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Spin-charge conversion via spin-orbit interaction is one of the core concepts in the current spintronics
research. The efficiency of the interconversion between charge and spin current is estimated based on Berry
curvature of Bloch wave function in the linear-response regime. Beyond the linear regime, nonlinear spin-
charge conversion in the higher-order electric field terms has recently been demonstrated in noncentrosym-
metric materials with nontrivial spin texture in the momentum space. Here, we report the observation of the
nonlinear charge-spin conversion in a nominally centrosymmetric oxide material SrIrO3 by breaking
inversion symmetry at the interface. A large second-order magnetoelectric coefficient is observed at room
temperature because of the antisymmetric spin-orbit interaction at the interface of Dirac semimetallic bands,
which is subject to the symmetry constraint of the substrates. Our study suggests that nonlinear spin-charge
conversion can be induced in many materials with strong spin-orbit interaction at the interface by breaking
the local inversion symmetry to give rise to spin splitting in otherwise spin degenerate systems.
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Interconversion of electron spins and charges is one of
the central techniques in the current spintronic research.
Electrons accelerated by the electric field in a nonmagnetic
metal are deflected through spin-orbit interaction, generat-
ing spin current transverse to the charge current [1,2]. The
spin current can be utilized to flip the magnetic moment in
the adjacent ferromagnets and applied for electrical mag-
netization switching with low energy consumption in
spintronic devices [3–5]. The efficiency of charge-to-spin
conversion has been estimated by calculating spin Hall
conductivity based on the Berry phase approach [1,6] or
equivalently Kubo formula in the linear-response regime
[7]. In this approach, a band degeneracy point acts as a
source of Berry curvature, analogous to the magnetic field
in the momentum space, and gives a large contribution to
spin or anomalous Hall effects [2,8].
Recently, higher-order spin-charge conversion beyond

the linear-response theory has been recognized in non-
centrosymmetric materials both theoretically and experi-
mentally, where the electric field is coupled with Berry
curvature dipole, leading to the observation of second-order
nonreciprocal Hall effect [9–15]. Nonlinear spin-charge

conversion is also found to emerge under the in-plane
magnetic field for the topological surface states of a
topological insulator [16]. This nonlinear planar Hall effect
originates from the transverse shift of spin-momentum
locked topological surface states under the in-plane mag-
netic field in the presence of a nontrivial k-cubic warping
effect. Conversely, it is suggested that the nonlinear planar
Hall effect (and nonlinear magnetoresistance as well) can
be utilized to probe the nontrivial spin texture in the
momentum space in several materials without relying on
spin- and angle-resolved photoemission spectros-
copy [16,17].
Here, we report a large nonlinear spin-charge conversion

detected by a harmonic measurement of the planar Hall
effect in nominally centrosymmetric SrIrO3 thin films at
room temperature. The orthorhombic phase of SrIrO3 is
known to be a Dirac semimetal with comparable spin-orbit
interaction and electron correlation (∼0.5 eV) with a Dirac
nodal ring about 50 meV below the Fermi energy formed
from two Dirac bands [18–21]. Owing to the characteristic
band structure, this material is known to show a large spin
Hall effect and to generate strong spin-orbit torque to the
adjacent ferromagnetic layer [22–26]. The crystal structure
of SrIrO3 is distorted perovskite (GdFeO3-type) in the
centrosymmetric Pbnm space group with lattice
constants of a ¼ 5.60 Å, b ¼ 5.58 Å, c ¼ 7.75 Å (corre-
sponding to a pseudocubic lattice constant of apseudo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð2a2 þ 2b2 þ c2Þ=12
p

¼ 3.93 Å [Fig. 1(a)] [27]. In the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW LETTERS 126, 236801 (2021)

