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Electric-field control of field-free spin-orbit torque
switching via laterally modulated Rashba effect
in Pt/Co/AlOx structures
Min-Gu Kang1,8, Jong-Guk Choi1,8, Jimin Jeong1, Jae Yeol Park 1, Hyeon-Jong Park2, Taehwan Kim3,

Taekhyeon Lee4, Kab-Jin Kim 4, Kyoung-Whan Kim 5, Jung Hyun Oh6, Duc Duong Viet7,

Jong-Ryul Jeong 7, Jong Min Yuk1, Jongsun Park3, Kyung-Jin Lee 4 & Byong-Guk Park 1✉

Spin-orbit coupling effect in structures with broken inversion symmetry, known as the Rashba

effect, facilitates spin-orbit torques (SOTs) in heavy metal/ferromagnet/oxide structures,

along with the spin Hall effect. Electric-field control of the Rashba effect is established for

semiconductor interfaces, but it is challenging in structures involving metals owing to the

screening effect. Here, we report that the Rashba effect in Pt/Co/AlOx structures is laterally

modulated by electric voltages, generating out-of-plane SOTs. This enables field-free

switching of the perpendicular magnetization and electrical control of the switching polarity.

Changing the gate oxide reverses the sign of out-of-plane SOT while maintaining the same

sign of voltage-controlled magnetic anisotropy, which confirms the Rashba effect at the Co/

oxide interface is a key ingredient of the electric-field modulation. The electrical control of

SOT switching polarity in a reversible and non-volatile manner can be utilized for program-

mable logic operations in spintronic logic-in-memory devices.
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Spin-orbit torque (SOT) is a spin torque arising from
spin–orbit coupling in heavy metal (HM)/ferromagnet
(FM)/oxide structures, in which a spin current generated by

the spin Hall effect1–3 in the HM and the Rashba effect4–6 at the
HM/FM and/or FM/oxide interfaces exerts a torque on the FM
and manipulates the magnetization direction. Providing fast and
energy-efficient magnetization switching7–9 and domain wall
motion10,11, SOT is being intensively investigated12,13 as an
alternative technique to manipulate the magnetization for
various spintronic devices including magnetic random access
memories8,9,14, spintronic logics15,16, and oscillators17,18. While
the spin Hall effect is of bulk origin from the spin–orbit coupling
in HM19, the Rashba effect is of interface origin from the
broken inversion symmetry at interfaces in HM/FM/oxide
heterostructures20. Electrical control of the Rashba effect was
demonstrated at semiconductor interfaces;21–24 however, it has
not been clearly reported in metallic structures so far for the
following reasons. First, the application of an electric field in the
metallic structures is limited to one or two atomic layers due to
the Coulomb screening effect. Second, it is difficult to distinguish
the changes in the Rashba effect from the concomitant mod-
ification of magnetic properties owing to the applied gate voltage.
Note that the voltage control of the magnetism has been actively
studied25–29 since it offers the reduction of power consumption
for the magnetization switching without degrading the thermal
stability. Recent studies demonstrated that the SOT in HM/FM/
oxide structures is controlled using a gate voltage30–32 through
modulation of oxygen concentration at the interface by inducing
oxygen ion migration. Note that the voltage effect based on
oxygen ion migration is large but slow compared to that caused
by the charge distribution mechanism33–35.

In this article, we report that the lateral modulation of Rashba
effect in Pt/Co/AlOx structures by using two side gates generates
out-of-plane SOT, allowing electrical control of field-free
switching of perpendicular magnetization. In the device config-
uration illustrated in Fig. 1a, applying different gate voltages to
the two side gates induces an additional lateral symmetry-
breaking along the y-direction. In the presence of a charge current
along the x-direction, the symmetry analysis36 shows that the
lateral symmetry-breaking along the y-direction results in addi-
tional SOTs in directions ofm ´ z andm´ ðm ´ zÞ, wherem and z
are unit vectors along the magnetization and the thickness
direction, respectively. This out-of-plane SOT or z-SOT can
switch perpendicular magnetization without an external magnetic
field36–38 and a theoretical study suggests that the z-SOT can
greatly reduce the switching current39.

In this work, we show that the z-SOT and associated switching
polarity are controllable by gate voltage in a reversible and non-
volatile manner, offering programmable logic operations in
spintronic login-in-memory devices as demonstrated below.
Moreover, we provide a microscopic origin of the z-SOT induced
by asymmetric gate voltages. It is noted that the above symmetry
argument is valid regardless of the source of lateral symmetry-
breaking along the y-direction. However, it is of crucial impor-
tance to identify the microscopic origin of the electric-field-
induced lateral symmetry breaking for further improvement of
device performance. To this end, we show that the z-SOT
depends on gate oxide materials; the direction of the z-SOT in the
identical Pt/Co/AlOx structures is reversed by changing the gate
oxide from TiO2 to ZrO2. The two gate oxides exhibit opposite
electric-field effects on the potential barrier; for TiO2 (ZrO2), a
positive voltage decreases (increases) the potential barrier height,
resulting in the modification of the built-in electric field and
associated Rashba effect at the Co/oxide interface. This, together
with the same sign of voltage-controlled magnetic anisotropy
effect regardless of the gate oxide, suggests that the z-SOT is

mainly due to the lateral modulation of the Rashba effect at the
Co/AlOx interface, which is further supported by the measure-
ments of the gate-voltage dependence of field-like SOTs.

