim, T. Morimoto, and N.
Nagaosa, Nonlinear spin current generation in noncentrosym-
metric spin-orbit coupled systems, Phys. Rev. B 95, 224430
(2017).

[17] Y. Zhang, Y. Sun, and B. Yan, Berry curvature dipole in Weyl
semimetal materials: An ab initio study, Phys. Rev. B 97,
041101(R) (2018).

[18] S.-Y. Xu, Q. Ma, H. Shen, V. Fatemi, S. Wu, T.-R. Chang, G.
Chang, A. M. M. Valdivia, C.-K. Chan, Q. D. Gibson, J. Zhou,
Z. Liu, K. Watanabe, T. Taniguchi, H. Lin, R. J. Cava, L. Fu,
N. Gedik, and P. Jarillo-Herrero, Electrically switchable Berry
curvature dipole in the monolayer topological insulator WTe2,
Nat. Phys. 14, 900 (2018).

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

[20] Y. Akira, Strain-induced nonlinear spin Hall effect in topologi-
cal Dirac semimetal, Sci. Rep. 8, 15236 (2018).

[21] A. Pan and D. C. Marinescu, Nonlinear spin-current generation
in quantum wells with arbitrary Rashba-Dresselhaus spin-orbit
interactions, Phys. Rev. B 99, 245204 (2019).

[22] K. Kang, T. Li, E. Sohn, J. Shan, and K. F. Mak, Nonlinear
anomalous Hall effect in few-layer WTe2, Nat. Mater. 18, 324
(2019).

[23] Z. Z. Du, H.-Z. Lu, and X. C. Xie, Nonlinear Hall effects,
Nat. Rev. Phys. 3, 744 (2021).

[24] K. Yasuda, A. Tsukazaki, R. Yoshimi, K. Koudou, K. S.
Takahashi, Y. Otani, M. Kawasaki, and Y. Tokura, Current-
nonlinear Hall Effect and Spin-Orbit Torque Magnetization
Switching in a Magnetic Topological Insulator, Phys. Rev. Lett.
119, 137204 (2017).

L220409-7

https://doi.org/10.1038/s41928-020-0461-5
https://doi.org/10.1109/TMAG.2021.3078583
https://doi.org/10.1103/PhysRevLett.83.1834
https://doi.org/10.1103/RevModPhys.87.1213
https://doi.org/10.1038/nmat4360
https://doi.org/10.1038/nature13534
https://doi.org/10.1038/s41563-018-0136-z
https://doi.org/10.1021/acs.nanolett.6b03300
https://doi.org/10.1038/s41467-018-06518-1
https://doi.org/10.1038/nnano.2014.15
https://doi.org/10.1103/PhysRevB.100.134407
https://doi.org/10.1103/RevModPhys.91.035004
https://doi.org/10.1103/PhysRevB.104.115140
https://doi.org/10.1073/pnas.1922556117
https://doi.org/10.1103/PhysRevLett.115.216806
https://doi.org/10.1103/PhysRevB.95.224430
https://doi.org/10.1103/PhysRevB.97.041101
https://doi.org/10.1038/s41567-018-0189-6
https://doi.org/10.1038/s41467-018-05759-4
https://doi.org/10.1038/s41598-018-33655-w
https://doi.org/10.1103/PhysRevB.99.245204
https://doi.org/10.1038/s41563-019-0294-7
https://doi.org/10.1038/s42254-021-00359-6
https://doi.org/10.1103/PhysRevLett.119.137204


BIN LAO et al. PHYSICAL REVIEW B 106, L220409 (2022)

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

[26] P. He, S. S.-L. Zhang, D. Zhu, S. Shi, O. G. Heinonen, G.
Vignale, and H. Yang, Nonlinear Planar Hall Effect, Phys. Rev.
Lett. 123, 016801 (2019).

[27] Y. Kozuka, S. Isogami, K. Masuda, Y. Miura, S. Das, J.
Fujioka, T. Ohkubo, and S. Kasai, Observation of Nonlinear
Spin-Charge Conversion in the Thin Film of Nominally Cen-
trosymmetric Dirac Semimetal SrIrO3 at Room Temperature,
Phys. Rev. Lett. 126, 236801 (2021).

[28] W. Rao, Y.-L. Zhou, Y.-J. Wu, H.-J. Duan, M.-X. Deng, and
R.-Q. Wang, Theory for linear and nonlinear planar Hall effect
in topological insulator thin films, Phys. Rev. B 103, 155415
(2021).

[29] J. H. Lee, T. Harada, F. Trier, L. Marcano, F. Godel, S. Valencia,
A. Tsukazaki, and M. Bibes, Nonreciprocal transport in a
Rashba ferromagnet, delafossite PdCoO2, Nano Lett. 21, 8687
(2021).

