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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 SrIrO;(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.

DOI: 10.1103/PhysRevB.106.1.220409

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
SrIrO; 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 SrlrO; [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 SrlrOsz 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 SrlrO3;(110) thin films.
The perovskite SrIrOz has an orthorhombic crystal structure
with Pbnm space group. The lattice constants are a = 5.60 A,
b=5.58A, and ¢ = 7.89 A, corresponding to a pseudocubic
structure of lattice constant a,. = 3.95 A, so the SrlrO; thin
films can be epitaxially grown on several substrates with
small lattice mismatch, such as SrTiO3z [52-54]. For SrIrO;
growing on SrTiO3(110), Fig. 1(a) shows the top view of
the crystal structure along the [110] direction, where the Sr
atoms and IrOg 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 SrlrO3;(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 SrlrO;/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 SrIrO;, 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
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FIG. 1. Schematic diagrams of the anisotropic linear and non-
linear charge-spin conversion in SrlrO3(110). (a) Top view of the
SrIrO;(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 k. —k, 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 Ak, (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 J;(E?) 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 J,(E?) is partially converted into a charge current J.(E?)
perpendicular to E. The J.(E?) 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)g,“’ and longitudinal

voltage V2 on the in-plane magnetic field direction with
respect to the current direction in the SrlrOj; single layer were
measured. For a fixed AC current / 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 R)ZC;’ = szy‘" /I as a function of the angle
¢ 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 cosg 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 (07¢’/p3 = 1) in the in-plane magnetic field scan. We

estimated the ratio p2/p3¢ = (R% /R%)(L/W ) to be about
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FIG. 2. Nonlinear Hall effect measurement configuration and results. (a) A schematic of the patterned SrlrO;(110) sample geometry. The
input current / flows along the [001] direction. ¢ denotes the angle between the current / and the in-plane magnetic field H. (b) Second
harmonic planar Hall resistance R} = V,;/I as a function of ¢. The amplitude AR} was extracted by fitting the R’ data with cos . (c),(d)
AR?? as a function of ¢ under a fixed H of 4 T with various I from 0.2 to 1.5 mA, and under a fixed / of 0.8 mA with various H from 0.5 to
4 T, respectively. (e),(f) The dependence of ARfﬁ’ on/for H =4T, 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 cosg dependence, as reported in a
magnetic-nonmagnetic topological system [24]. However, this
contribution can be readily ruled out in our SrlrO; 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 AR)%;’ as a function of ¢ 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 cosg shape and AR)%;’
increases monotonously with increasing / from 0.2 to 1.5 mA.
Fig. 2(d) exhibits the same tendency of AR%;" atthe H of 0.5 to
4 T with a fixed I of 0.8 mA. We further confirmed that the ex-
tracted AR2® exhibits bilinear dependence on the magnitudes
of the current / and magnetic field H, as shown in Figs. 2(e)
and 2(f), unambiguously evidencing the nonlinear nature of
R)%;" 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 /, 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 (¢) [25-27]. Thus, the transverse
R cosg and longitudinal R sing second harmonic signals
arise, and the larger the / 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 A ,ofy’” /(E.H), where E, = IR'®/L
is the longitudinal electrical field collinear with the /. Substi-
tution of Apy =3.3x107° mQ um, V| = IR}¥ = 694mV
with I = 0.8 mA and H = 4T, the A,o)%;"/(EXH) value is cal-
culated to be 0.060 mQ um? V- T~! 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
pL(®M x Hpy) and fieldlike torque tp (R*M X Hgr ), where
the Hpp, and Hgy 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 SrIrO; /NiFe
patterned Hall-bar device by detecting the magnetization
precession of the NiFe through the spin currents produced
from the SrIrO; using harmonic Hall measurements [9,59,60].
Figure 3(a) schematically presents the direction of the in-
plane magnetic field H, applied AC current /, and acquired
voltage signals in our measurement configuration. All mea-
surements were performed at 290 K. The first-harmonic Hall
voltage Vxly‘” (the so-called planar Hall voltage) measured on
the SrIrO;/NiFe device follows the sin2¢ 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 szy‘" was
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FIG. 3. Harmonic Hall measurements of spin-orbit torques in the SrlrO;/NiFe bilayer sample. (a) A schematic of the patterned bilayer
geometry. The input current / flows along the [001] direction. ¢ denotes the angle between the current / and the in-plane magnetic field H.
(b) The typical first harmonic Hall voltage VXI}“’ as a function of ¢ with H = 300 Oe. (c) The typical ¢ dependent second harmonic Hall voltage
V2 and the fitted curves of the dampinglike and fieldlike components. (d) The dependence of extracted dampinglike voltage Vp, for / from
1.5to 3.5 mA on 1/(H + Hy), where H, is the anisotropy field of the NiFe layer. (¢) The extracted fieldlike voltage Vi against 1/H for for I
from 1.5 to 3.5 mA. (f) The effective dampinglike and fieldlike fields, Hp; and Hp, as a function of the SrlrO; layer current density J.