Results
Electric-field control of deterministic spin–orbit torque
switching. To demonstrate the z-SOT generated by asymmetric
gate voltages, we fabricate Pt (5 nm)/Co (1.4 nm)/AlOx (2 nm)
Hall-bar devices, in which two side gates consisting of a gate
oxide of TiO2 (40 nm) and a gate electrode of Ru (50 nm) are
integrated (Fig. 1b and Methods). Figure 1c–e show SOT-induced
switching measurements of the sample depending on the polarity
of ΔVG. Here, ΔVG is the difference in voltages applied to the left
(VG,L) and right (VG,R) gate electrodes with respect to the ground
connected to the Pt bottom layer. Without applying a gate vol-
tage, i.e., ΔVG= 0 (VG,L=VG,R= 0 V), the sample shows a
typical SOT switching behaviour that occurs only when an in-
plane magnetic field (Bx) is applied (Fig. 1c);4,12,13 a positive
current favours up-to-down switching under a positive Bx. This
switching polarity corresponds to a positive spin Hall angle of Pt.
Remarkably, when nonzero ΔVG is applied, the sample shows a
deterministic SOT switching even in the absence of Bx (Fig. 1d, e).
Furthermore, the switching polarity is determined by the sign of
ΔVG; a positive current favours up-to-down switching for
ΔVG > 0 (VG,L=+8 V, VG,R= 0 V), and it is opposite for ΔVG < 0
(VG,L= 0 V, VG,R=+8 V). This field-free deterministic SOT
switching evidences the z-SOT due to ΔVG that breaks lateral
symmetry. Scanning transmission electron microscopy and
electron-energy loss spectroscopy measurements reveal that the
ΔVG induces the oxygen ion redistribution in oxides depending
on its polarity; a larger oxygen ion concentration on the side
where a positive bias is applied, compared to the other side
(Supplementary Note 1). This might be responsible for the
voltage-induced lateral asymmetry. Note that field-free switching
is achieved when the ΔVG is greater than 8 V, which is a critical
ΔVG to create a net lateral asymmetry.

We point out that our device has a distinctive advantage that
the deterministic SOT switching polarity is electrically control-
lable. This electrical controllability cannot be achieved with
previously reported ones demonstrating z-SOT using a hybrid
FM/ferroelectric structure30, a wedged structure36, a tilted
magnetic anisotropy40,41, a chirally coupled nanomagnets42, a
structural asymmetry38,43, and a low crystal symmetry
material44,45. Moreover, this electrical controllability offers pro-
grammable logic operations by utilizing the reversible and non-
volatile characteristics (Supplementary Note 2). As an example, we
demonstrate that XOR and AND logic gate operations are realized
in a single device using the gate voltage and input current as two
input parameters and the magnetization direction as digital output
(See details in Supplementary Note 3). This allows for multi-
functional memories or programmable spin logic devices, offering
the way for the realization of spin-based logic-in-memory devices.

We next systematically test the z-SOT in a Pt/Co/AlOx/TiO2

structure (TiO2 sample) by performing in-plane harmonic
measurements46, in which the 1st and 2nd harmonic Hall
resistances (R1ω

xy ;R
2ω
xy ) are measured with an a.c. current Iac by

rotating the sample (azimuthal angle φ) under a fixed in-plane
magnetic field Bext (Fig. 2a and Methods). The R2ω

xy is given as

R2ω
xy φ
� � ¼ RAHE

By
DLT

Beff
þ R2ω

∇T

� �
cosφþ 2RPHE

By
FLT þ BOe

Bext
2cos3φ� cosφ
� �

� 2RPHE
Bz
DLT

Bext
cos2φþ RAHE

Bz
FLT

Beff
;

ð1Þ

where RAHE and RPHE are the anomalous Hall and planar Hall
resistances, respectively; By

DLT (By
FLT) is the damping-like (field-
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like) effective field originating from conventional y-spin accu-
mulation (y-SOT), and Bz

DLT (Bz
FLT) is the damping-like (field-

like) effective field additionally generated by z-SOT, and BOe is
the Oersted field; Beff is the effective magnetic field, defined as
Beff= Bext+ Bdem− Bani, where Bdem and Bani are the demagne-
tization field and the anisotropy field of FM, respectively; R2ω

∇T is
the anomalous Nernst contribution. Notably, the only Bz

DLT has a
cos2φ dependence (Supplementary Note 4), which allows us to
unambiguously demonstrate z-SOT if generated in the sample.
Note that Bz

FLT creates angle-independent offset, which is uneasy
to identify from harmonic Hall signals.