0031-9007=21=126(23)=236801(6) 236801-1 Published by the American Physical Society

https://orcid.org/0000-0001-7674-600X
https://orcid.org/0000-0001-7230-6090
https://orcid.org/0000-0002-6884-6390
https://orcid.org/0000-0002-3857-3096
https://orcid.org/0000-0001-7149-4800
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.126.236801&domain=pdf&date_stamp=2021-06-09
https://doi.org/10.1103/PhysRevLett.126.236801
https://doi.org/10.1103/PhysRevLett.126.236801
https://doi.org/10.1103/PhysRevLett.126.236801
https://doi.org/10.1103/PhysRevLett.126.236801
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


presence of inversion symmetry, the band structure of
SrIrO3 maintains spin degeneracy, and nonlinear spin-
charge conversion is not expected. However, the spatial
inversion symmetry of thin films is inherently broken at the
surface and the interface, which causes spin textures in the
momentum space due to antisymmetric spin-orbit inter-
action. Comparing the nonlinear planar Hall effect of
SrIrO3 thin films grown on different substrates, we con-
clude that the observations are interface- or surface-driven
phenomena irrespective of the degree of the strain with
minor modification of spin texture by the symmetry
constraint of the substrate.
The experimental details are explained in the

Supplemental Material [28]. Briefly, the SrIrO3 thin
films are grown at 650 °C under 100 mTorr oxygen
partial pressure by pulsed laser deposition. We have
employed ðLaAlO3Þ0.3ðSr2AlTaO6Þ0.7 (LSAT) (001)
(cubic, a ¼ 3.87 Å), GdScO3 (110) (orthorhombic,
apseudo ¼ 3.96 Å), and NdGaO3 (110) (orthorhombic,
apseudo ¼ 3.86 Å) substrates to compare effects of epitaxial

strain originating from lattice mismatch and crystal sym-
metry. The thicknesses are 25, 27, and 37 nm for thin films
grown on LSAT (001), GdScO3 (110), and NdGaO3 (110),
respectively. The crystal structures of SrIrO3 and LSAT are
depicted in Fig. 1(a) [29]. The second-order term of the
planar Hall effect is characterized by an out-of-phase
second-harmonic component using lock-in amplifiers with
an alternating current frequency of 33 Hz [17]. The first-
principles density-functional calculations including the
spin-orbit interaction are carried out with the aid of the
Vienna ab initio simulation program (VASP) [30–32].
Figure 1(b) shows a θ-2θ scan of x-ray diffraction for

SrIrO3 thin films grown on LSAT (001), GdScO3 (110),
and NdGaO3 (110) substrates, indicating epitaxial growth
with out-of-plane lattice constants of 3.99 Å for LSAT,
3.89 Å for GdScO3, and 3.97 Å for NdGaO3, which deviate
from the bulk value to compensate in-plane compressive
(for LSAT and NdGaO3) and tensile (for GdScO3) strains
(reciprocal space mapping shown in Fig. S1). The crystal
structure is additionally characterized by high-angle annu-
lar dark-field transmission electron microscope images as
shown in Fig. S2. While all films show clear epitaxial
growth on the substrates, dislocations are partly observed
for LSAT and NdGaO3 substrates probably due to large
lattice mismatch and presence of twins. The resistivity
shown in Fig. 1(c) is only weakly temperature dependent as
typical semimetallic behavior of SrIrO3, consistent with
other PLD-grown films in previous reports [33–35].
To characterize the nonlinear planar Hall effect, we

measure angular dependence (φ) of second-harmonic
Hall voltage on in-plane magnetic field direction with
respect to the current direction using a Hall bar structure as

10
1

10
4

10
7

10
10

10
13

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

252423222120
2 (degrees)

NdGaO3

GdScO3

LSAT

SrIrO3

0.1

1

10

xx
(m

cm
)

3002001000
Temperature (K)

NdGaO3

GdScO3

LSAT

[110]

SrIrO (Orthorhombic)3

[110] [001]

[001]

LSAT (Cubic)
[100] or [010]

Sr

IrO6

(La,Sr)

(Al,Ta)O6

(a)

(b) (c)

FIG. 1. (a) Schematic diagram of crystal structures for (top)
distorted orthorhombic perovskite (SrIrO3) and (bottom) cubic
perovskite (LSAT) materials. GdScO3 and NdGaO3 have the
orthorhombic structure but with different lattice parameters.
Black lines in the orthorhombic structure indicate a unit cell.
(b) θ-2θ scan of x-ray diffraction and (c) temperature dependence
of resistivity for SrIrO3 thin films grown on LSAT (001), GdScO3

(110), and NdGaO3 (110). The triangles in (b) show peaks of
SrIrO3 thin films.
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FIG. 2. (a) Microscope image of a Hall bar with Ti=Au
electrodes together with the measurement geometry. The angle
between the current (I) direction and in-plane magnetic field (H)
is defined as φ. (b) Second-harmonic planar Hall resistance
R2ω
yx ¼ V2ω

yx =I as a function of φ and fitting with ΔR2ω
yx cosφ.