[30] A. Bhattacharya and S. J. May, Magnetic oxide heterostruc-
tures, Annu. Rev. Mater. Sci. 44, 65 (2014).

[31] Y. Tokura, M. Kawasaki, and N. Nagaosa, Emergent functions
of quantum materials, Nat. Phys. 13, 1056 (2017).

[32] K. Takiguchi, Y. K. Wakabayashi, H. Irie, Y. Krockenberger,
T. Otsuka, H. Sawada, S. A. Nikolaev, H. Das, M. Tanaka,
Y. Taniyasu, and H. Yamamoto, Quantum transport evi-
dence of Weyl fermions in an epitaxial ferromagnetic oxide,
Nat. Commun. 11, 4969 (2020).

[33] H. Chen and D. Yi, Spin–charge conversion in transition metal
oxides, APL Mater. 9, 060908 (2021).

[34] F. Trier, P. Noel, J.-V. Kim, J.-P. Attane, L. Vila, and M. Bibes,
Oxide spin-orbitronics: Spin-charge interconversion and topo-
logical spin textures, Nat. Rev. Mater. 7, 258 (2022).

[35] E. Lesne, Y. Fu, S. Oyarzun, J. C. Rojas-Sanchez, D. C. Vaz,
H. Naganuma, G. Sicoli, J. P. Attane, M. Jamet, E. Jacquet,
J. M. George, A. Barthelemy, H. Haffres, A. Fert, M. Bibes, and
L. Vila, Highly efficient and tunable spin-to-charge conversion
through Rashba coupling at oxide interfaces, Nat. Mater. 15,
1261 (2016).

[36] Y. Wang, R. Ramaswamy, M. Motapothula, K. Narayanapillai,
D. Zhu, J. Yu, T. Venkatesan, and H. Yang, Room-temperature
giant charge-to-spin conversion at the SrTiO3-LaAlO3 oxide
interface, Nano Lett. 17, 7659 (2017).

[37] Y. 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,
Exceptionally high, strongly temperature dependent, spin Hall
conductivity of SrRuO3, Nano Lett. 19, 3663 (2019).

[38] J. Zhou, X. Shu, W. Lin, D. F. Shao, S. Chen, L. Liu, P. Yang,
E. Y. Tsymbal, and J. Chen, Modulation of spin–orbit torque
from SrRuO3 by epitaxial-strain-induced octahedral rotation,
Adv. Mater. 33, 2007114 (2021).

[39] J. Wei, H. Zhong, J. Liu, X. Wang, F. Meng, H. Xu, Y. Liu,
X. Luo, Q. Zhang, Y. Guang, J. Feng, J. Zhang, L. Yang, C.
Ge, L. Gu, K. Jin, G. Yu, and X. Han, Enhancement of spin–
orbit torque by strain engineering in SrRuO3 films, Adv. Funct.
Mater. 31, 2100380 (2021).

[40] T. 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,
Anisotropic spin-orbit torque generation in epitaxial SrIrO3

by symmetry design, Proc. Natl. Acad. Sci. USA 116, 16186
(2019).

[41] L. Liu, Q. Qin, W. Lin, C. Li, Q. Xie, S. He, X. Shu, C. Zhou,
Z. Lim, J. Yu, W. Lu, M. Li, X. Yan, S. J. Pennycook, and
J. Chen, Current-induced magnetization switching in all-oxide
heterostructures, Nat. Nanotechnol. 14, 939 (2019).

[42] A. S. Everhardt, D. C Mahendra, X. Huang, S. Sayed, T. A.
Gosavi, Y. Tang, C.-C. Lin, S. Manipatruni, I. A. Young, S.
Datta, J.-P. Wang, and R. Ramesh, Tunable charge to spin
conversion in strontium iridate thin films, Phys. Rev. Mater. 3,
051201(R) (2019).

[43] H. Wang, K.-Y. Meng, P. Zhang, J. T. Hou, J. Finley, J. Han, F.
Yang, and L. Liu, Large spin-orbit torque observed in epitaxial
SrIrO3 thin films, Appl. Phys. Lett. 114, 232406 (2019).

[44] X. Huang, S. Sayed, J. Mittelstaedt, S. Susarla, S. Karimeddiny,
L. Caretta, H. Zhang, V. A. Stoica, T. Gosavi, F. Mahfouzi,
Q. Sun, P. Ercius, N. Kioussis, S. Salahuddin, D. C. Ralph,
and R. Ramesh, Novel spin–orbit torque generation at room
temperature in an all-oxide epitaxial La0.7Sr0.3MnO3/SrIrO3

System, Adv. Mater. 33, 2008269 (2021).
[45] A. S. Patri, K. Hwang, H.-W. Lee, and Y. B. Kim, Theory of

large intrinsic spin Hall effect in iridate semimetals, Sci. Rep.
8, 8052 (2018).