We examine the sample with four different gate-voltage
conditions: (VG,L= VG,R=+8 V), (VG,L=VG,R=−8 V), (VG,L=
+8 V and VG,R=−8 V), and (VG,L=−8 V and VG,R=+8 V),
which are denoted as VG

(+,+), VG
(−,−), VG

(+,−), and VG
(−,+),

respectively. We note that ΔVG= 0 for both VG
(+,+) and VG

(−,−)

while ΔVG > 0 (ΔVG < 0) for VG
(+,−) (VG

(−,+)). Figure 2b shows
the representative measurement data of the R2ω

xy measured at
Bext= 3 T for those voltage conditions, from which we separate
cosφ, (2cos3φ–cosφ), and cos2φ components (Fig. 2c–e). In
particular, Fig. 2e shows that the cos2φ component appears only
in the sample under asymmetric gate voltages, i.e., VG

(+,−) and
VG

(−,+). We repeat the measurement with a different Bext and
plot each component as a function of the Beff (or Bext) in
Fig. 2f–h. From the slope of the graphs, we extract the asymmetric
gate voltage (= ΔVG) dependence of the B

y
DLT, B

y
FLT, and Bz

DLT for
a current density of 1 × 107A/cm2 [Table 1]. Two interesting
observations are worth noting; firstly, the By

DLT and By
FLT due to

y-SOT are enhanced (reduced) when a positive (negative) voltage
is applied to both gates: larger By

DLT and By
FLT for VG

(+,+) than for
VG

(−,−), whereas they are not significantly different for the
asymmetric voltage application of VG

(+,−) or VG
(−,+). This result

demonstrates that the y-SOT can be quantitatively modulated by
a symmetric gate voltage [VG

(+,+) and VG
(−,−)]. Secondly, and

more importantly, a sizable Bz
DLT due to z-SOT occurs when

applying asymmetric voltages (VG
(+,−), VG

(−,+); i.e., nonzero
ΔVG). The magnitude of Bz

DLT is about 10% of that of By
DLT. We

further confirm the z-SOT by performing the hysteresis loop shift
experiments of the sample with various ΔVG’s (Supplementary
Note 5), of which results are consistent with those of the SOT
switching (Fig. 1) and in-plane harmonic measurements (Fig. 2).
We note that the amount of the hysteresis loop shift increases
gradually with increasing in-plane current without showing a
threshold current that requires to overcome the intrinsic
damping37, indicating the presence of Bz

FLT, which cannot be
clearly identified by the harmonic measurement.

To verify whether the ΔVG-induced z-SOT is general, we
investigate another sample of a Pt/Co/AlOx/ZrO2 structure (ZrO2

sample), in which the gate oxide is replaced with ZrO2 while
maintaining the same remaining structure. Note that the TiO2

and ZrO2 are widely exploited dielectric materials in resistive
memory devices47 due to their unique material properties; TiO2

has a high oxygen mobility48 while ZrO2 has a high dielectric
constant49. Figure 3a–c show SOT switching results of the
sample; without gate voltages (ΔVG= 0), the up-to-down
switching occurs for a positive current and a positive Bx (Fig. 3a).
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Fig. 1 Electrical control of field-free SOT switching in Pt/Co/AlOx/TiO2 samples. a Schematic of the gate voltage-induced lateral symmetry breaking.
Gate voltage difference (ΔVG) induces an electric-field modulation along the y-direction, creating additional lateral symmetry-breaking. With a charge
current along x-direction, this lateral symmetry-breaking generates out-of-plane spin–orbit fields (red arrows); field-like effective field (BzFLT), and damping-
like effective field (BzDLT). Those result in additional SOTs (z-SOT) in direction of m ´ z by BzFLT and m ´ ðm ´ zÞ by BzDLT, where m is located in y-z plane. The
blue arrows indicate the in-plane spin–orbit fields (ByFLT and ByDLT) induced by symmetry-breaking along the z-direction. b Schematic illustration of the Hall-
bar device with two side gates and the sample structure of Pt/Co/AlOx/TiO2, where the inset shows the optical microscopic image. c Current-induced SOT
switching for ΔVG= 0 (VG,L= VG,R= 0 V). Bx= 20mT. d, e Field-free spin–orbit torque switching for ΔVG > 0 (VG,L=+8 V, VG,R= 0 V) (d) and the
ΔVG < 0 (VG,L= 0 V, VG,R=+8 V) (e). 8 V corresponds to the electric field of 2.5MV/cm. Here, the blue (or red) dot arrows indicate from up-to-down (or
down-to-up) switching direction.
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The switching polarity is the same with that of the TiO2

sample shown in Fig. 1c. When applying asymmetric electric
voltages (ΔVG ≠ 0), the ZrO2 sample also shows deterministic
switching similar to the TiO2 sample. It is found that the field-free
switching current density (JSW) gradually reduces when increas-
ing ΔVG (Supplementary Note 6). Furthermore, we examine the

magnetization reversal characteristics during field-free SOT
switching using magneto-optical Kerr effect (MOKE) measure-
ment. This indicates that the domain reversal starts at the center
of the FM island (or the edge of the gate electrode), where the
ΔVG-induced z-SOT is maximum (Supplementary Note 7). These
results unambiguously demonstrate that the generation of z-SOT
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Fig. 2 Harmonic spin–orbit torque measurements in Pt/Co/AlOx/TiO2 samples. a Schematic for the measurement configuration. The second harmonic
Hall resistances ðR2ωxy Þ for an a.c. current Iac are measured while rotating the sample in the plane (azimuthal angle φ) under an external field Bext. b The R2ωxy
versus φ curves for the TiO2 samples with four different VG combinations and Bex= 3 T, where the single standard deviation uncertainty of the harmonic
Hall voltage measurements is ±0.15 μV, which is included as error bars in the figures. Here, (+,+), (−,−), (+,−), and (−,+) denote (VG,L= VG,R=+8 V),
(VG,L= VG,R=−8 V), (VG,L=+8 V and VG,R=−8 V), and (VG,L=−8 V and VG,R=+8 V), respectively. c–e The extracted φ-dependent components of
R2ωxy ; cosφ component (c), ð2cos3φ� cosφÞ component (d), and cos2φ component (e). f–h Each φ-dependent component plotted as a function of 1/Beff (or
1/Bext), where the error bars are due to the uncertainty of the fitting of the R2ωxy versus φ curves to Eq. (1); cosφ component versus 1/Beff (f), ð2cos3φ�
cosφÞ component versus 1/Bext (g), and cos2φ component versus 1/Bext (h).