(c) Current and (d) magnetic field dependences of ΔR2ω
yx .
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shown in Fig. 2(a). Figure 2(b) shows a typical second-
harmonic planar Hall measurement as a function of φ for a
film grown on an LSAT substrate at 300 K under a constant
magnetic field (H) of 10 T. The second-harmonic resistance
is defined as R2ω

yx ¼ V2ω
yx =I, where V2ω

xy is the out-of-phase
second-harmonic voltage and I is the externally applied
alternating current. The data in Fig. 2(b) clearly show cosφ
dependence. So far, a similar cosine dependence of the
second-harmonic planar Hall effect has been ascribed to
nontrivially spin-momentum locked band structures in
noncentrosymmetric materials [17] although, at first sight,
this mechanism is not compatible with centrosymmet-
ric SrIrO3.
In order to obtain an insight into the origin, the

magnitude of the second-harmonic planar Hall signal
(ΔR2ω

yx ) is extracted by fitting with R2ω
yx ¼ ΔR2ω

yx cosφ (after
subtracting a constant background) [17]. First, as shown in
Fig. S3(a) (Supplemental Material [28]), we confirm that
ΔR2ω

yx is proportional to alternating current [Fig. 2(c)],
which indicates the second-harmonic voltage V2ω

yx
certainly captures a second-order signal proportional to
I2. Subsequently, we investigate magnetic field dependence
[Fig. S3(b) of the Supplemental Material [28] ] and find that
ΔR2ω

yx is proportional to H [Fig. 2(d)]. These results are
consistent with the nonlinear planar Hall effect, which is
proportional to both the electric field (Ex) and magnetic
field (H) as previously observed in Bi2Se3 [16,17].
We have also confirmed the second-harmonic component
of anisotropic magnetoresistance (R2ω

xx ) as shown in
Fig. S4. The ratio between transverse and longitudinal non
linear magnetoelectric effect ρ2ωyx =ρ2ωxx¼ðR2ω

yx =R2ω
xx ÞðL=WÞ

(L, channel length ¼ 25 μm; W, channel width ¼ 10 μm)
is estimated as 0.50, and the contribution from the Nernst
effect, proportional to H ×∇T, can be ignored.
The bilinear magnetoelectric effect is known to capture

complex spin-momentum locked band structures including
warping effect or electron-hole asymmetry. The band
structure of bulk SrIrO3 is composed of two Dirac bands
around the U point ðπ; 0; πÞ and massive holelike bands
around (0,0,0) and ðπ; π; πÞ in the Brillouin zone (in the
representation of the orthorhombic phase), both ofwhich are
spin degenerate due to the centrosymmetric crystal structure
[19,20]. In the case of thin film, however, antisymmetric
spin-orbit interaction induces momentum-dependent spin
splitting at the interface, leading to complex spin texture in
the twoDirac bands. Indeed, the nonlinear planar Hall effect
was also observed at the LaAlO3=SrTiO3 interface [17]
which is known to possess complex spin texture originating
from the anticrossing of three t2g bands [36,37].
To test this consideration, we compare the second-

harmonic planar Hall signal for SrIrO3 thin films grown
on NdGaO3 (110) and GdScO3 (110) substrates as well as a
film grown on LSAT (001) substrate [the raw data of the
nonlinear planar Hall effect for GdScO3 with Ik½001�
are shown in Figs. S3(c)–S3(f)]. Figure 3 shows the