measured simultaneously with the V1. The Vxﬁ,‘” contains both
Hpp and Hpp, components, which can be analyzed by the
following relationship when the magnetization of the NiFe
sufficiently lies in plane:

1
szy‘" = EVDL cos ¢ + (—VgL cos ¢ cos 2¢), )
VaHE
Vo = —————HpL, 2
L= o 2)
VPHE
VeL = T(HFL + Hoersted)- 3)

Here, VL is the dampinglike voltage containing the Hpy,
which follows the same cos¢ dependence, and Vi is the
fieldlike voltage including the contributions of the Hp and
an Oersted field Hoerseq in the SrlrOj layer with cos ¢ cos 2¢
angular dependence; Hx = 0.5 T is the effective anisotropy
field of the NiFe layer obtained from an anomalous Hall effect
measurement, Vagg and Vpyg(= Vxlyw) are the anomalous Hall
voltage and the planar Hall voltage, respectively. By fitting
a representative szy‘“ data with / = 2.5mA 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
VoL, and Vi, for I varying from 1.5 to 4.5 mA as a function
of 1/(H + Hx) and 1/H, respectively. All the Vpr and Vi
data for each I follow a linear relationship against the ab-
scissa. Accordingly, the slopes of these linear fitting curves
correspond to the HppVapg and the (Hpp + Hoersted)VPHES
respectively. To estimate Hgp, Hoersted = MoJts10/2 Was ex-
cluded from the Hpp + Hoersea term based on Ampere’s
law, where J denotes the current density flowing into the
SrIrOs layer calculated based on current-shunting effect and
tsio = 25nm is the thickness of the SrIrOs. Similarly, by
substituting the value of Vayg, Hp, were estimated quanti-

tatively and plotted together with the Hp against J shown in
Fig. 3(f). The effective fields per current density Hpy /J and
Hgy /J were determined to be —35.3 £ 1.1 0e/(10'! A/m?)
and —22.2 4 0.1 Oe/(10'" A/m?). 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 npLEL) = epoM;inire/R)(HpLkr)/J) [41,61], where
M, =610 emu/cm3 and fNipe = 7 nm are the saturation mag-
netization and the thickness of the NiFe layer, respectively.
The calculated absolute value of npr is about 0.46 and g is
about 0.29. Note that the npy, is comparable to the reported
values of SrlrOs; [40-44], especially close to the results of a
SrIrO; /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 / 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 1//[1-10]. Subsequently, the ob-
tained NHE amplitudes AR)%;’ 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 7//[001] is about twofold as large

1L220409-4



ANISOTROPIC LINEAR AND NONLINEAR CHARGE- ...