Table 1 Gate voltage dependence of SOT effective fields of the TiO2 sample.

(+,+) (−,−) (+,−) (−,+)

ByFLT (mT) 0.77 ± 0.02 0.31 ± 0.02 0.52 ± 0.02 0.52 ± 0.02
ByDLT (mT) − 6.13 ± 0.01 − 1.74 ± 0.01 − 4.03 ± 0.03 − 4.03 ± 0.03
BzDLT (mT) 0.02 ± 0.002 0.01 ± 0.002 0.38 ± 0.02 − 0.38 ± 0.02

Here, the current density is 1 × 107A/cm2.
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is due to ΔVG. However, unexpectedly, the switching polarity of
the ZrO2 sample is opposite from that of the TiO2 sample; a
positive (negative) current favours the down-to-up switching for
ΔVG > 0 (ΔVG < 0). This indicates that the direction of z-SOT
generated in the ZrO2 sample is opposite to that of the TiO2

sample, which is supported by the additional measurements of z-
SOT of the ZrO2 samples using in-plane harmonic Hall
(Supplementary Note 8) and hysteresis loop shift (Supplementary
Note 5) experiments. A possible reason of the opposite polarity
depending on the gate oxide will be discussed later.

Modulation of Rashba effect in ferromagnet/oxide interface.
We now discuss the physical origin of the electric-field-induced z-
SOT. The first possible cause is the lateral modulation of PMA
through voltage-controlled magnetic anisotropy (VCMA)
effect36,40,41. The asymmetric gate voltages give rise to a gradient
of PMA along the y-direction of which sign depends on the sign
of ΔVG, resulting in a field-free switching. To test this possibility,
we measure the VCMA effect of the TiO2 and ZrO2 samples with
four different gate-voltage conditions of VG

(+,+), VG
(−,−),

VG
(+,−), and VG

(−,+) (Supplementary Note 9). We find an
enhancement (reduction) in PMA for both samples with a gate
voltage of VG

(−,−) (VG
(+,+)) and no significant variation in PMA

for the VG
(+,−) and VG

(−,+) conditions. Notably, the polarity of
the VCMA effect is the same for both the TiO2 and ZrO2 samples
and thus ΔVG–induced PMA gradient along the y-direction
cannot explain the opposite signs of the z-SOT. As a result, the
VCMA effect is excluded as a cause of z-SOT. We also perform
COMSOL simulations to check the gate voltage dependence of
the current distribution (Supplementary Note 10), which allows
us to rule out the possible contributions of the lateral current
distribution.

Another possibility is the lateral variation of the Rashba effect
at the Co/oxide interface, which can also be induced by
asymmetric gate voltages. The magnitude of Rashba effect is
proportional to the built-in electric-field originating from the
band structure at the Co/oxide interface, which we estimate by
measuring the potential barrier height50 in Co (10 nm)/AlOx

(2 nm)/gate oxide (5 nm)/Ru (20 nm) tunnel junctions depending
on gate voltage. Note that we use a 5 nm gate oxide that is thin
enough for electrons to tunnel through. Figure 4a, b show the I–V
characteristics of the tunnel junctions, demonstrating that the
change in the potential barrier by a gate voltage (VG) depends on
the gate oxide. For the junction with a TiO2, after applying a
positive (negative) VG, the tunnelling current increases
(decreases) (Fig. 4a), indicating that the potential barrier
diminishes (increases). In contrast, the junction with a ZrO2

shows the reverse electric-field effect; a positive VG decreases the
tunnel current and increases the potential barrier (Fig. 4b). The
inset of Fig. 4a, b schematically illustrates the lateral variation of
the barrier height (ϕ) for the gate oxide. The opposite electric-
field effect may be due to the different transport mechanisms of
the oxides; oxygen ion migration (charge trap) is the dominant
mechanism in TiO2 (ZrO2)47–49. However, further investigation
is required to clarify the gate oxide dependence of the electric-
field effect. Nonetheless, the above results support the hypothesis
that the z-SOT results from the lateral modulation of the built-in
electric-field and associated Rashba effect at the Co/oxide
interface. The asymmetric gate voltage (ΔVG) induces the
variation of the potential barrier along the y-direction, leading
to the generation of z-SOT. This result explains the different
polarity of z-SOT between the TiO2 and ZrO2 samples.