[46] Y. Chen, Y.-M. Lu, and H.-Y. Kee, Topological crystalline metal
in orthorhombic perovskite iridates, Nat. Commun. 6, 6593
(2015).

[47] H.-S. Kim, Y. Chen, and H.-Y. Kee, Surface states of per-
ovskite iridates AIrO3: Signatures of a topological crystalline
metal with nontrivial Z2 index, Phys. Rev. B 91, 235103
(2015).

[48] Y. F. Nie, P. D. C. King, C. H. Kim, M. Uchida, H. I. Wei,
B. D. Faeth, J. P. Ruf, J. P. C. Ruff, L. Xie, X. Pan, C. J.
Fennie, D. G. Schlom, and K. M. Shen, Interplay of Spin-
Orbit Interactions, Dimensionality, and Octahedral Rotations in
Semimetallic SrIrO3, Phys. Rev. Lett. 114, 016401 (2015).

[49] Z. T. Liu, M. Y. Li, Q. F. Li, J. S. Liu, W. Li, H. F. Yang, Q.
Yao, C. C. Fan, X. G. Wan, Z. Wang, and D. W. Shen, Direct
observation of the Dirac nodes lifting in semimetallic perovskite
SrIrO3 thin films, Sci. Rep. 6, 30309 (2016).

[50] J. Fujioka, T. Okawa, A. Yamamoto, and Y. Tokura, Correlated
Dirac semimetallic state with unusual positive magnetore-
sistance in strain-free perovskite SrIrO3, Phys. Rev. B 95,
121102(R) (2017).

[51] L. Zhang, B. Pang, and Y. Chen, Review of spin–orbit coupled
semimetal SrIrO3 in thin film form, Crit. Rev. Solid State Mater.
Sci. 43, 367 (2018).

[52] A. Biswas, K.-S. Kim, and Y. H. Jeong, Metal insulator transi-
tions in perovskite SrIrO3 thin films, J. Appl. Phys. 116, 213704
(2014).

[53] K. Nishio, H. Y. Hwang, and Y. Hikita, Thermodynamic
guiding principles in selective synthesis of strontium iridate
Ruddlesden-Popper epitaxial films, APL Mater. 4, 031602
(2016).

[54] X. Liu, Y. Cao, B. Pal, S. Middley, M. Kareev, Y. Choi, P.
Shafer, D. Haskel, E. Arenholz, and J. Chakhalian, Synthesis
and electronic properties of Ruddlesden-Popper strontium iri-
date epitaxial thin films stabilized by control of growth kinetics,
Phys. Rev. Mater. 1, 075004 (2017).

L220409-8

https://doi.org/10.1038/s41567-017-0039-y
https://doi.org/10.1103/PhysRevLett.123.016801
https://doi.org/10.1103/PhysRevLett.126.236801
https://doi.org/10.1103/PhysRevB.103.155415
https://doi.org/10.1021/acs.nanolett.1c02756
https://doi.org/10.1146/annurev-matsci-070813-113447
https://doi.org/10.1038/nphys4274
https://doi.org/10.1038/s41467-020-18646-8
https://doi.org/10.1063/5.0052304
https://doi.org/10.1038/s41578-021-00395-9
https://doi.org/10.1038/nmat4726
https://doi.org/10.1021/acs.nanolett.7b03714
https://doi.org/10.1021/acs.nanolett.9b00729
https://doi.org/10.1002/adma.202007114
https://doi.org/10.1002/adfm.202100380
https://doi.org/10.1073/pnas.1812822116
https://doi.org/10.1038/s41565-019-0534-7
https://doi.org/10.1103/PhysRevMaterials.3.051201
https://doi.org/10.1063/1.5097699
https://doi.org/10.1002/adma.202008269
https://doi.org/10.1038/s41598-018-26355-y
https://doi.org/10.1038/ncomms7593
https://doi.org/10.1103/PhysRevB.91.235103
https://doi.org/10.1103/PhysRevLett.114.016401
https://doi.org/10.1038/srep30309
https://doi.org/10.1103/PhysRevB.95.121102
https://doi.org/10.1080/10408436.2017.1358147
https://doi.org/10.1063/1.4903314
https://doi.org/10.1063/1.4943519
https://doi.org/10.1103/PhysRevMaterials.1.075004


ANISOTROPIC LINEAR AND NONLINEAR CHARGE- … PHYSICAL REVIEW B 106, L220409 (2022)

[55] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.106.L220409 for additional characteriza-
tion and analysis.

[56] J. C. Slonczewski, Current-driven excitation of magnetic multi-
layers, J. Magn. Magn. Mater. 159, L1 (1996).

[57] L. Berger, Emission of spin waves by a magnetic multilayer
traversed by a current, Phys. Rev. B 54, 9353 (1996).