φ dependence of ρ2ωyx normalized by Ex and H, where
ρ2ωyx ¼ R2ω

yx d is the second-harmonic resistivity in the three-
dimensional unit (d, thickness of the film). The magnitudes
of the second-harmonic signal remarkably vary with differ-
ent substrates. Furthermore, in the case of orthorhombic
NdGaO3 and GdScO3 substrates, we find a significantly
large anisotropy between two current directions along [001]
and [11̄0]. For fair comparison for films with different
resistivity, we use a coefficient of the bilinear magneto-
electric effect χyxx ¼ Δρ2ωyx =ExH, where Δρ2ωyx ¼ ΔR2ω

yx d,
which is shown in Table I [17]. We find that the room
temperature χyxx value for the sample grown on LSAT is
almost comparable to the previously reported value for a
Bi2Se3 thin film at 5 K (χyxx ≈ 0.02 mΩ μm2=VT), which
rapidly decreases with increasing temperature toward room
temperature. Remarkably, χyxx is significantly large for
orthorhombic GdScO3 and NdGaO3 with the current along
[001] but negligibly small along [11̄0]. Furthermore, the
sign of χyxx differs between two current directions in the
case of the GdScO3 (110) substrate. These results indicate
that the nonlinear planar Hall signal is robust and immune
to strain and degree of disorder. The magnitude is sensitive
to symmetry constraints from the substrates with minor
modulation by the degree of strain, suggestive of an
intrinsic effect reflecting the symmetry of the spin texture
on the Fermi surfaces. For comparison, we also study a
SrRuO3 film grown on LSAT (001) substrate, which does
not exhibit nonlinear planar Hall effect at room temperature
as shown in Fig. S6. This signals the significance of the
strong spin-orbit interaction and the characteristic band
structure of SrIrO3.
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FIG. 3. Second-harmonic planar Hall resistivity ρ2ωyx ð¼
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yx d; d∶ thicknessÞ normalized by electric field along the current
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for SrIrO3 films grown on three kinds of substrates. For
orthorhombic substrates (GdScO3 and NdScO3), measurements
with two current directions are shown. The data for GdScO3 and
NdGaO3 with the current along the [11̄0] directions are magnified
by a factor of ten because of the small signal.
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In the previous studies, band structure modification in
SrIrO3 thin films has been discussed in terms of epitaxial
strain and geometric confinement, which causes an
enhancement of spin Hall effect in the linear-response
regime owing to preferable redistribution of Berry curva-
ture [22,25]. In the present study, the large anisotropy of the
nonlinear planar Hall effect reflects the spin-momentum
locked Fermi surface composed of two correlated Dirac
bands. Since the Fermi surface is deformed to the direction
transverse to the external current in the planar Hall
geometry with IkH [17], the large χyxx with Ik½001�
indicates that spin-momentum locking is stronger along
[11̄0] than along [001]. Since [11̄0] is not equivalent to
[1̄10] in the orthorhombic structure, this anisotropic spin-
momentum locking might be because of the lower in-plane
symmetry along [11̄0] than along [001], which is crystallo-
graphically equivalent to [001̄] [Fig. 1(a)]. On the contrary,
such anisotropy is not present in the case of the cubic LSAT
substrate but an orthorhombic twin structure is known to
appear based on the detailed structural analysis of SrIrO3

thin films reported in [38]. This twin structure may average
out the anisotropic nonlinear planar Hall signal in the case
of the LSAT substrate.
To confirm this hypothesis, we have performed first-

principles calculations of electronic band structure using an
unstrained SrIrO3 slab model [Fig. 4(a)] (bulk and strained
case are shown in the Supplemental Material [28] for
comparison). The band structure is shown in Figs. 4(b) and
4(c). As shown in Fig. 4(c) (magnification around Ū), inner
Ir layers contribute to bands somewhat above the Fermi
level, which resembles bulk Dirac bands, whereas the
surface top and bottom Ir layers forming Fermi surfaces
are expected to be subject to symmetry breaking. To obtain
an insight into the spin-resolved band structure around the
Ū point [Fig. S7(d)], Fermi surfaces are drawn together
with local spins at each k point for the unstrained slab
model, projected to Ir atoms in the top layer as shown in
Fig. 4(d). The spin texture is found as the surface states
originating from the top Ir layer of the slab but summing
the spins over the Fermi surfaces exactly compensates
the spins, reflecting nonmagnetic nature. Moreover, the

direction of the spins is inverted between the orbitals from
the top and bottom Ir layers [Fig. S8(d)] at each k point.
These features are reminiscent of spin structures in the
presence of antisymmetric spin-orbit interaction. Compared
with conventional semiconductors, spin texture in SrIrO3 is
much more complex because spin-orbit interaction plays an
essential role in the ground state of the electronic states as
represented by the existence of Dirac points.
The obtained spin texture can be compared with the