This scenario is further supported by in-plane harmonic Hall
measurement of a Pt (0.5 nm)/Co (2 nm)/AlOx (2 nm)/gate oxide
(40 nm) samples, in which FM Co is fully covered by a single gate.
Figure 4c, d show the ð2cos3φ� cosφÞ component of R2ω

xy as a
function 1/Bext depending on VG, which demonstrates that the
change in By

FLT with VG depends on gate oxide; for the sample
with TiO2 (ZrO2) gate oxide, the B

y
FLT increases (decreases) by a

positive VG. Since the SHE is negligible in a 0.5 nm Pt
(Supplementary Note 11), the By

FLT primarily originates from
the Pt/Co and/or Co/AlOx interfaces. Furthermore, the opposite
electric-field effect of By

FLT between the TiO2 and ZrO2 samples
suggests that the variation of the By

FLT can be attributed to the
electric-field-controlled Rashba effect of the Co/AlOx interface.
This is consistent with the trend of the electric-field-controlled
potential barrier height, supporting that the lateral variation of
the Rashba effect is the key element for the generation of the
electric-field-induced z-SOT. It is reported that spin scattering at
the FM/oxide interface can contribute to field-like torque51. This
interfacial spin scattering is consistent with the Rashba effect at
the FM/oxide interface, which causes the interfacial spin–orbit
precession37,52 and associated field-like torques53.

Theoretical and numerical demonstration of electric-field-
induced z-SOT. We now present that the lateral modulation of
Rashba effect, which is induced by the lateral oxygen gradient, is
the key element for the z-SOT by means of a symmetry argument
and first-principles calculations. First, we present a general
symmetry argument. The z-SOT dm

dt

��
? can be described as

dm
dt

����
?
¼ aJm ´ zþbJm ´ m´ zð Þ; ð2Þ

where J is the current density applied along the x-direction,
m½¼ ðmx;my;mzÞ� is the direction of magnetization, z is the
direction normal to the film plane, and a (b) represents the

Pt (5 nm)

Co (1.4 nm)

AlOx (2 nm)

ZrO2 (40 nm)

ZrO2 sample

ΔVG > 0 ΔVG < 0

ΔVG = 0

cb

a

Fig. 3 Electric-field control of the field-free switching in Pt/Co/AlOx/
ZrO2 samples. a Current-induced SOT switching for ΔVG= 0
(Bx= 20mT). b, c Field-free SOT switching for ΔVG > 0 (b) and ΔVG < 0
(c). Here, the blue (or red) dot arrows indicate from up-to-down (or down-
to-up) switching direction.
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magnitude of field-like (damping-like) component of the z-SOT.
The mirror reflection My of Eq. (2) with respect to the xz plane
corresponds to the following operations: mx ! �mx , my ! my ,

mz ! �mz ,
dmx
dt ! � dmx

dt ,
dmy

dt ! dmy

dt ,
dmz
dt ! � dmz

dt , and J ! J .
This mirror reflection results in dm

dt

��
? ¼ �dm

dt

��
?, meaning that the

z-SOT is absent when the My symmetry is preserved. However,
the z-SOT is allowed when the My symmetry is broken34. In our
experiment, the My symmetry is broken by the lateral gradient of
Rashba effect.

We next present our first-principles results. We numerically
demonstrate that the lateral oxygen gradient (∇Vo) results in the
z-component non-equilibrium spin density, corresponding to the
z-SOT. To this end, we compute a non-equilibrium spin density
in Pt/Co/O structures with and without ∇Vo, based on the
linear response theory within density functional theory (Supple-
mentary Note 12). Calculated non-equilibrium spin density
δs½¼ðδsx; δsy; δszÞ� for Pt/Co/O structures are shown in Fig. 5.
In our calculation, the electric field is applied along the x-axis and
the magnetization m of Co is aligned in the y-axis. The results
show that the magnitudes of δsy are similar for both structures
with and without ∇V0 (Fig. 5d). In contrast, the magnitudes of
δsx and δsz are nonzero only in the structure with ∇V0 (Fig. 5c,
e). Since the SOT is proportional to mδs and m is aligned in the
y-direction, δsx corresponds to the mzð Þ-component of δs
whereas δsz corresponds to the z-component of δs. Comparing
to Eq. (2), one finds that δsx and δsz correspond to b and a,
respectively. These results confirm that the lateral oxygen
gradient, which induces the lateral modulation of Rashba effect
(Supplementary Note 12), makes both damping-like and field-like
z-SOT. Furthermore, it is also found that δsz is linearly

proportional to the ∇Vo, indicating δsz is always nonzero once
(even small) oxygen gradient is present (Supplementary Note 13),
and that δsz is the same for the same oxygen gradient regardless
of the system size, demonstrating that devices properties would be
maintained even in the nanometer scale devices (Supplementary
Note 14).

Discussion
We demonstrate the generation of z-SOT in Pt/Co/AlOx struc-
tures by inducing a lateral voltage gradient using two side gates,
which enables field-free switching of perpendicular magnetization
and electrical control of the switching polarity. We also show that
the magnitude and direction of SOT is electrically controllable in
such structures. Furthermore, we find that the z-SOT depends on
gate oxides that exhibit an opposite electric-field effect on the
potential barrier height while maintaining the same voltage-
controlled magnetic anisotropy effect, indicating that the lateral
modulation of Rashba effect at the Co/oxide interface by an
electric voltage is a key ingredient of the generation of z-SOT.