[58] S. Zhang, P. M. Levy, and A. Fert, Mechanisms of Spin-
Polarized Current-Driven Magnetization Switching, Phys. Rev.
Lett. 88, 236601 (2002).

[59] M. Hayashi, J. Kim, M. Yamanouchi, and H. Ohno, Quantitative
characterization of the spin-orbit torque using harmonic Hall
voltage measurements, Phys. Rev. B 89, 144425 (2014).

[60] C. O. Avci, K. Garello, M. Gabureac, A. Ghosh, A. Fuhrer,
S. F. Alvarado, and P. Gambardella, Interplay of spin-orbit
torque and thermoelectric effects in ferromagnet/normal-metal
bilayers, Phys. Rev. B 90, 224427 (2014).

[61] L. Liu, O. J. Lee, T. J. Gudmundsen, D. C. Ralph, and R. A.
Buhrman, Current-induced Switching of Perpendicularly Mag-
netized Magnetic Layers Using Spin Torque from the Spin Hall
Effect, Phys. Rev. Lett. 109, 096602 (2012).

[62] S. J. Moon, H. Jin, K. W. Kim, W. S. Choi, Y. S. Lee, J.
Yu, G. Cao, A. Sumi, H. Funakubo, C. Bernhard, and T.
W. Noh, Dimensionality-controlled Insulator-Metal Transition
and Correlated Metallic State in 5d Transition Metal Oxides
Srn+1IrnO3n+1 (n = 1, 2, and ∞), Phys. Rev. Lett. 101, 226402
(2008).

[63] V. P. Amin and M. D. Stiles, Spin transport interfaces with
spin-orbit coupling: Phenomenology, Phys. Rev. B 94, 104420
(2016).

[64] G. Kresse and J. Furthmuller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis set,
Phys. Rev. B 54, 11169 (1996).

[65] G. Kresse and D. Joubert, From ultrasoft pseudopotentials to
the projector augmented-wave method, Phys. Rev. B 59, 1758
(1999).

[66] J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E.
Scuseria, L. A. Constantin, X. Zhou, and K. Burke, Restoring
the Density-Gradient Expansion for Exchange in Solids and
Surfaces, Phys. Rev. Lett. 100, 136406 (2008).

[67] Y. Hinura, H. Hayashi, Y. Kumagai, I. Tanaka, and F. Oba,
Comparison of approximations in density functional theory cal-
culations: Energetics and structure of binary oxides, Phys. Rev.
B 96, 094102 (2017).

[68] P. Liu and C. Franchini, Advanced first-principle modeling of
relativistic Ruddlesden-Popper strontium iridates, Appl. Sci.
11, 2527 (2021).

[69] S. L. Dudarev, P. Liu, D. A. Andersson, C. R. Stanek, T.
Ozaki, and C. Franchini, Parametrization of LSDA + U for
noncollinear magnetic configurations: Multipolar magnetism in
UO2, Phys. Rev. Mater. 3, 083802 (2019).

[70] Q. S. Wu, S. N. Zhang, H.-F. Song, M. Troyer, and A. A.
Soluyanov, WannierTools: An open-source software package
for novel topological materials, Comput. Phys. Commun. 224,
405 (2018).

[71] A. A. Mostofi, J. R. Yates, Y.-S. Lee, I. Souza, D. Vanderbilt,
and N. Marzari, Wannier90: A tool for obtaining maximally-
localised Wannier functions, Comput. Phys. Commun. 178, 685
(2008).

[72] G. Pizzi, V. Vitale, R. Arita, S. Blugel, F. Freimuth, G.
Geranton, M. Gibertini, D. Gresch, C. Johnson, T. Koretsune,
J. Ibanez-Azpiroz, H. Lee, J.-M. Lihm, D. Marchand, A.
Marrazzo, Y. Mokrousov, J. I. Mustafa, Y. Nohara, Y. Nomura,
L. Paulatto et al., Wannier90 as a community code: New fea-
tures and applications, J. Phys.: Condens. Matter 32, 165902
(2020).

L220409-9

http://link.aps.org/supplemental/10.1103/PhysRevB.106.L220409
https://doi.org/10.1016/0304-8853(96)00062-5
https://doi.org/10.1103/PhysRevB.54.9353
https://doi.org/10.1103/PhysRevLett.88.236601
https://doi.org/10.1103/PhysRevB.89.144425
https://doi.org/10.1103/PhysRevB.90.224427
https://doi.org/10.1103/PhysRevLett.109.096602
https://doi.org/10.1103/PhysRevLett.101.226402
https://doi.org/10.1103/PhysRevB.94.104420
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevB.96.094102
https://doi.org/10.3390/app11062527
https://doi.org/10.1103/PhysRevMaterials.3.083802
https://doi.org/10.1016/j.cpc.2017.09.033
https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1088/1361-648X/ab51ff