PHYSICAL REVIEW B 106, L.220409 (2022)

0.2 b 0
@ ®) SrlIrO;[001] [\SrIrO;[1-10]
— D -1 11
g SrIr0;[1-10] <) DL
g = FL
z 01 ) 2
= :ED . DL FL 1
StIr0;[001]
0.0 -4 -4
0 2 4 6 0o 4 8 120 4 8 12
H() 7 (10° A/m?)
0.6 0.08 >
© - R
oL, T, [y
1 5
04t %
N B
= < N\ 0045
0.2 N . =
zf N g,
i : <
0.0 e - : 0.00 L
[001][1-10][001] [1-10] ~ [001][1-10] ~ ~

Crystalline direction

FIG. 4. The anisotropic NHE and SOTs for the SrIrO;(110).
(a) The NHE amplitude AR)%;” for the SrIrO3[001] (red open circles)
and SrlrO; [1-10] (blue open squares) directions. (b) The SOT com-
ponents Hpp, Hr. as a function of the SrlrO; layer current density
J for the SrIrO;[001] and SrlrO; [1-10] directions, respectively.
(c) The summarized dampinglike SOT efficiency np. (left column),
fieldlike SOT efficiency ng. (middle column), and the coefficient of
NHE A p%‘" /(ExH) (right column) for the [001] and [1-10] directions
at 290 K.

as that of 7//[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 SrlIrO; [1-10] is stronger than that along the SrIrO3[001].
By substituting the relevant parameters, the NHE coefficient
Apf;"/(ExH) is estimated to be 0.024 mQ um? V= T~! for
SrIrO3[001]. On the other hand, the linear charge-spin con-
version induced effective fields Hpy, and Hg, for 1//[1-10]
were measured by the harmonic Hall method and estimated
using Egs. (1)-(3) at 290 K (see Supplemental Material S3
[55]). The results of the effective fields for 7//[1-10] and
1//1001] 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 Hp; and Hpp, exhibit
linear dependence with J in both crystalline directions while
display anisotropic magnitudes. The absolute values of SOT
efficiencies npr and ng for SrIrO; [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 7//[1-10] is stronger than that for
1//[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 / 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 Apf)‘,"/(ExH ), which is about
twofold larger for 7//[1-10] than for 7//[001], indicating a
stronger spin-momentum locking for 7//[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 SrlIrO3
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 T'-X and I'-Z directions [see Fig. 5(d)]. Notably, the
spin-momentum locking is significant around X along the
[-X 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 SrIrO; 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 SrlrO3(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 SrIrOs. (b) Brillouin
zone with special k points on the k,-k, plane. (c) Band structure of the (110) surface. (d) Fermi surface on the k-k, plane, where the green
arrows denote the spin directions. (e) Spin Hall conductivities for current / along the [001] (red circles) and [1-10] (blue squares) directions,
respectively. Here, the notation ¢ s denotes that charge current, spin current, and spin polarization are along 8, «, and y 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;(25nm) single layer and SrIrO3;(25nm)/
NiFe(7 nm) bilayer samples were grown on the (110)-oriented
SrTiO3 substrates by pulsed laser deposition using a KrF
excimer laser (A =248nm). During the growth of SrIrO;
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 SrIrO; 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 um in width W aligned to SrIrO3[001] and
SrIrO3 [1-10] directions, respectively. The length L between
two adjacent voltage paths is 50 pm.

B. Measurements

The thickness of the SrIrOj layer fs;o was determined by
an in situ RHEED monitoring during growth. The saturation
magnetization M and the thickness #njre 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 SrlrO; were characterized by an
XRD-6/26 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 Vppg(= Vxly“’)

and V.2, first/second magnetoresistance voltage V,\” and V2,
and anomalous Hall voltage Vaug, were acquired by lock-in
SR 830 (Stanford). The anisotropy field Hy of NiFe was deter-
mined by the Vapg 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 A~!. The crystal structure was
fully relaxed until the Hellmann-Feynman forces acting on
each atom were less than 5meV/A. The surface electronic
structures were computed using the WANNIERTOOLS code [70].
The Wannier functions and spin Hall conductivities were ob-
tained using the WANNIER9O suite [71,72].
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