We finally discuss the feasibility of our lateral gate SOT device.
Our device performances such as speed and endurance depend on
voltage-induced oxygen migration. In this study, we used a 40 nm
thick gate oxide for which a gate voltage (VG) needs to be applied
for 5 min at 100 °C to observe a noticeable electric-field effect.
This is not a fundamental limitation of the operation speed of our
device, but it can be improved by materials engineering. By
introducing a double gate oxide of TiO2(2 nm)/ZrO2(5 nm)
structure, we show that the gate operation works at room tem-
perature with a short voltage pulse of 20 μs (Supplementary
Note 15) and high endurance (Supplementary Note 16). Fur-
thermore, we perform SPICE circuit simulations under the

Pt (0.5 nm)

Co (2 nm)
AlOx (2 nm)

TiO2 or ZrO2 (40 nm)

Ta

Co

AlOx

Ru

TiO2 or ZrO2

Si3 N
4V

I

a b

dc

Ru

TiO2

AlOx
Co
Pt

�VG

�

y

Ru

ZrO2

AlOx
Co
Pt

�VG

�

y

Fig. 4 Voltage-induced variation of the potential barrier and field-like torque. a, b I–V characteristics in the Ta (10 nm)/Co (10 nm)/AlOx (2 nm)/TiO2

(5 nm)/Ru (20 nm) (a) and Ta (10 nm)/Co (10 nm)/AlOx (2 nm)/ZrO2 (5 nm)/Ru (20 nm) tunnel junctions (b) depending on pre-biased gate voltages
VG corresponding to ±2.5MV/cm. The inset corresponds to schematic drawing of the lateral variation of barrier height (ϕ) of the gate oxide, where the
black and red line indicate the potential barrier height of oxide layer. c, d Field-like SOT component of depending on pre-biased gate voltage VG

corresponding to ±2.5 MV/cm for Pt (0.5 nm)/Co (2 nm)/AlOx (2 nm)/TiO2 (40 nm) (c) and Pt (0.5 nm)/Co (2 nm)/AlOx (2 nm)/ZrO2 (40 nm) (d)
samples. The error bars are due to the uncertainty of the fitting of the R2ωxy versus φ curves to Eq. (1).
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assumption that our technique, a field-free SOT switching device
with a side gate, can be applicable to nanosized magnetic tunnel
junctions (Supplementary Note 17), which demonstrate the
potential of implementing an XOR gate based on our SOT device
with reduced device area and comparable energy consumption
compared to CMOS-based XOR gates.

Methods
Sample preparation. The samples of Ta (2 nm)/Pt (5 nm)/Co (1.4 nm)/AlOx

(2 nm) structures were deposited on Si/Si3N4 wafer using d.c. magnetron sputtering
with a base pressure of less than 4.0 × 10−6 Pa at room temperature. All metallic
layers were grown with a working pressure of 0.4 Pa and a power of 30W, while the
AlOx layer was fabricated by deposition of an Al layer and subsequent plasma
oxidation with an O2 pressure of 4.0 Pa and a power of 30W for 75 s. The samples
were then covered by a gate oxide of TiO2 or ZrO2 (40 nm) that is grown at 125 °C
by plasma enhanced atomic layer deposition (PE-ALD) using TDMAT [Tetrakis
(dimethylamido) titanium] or TEMAZ [Tetrakis(ethylmethylamido)zirconium]
and O2 precursors. The oxygen plasma was formed with a rf power of 60W and a
flow of 500 sccm O2. The Hall-bar-structure devices with a 10 × 10 μm cross that
includes a square-shaped ferromagnetic island with 8 × 8 μm were fabricated using
photolithography and Ar ion-milling. Two gate electrodes on both sides of the
ferromagnetic island with a spacing of 2 μm were fabricated by deposition of Ru
(50 nm) and subsequent lift-off technique.

Gate voltage application. Prior to the electrical measurements, a gate voltage
equivalent to ±2.5 MV/cm was applied to the Ru gate electrode for 5 min at 100 °C
with respect to the ground connected to the bottom Pt layer unless otherwise
specified. Thereafter, the spin–orbit torque measurements were conducted at room
temperature with the gate electrode floating.

Spin-orbit torque measurements. Spin-orbit torque was characterized using an
in-plane harmonic lock-in technique. The R1ω

xy and R2ω
xy for an a.c. current Iac of

11 Hz were simultaneously measured while rotating the sample in the plane (azi-
muthal angle φ) under an external field Bext. The magnitude of Bext is larger than
the anisotropy field Bani of the sample, so the magnetization is aligned parallel to
the direction of Bext. The single standard deviation uncertainty of the harmonic
Hall voltage measurements is ±0.15 μV, which is included as error bars in the
figures. The SOT-induced switching experiments were performed by measuring the
RAHE using a d.c. current of 100 μA after applying a current pulse of 70 μs with (or
without) an in-plane magnetic field Bx. The single standard uncertainty of the Hall
resistance measurements is ±1 mΩ. Corresponding error bars are included in the
figures. In most case, they are much smaller than the size of symbols.

All measurements were conducted at room temperature. More than three
samples are measured for each type of sample; data are qualitatively reproducible.