nonlinear planar Hall effect in Fig. 3. In the case of the
unstrained slab model, the larger spins are found along
½11̄0�, while spins are nearly canceled along [001] direction
as shown in Fig. 4(d). Since the nonlinear planar Hall effect
detects the spin texture orthogonal to the current direction,
the larger signal with Ik½001� is consistent with the
calculated spin texture. When the SrIrO3 thin film is
strained to GdScO3 (110) substrate [39], the Fermi surfaces
are enlarged because of the stretched Ir─O─Ir bonds as
shown in Figs. S8(e)–S8(h), but the qualitative features are
similar to the unstrained case although the spin texture
becomes more complex than the unstrained case. This may
be consistent with the quantitatively similar magnitude and
symmetry of χyxx between films grown on GdScO3 and
NdGaO3 despite the large difference in strain.
Finally, we remark on the contribution from disorder.

In Fig. S9, we show the temperature dependence of the
magnitude of the nonlinear planar Hall effect for the SrIrO3

film grown on LSAT (001) substrate. The nonlinear planar

TABLE I. Comparison of resistivity and a coefficient of the
nonlinear planar Hall effect χyxx ¼ Δρ2ωyx =ExH for SrIrO3 films
grown on various substrates. The data for two distinct current
directions are shown for orthorhombic GdScO3 and NdGaO3

substrates.

Substrate
Current
direction ρxx ðmΩcmÞ χyxx ðmΩμm2=VTÞ

LSAT (001) [100] 0.50 0.017� 0.005
GdScO3 (110) [001] 0.47 0.10� 0.004

[11̄0] 0.52 −0.009� 0.001
NdGaO3 (110) [001] 3.3 0.093� 0.01

[11̄0] 3.3 0.0� 0.0001
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FIG. 4. (a) Crystal structure and (b) band structure of the
unstrained slab model. (c) The band structure is magnified around
Ū. In the panes (b) and (c), contributions from the surface (top
and bottom) Ir layers (red) and from inner Ir layers (blue) are
separately drawn by color. (d) Fermi surfaces and spin textures
around the Ū point, where the contribution from top Ir layers is
projected. Comparisons with bulk and strained slab are shown in
the Supplemental Material in detail [28].
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Hall signal increases with decreasing temperature, exhibit-
ing nearly the same trend as mobility shown in Fig. S9(c),
which would indicate disorder origin. However, recent
theoretical studies showed that, unlike the spin Hall and
anomalous Hall effects in the linear-response regime, the
nonlinear Hall effect follows the dependence linear in
scattering time τ both in the intrinsic and the extrinsic
cases, which makes it difficult to differentiate these con-
tributions [40,41]. As the nonlinear planar Hall effect [17]
has to do with the nonlinear Hall effect observed at zero
magnetic field [14,15] in terms of Berry phase dipole in the
intrinsic case, we expect that both phenomena may also be
similarly influenced by the disorder. As suggested in
Ref. [41], precise disorder tuning would be necessary to
separate these contributions.
In conclusion, we have observed the nonlinear planar

Hall effect in nominally centrosymmetric SrIrO3 thin films
at room temperature, which is expected only in noncen-
trosymmetric systems with nontrivial spin textures in the
momentum space. Comparing the nonlinear planar Hall
signal between SrIrO3 films grown on different substrates,
we conclude that the observation originates from complex
the spin texture in the two Dirac bands triggered by the
antisymmetric spin-orbit interaction. The strength, sign,
and anisotropy of the nonlinear planar Hall signal are
modulated by the in-plane symmetry of the substrates,
which may sensitively reflect anisotropy of the spin texture
of the Dirac bands. Our study suggests that the nonlinear
planar Hall effect can be observed in more diverse materials
with strong spin-orbit interaction by engineering spin
texture in the momentum space with utilizing epitaxial
strain in the reduced dimensions. A similar concept has
been theoretically proposed for the nonlinear spin Hall
effect in strained graphene and Dirac semimetal [13,42].
We expect future theoretical studies will clarify how to
effectively design symmetry breaking to induce a large
nonlinear spin-charge conversion.
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