I–V curve measurements. The I–V characteristics of the sample were measured
while sweeping a dc voltage between ±1.5 V at room temperature using a Ta
(10 nm)/Co (10 nm)/AlOx (2 nm)/gate oxide (5 nm)/Ru (20 nm) tunnel junction
with a junction area of 8 × 8 μm. The top Ru electrode was biased and the bottom
Ta was grounded, so that a positive (negative) voltage corresponds to an electric-
field pointing down (up). Prior to the I–V measurement, a gate voltage equivalent
to 2.5 MV/cm was applied to the top Ru gate electrode for 5 min at 100 °C.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Received: 13 July 2021; Accepted: 20 November 2021;

References
1. Liu, L. et al. Spin-torque switching with the giant spin Hall effect of tantalum.

Science 336, 555–558 (2012).
2. Kim, J. et al. Layer thickness dependence of the current-induced effective field

vector in Ta| CoFeB| MgO. Nat. Mater. 12, 240–245 (2013).
3. Garello, K. et al. Symmetry and magnitude of spin–orbit torques in

ferromagnetic heterostructures. Nat. Nanotechnol. 8, 587–593 (2013).
4. Miron, I. M. et al. Perpendicular switching of a single ferromagnetic layer

induced by in-plane current injection. Nature 476, 189–193 (2011).
5. Wang, X. & Manchon, A. Diffusive spin dynamics in ferromagnetic thin films

with a Rashba interaction. Phys. Rev. Lett. 108, 117201 (2012).
6. Haney, P. M., Lee, H. W., Lee, K. J., Manchon, A. & Stiles, M. D. Current

induced torques and interfacial spin-orbit coupling: Semiclassical modeling.
Phys. Rev. B 87, 174411 (2013).

7. Aradhya, S. V., Rowlands, G. E., Oh, J., Ralph, D. C. & Buhrman, R. A.
Nanosecond-timescale low energy switching of in-plane magnetic tunnel
junctions through dynamic oersted-field-assisted spin hall effect. Nano Lett.
16, 5987–5992 (2016).

8. Baumgartner, M. et al. Spatially and time-resolved magnetization dynamics
driven by spin-orbit torques. Nat. Nanotechnol. 12, 980–986 (2017).

9. M. Cubukcu, O. et al. Ultra-fast perpendicular spin-orbit torque MRAM. IEEE
Trans. Magn. 54, 9300204 (2018).

10. Ryu, K. S., Thomas, L., Yang, S. H. & Parkin, S. Chiral spin torque at magnetic
domain walls. Nat. Nanotechnol. 8, 527–533 (2013).

11. Emori, S., Bauer, U., Ahn, S. M., Martinez, E. & Beach, G. S. D. Current-driven
dynamics of chiral ferromagnetic domain walls. Nat. Mater. 12, 611–616
(2013).

12. Manchon, A. et al. Current-induced spin-orbit torques in ferromagnetic and
antiferromagnetic systems. Rev. Mod. Phys. 91, 35004 (2019).

13. Ryu, J., Lee, S., Lee, K. J. & Park, B. G. Current-induced spin–orbit torques for
spintronic applications. Adv. Mater. 32, 1907148 (2020).

14. Sato, N., Xue, F., White, R. M., Bi, C. & Wang, S. X. Two-terminal spin–orbit
torque magnetoresistive random access memory. Nat. Electron. 1, 508–511
(2018).

15. Manipatruni, S. et al. Scalable energy-efficient magnetoelectric spin–orbit
logic. Nature 565, 35–42 (2019).

16. Luo, Z. et al. Current-driven magnetic domain-wall logic. Nature 579,
214–218 (2020).

17. Demidov, V. E. et al. Magnetic nano-oscillator driven by pure spin current.
Nat. Mater. 11, 1028–1031 (2012).

18. Chen, T. et al. Spin-torque and spin-Hall nano-oscillators. Proc. IEEE 104,
1919 (2016).

19. D’Yakonov, M. I. & Perel, V. I. Possibility of orienting electron spins with
current. JETPL 13, 467 (1971).

Fig. 5 Non-equilibrium spin density for the structures with and without
the lateral oxygen gradient. a, b Schematics of the two different Pt/Co/O
structures in yz-plane (side view) (a) and xy-plane (top view) (b). In b, the
left panel shows the structure without the lateral oxygen gradient (∇Vo),
and the right panel shows the structure with the lateral oxygen gradient.
The direction of lateral symmetry breaking is indicated by yellow arrow. In
both a and b, the directions of magnetization (m) and electric field (E) are
denoted by red arrows. c–e Atomic layer resolved non-equilibrium spin
densities δsx (c), δsy (d), and δsz (e) for the Pt/Co/O structure with and
without lateral oxygen gradient.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27459-2 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:7111 | https://doi.org/10.1038/s41467-021-27459-2 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


20. Bychkov, Y. A. & Rashba, E. I. Oscillatory effects and the magnetic
susceptibility of carriers in inversion layers. J. Phys. C. Solid State Phys. 17,
6039 (1984).

21. Nitta, J., Akazaki, T., Takayanagi, H. & Enoki, T. Gate control of spin-orbit
interaction in an inverted In0.53Ga0.47As/In0.52Al0.48As heterostructure.
Phys. Rev. Lett. 78, 1335 (1997).

22. Koo, H. C. et al. Control of spin precession in a spin-injected field effect
transistor. Science 325, 1515–1518 (2009).

23. Wunderlich, J. et al. Spin Hall effect transistor. Science 330, 1801–1804 (2010).
24. Chen, L. et al. Electric-field control of interfacial spin–orbit fields. Nat.

Electron. 1, 350–355 (2018).
25. Weisheit, M. et al. Electric field-induced modification of magnetism in thin-

film ferromagnets. Science 315, 349–351 (2007).
26. Chiba, D. et al. Electrical control of the ferromagnetic phase transition in

cobalt at room temperature. Nat. Mater. 10, 853–856 (2011).
27. Wang, W.-G., Li, M., Hageman, S. & Chien, C. L. Electric-field-assisted

switching in magnetic tunnel junctions. Nat. Mater. 11, 64–68 (2012).
28. Bauer, U. et al. Magneto-ionic control of interfacial magnetism. Nat. Mater.

14, 174–181 (2015).
29. Park, K. W. et al. Electric field control of magnetic anisotropy in the easy cone

state of Ta/Pt/CoFeB/MgO structures. Appl. Phys. Lett. 109, 012405 (2016).
30. Cai, K. et al. Electric field control of deterministic current-induced

magnetization switching in a hybrid ferromagnetic/ferroelectric structure. Nat.
Mater. 16, 712–716 (2017).

31. Baek, S. C. et al. Complementary logic operation based on electric-field
controlled spin–orbit torques. Nat. Electron. 1, 398–403 (2018).

32. Mishra, R. et al. Electric-field control of spin accumulation direction for spin-
orbit torques. Nat. Commun. 10, 248 (2019).

33. Wang, W. G. & Chien, C. L. Voltage-induced switching in magnetic tunnel
junctions with perpendicular magnetic anisotropy. J. Phys. D. Appl. Phys. 46,
074004 (2013).

34. Song, C., Cui, B., Li, F., Zhou, X. & Pan, F. Recent progress in voltage control
of magnetism: materials, mechanisms, and performance. Prog. Mater. Sci. 87,
33–82 (2017).

35. Dieny, B. & Chshiev, M. Perpendicular magnetic anisotropy at transition
metal/oxide interfaces and applications. Rev. Mod. Phys. 89, 025008 (2017).

36. Yu, G. et al. Switching of perpendicular magnetization by spin–orbit torques
in the absence of external magnetic fields. Nat. Nanotechnol. 9, 548 (2014).

37. Baek, S. C. et al. Spin currents and spin–orbit torques in ferromagnetic
trilayers. Nat. Mater. 17, 509–513 (2018).

38. Humphries, A. M. et al. Observation of spin-orbit effects with spin rotation
symmetry. Nat. Commun. 8, 1–7 (2017).

39. Lee, D.-K. & Lee, K.-J. Spin-orbit torque switching of perpendicular
magnetization in ferromagnetic trilayers. Sci. Rep. 10, 1772 (2020).

40. You, L. et al. Switching of perpendicularly polarized nanomagnets with spin
orbit torque without an external magnetic field by engineering a tilted
anisotropy. Proc. Natl Acad. Sci. USA 112, 10310–10315 (2015).

41. Kong, W. J. et al. Spin–orbit torque switching in a T-type magnetic
configuration with current orthogonal to easy axes. Nat. Commun. 10, 233
(2019).

42. Luo, Z. et al. Chirally coupled nanomagnets. Science 363, 1435–1439 (2019).
43. Cao, Y. et al. Deterministic magnetization switching using lateral spin–orbit

torque. Adv. Mater. 32, 1907929 (2020).
44. MacNeill, D. et al. Control of spin–orbit torques through crystal symmetry in

WTe 2/ferromagnet bilayers. Nat. Phys. 13, 300–305 (2017).
45. Song, P. et al. Coexistence of large conventional and planar spin Hall effect

with long spin diffusion length in a low-symmetry semimetal at room
temperature. Nat. Mater. 19, 292–298 (2020).

46. Avci, C. O. et al. Interplay of spin-orbit torque and thermoelectric effects in
ferromagnet/normal-metal bilayers. Phys. Rev. B 90, 224427 (2014).

47. Waser, R. & Aono, M. Nanoionics-based resistive switching memories. Nat.
Mater. 6, 833–840 (2007).

48. Yang, J. J. et al. Memristive switching mechanism for metal/oxide/metal
nanodevices. Nat. Nanotechnol. 3, 429–433 (2008).

49. Lin, C. Y. et al. Effect of top electrode material on resistive switching
properties of ZrO2 film memory devices. IEEE Electron Device Lett. 28,
366–368 (2007).

50. Simmons, J. G. Electric tunnel effect between dissimilar electrodes separated
by a thin insulating film. J. Appl. Phys. 34, 2581–2590 (1963).

51. Ou, Y. et al. Origin of fieldlike spin-orbit torques in heavy metal/ferromagnet/
oxide thin film heterostructures. Phys. Rev. B 94, 140414(R) (2016).

52. Amin, V. P., Zemen, J. & Stiles, M. D. Interface-generated spin currents. Phys.
Rev. Lett. 121, 136805 (2018).

53. Park, E. S. et al. Effect of the spin-orbit interaction at insulator/ferromagnet
interfaces on spin-orbit torques. Phys. Rev. B 103, 134405 (2021).

Acknowledgements
We acknowledge discussion with Hyun-Woo Lee. B.-G.P., K.-J.L., & J.P. acknowledge
support from Samsung Research Funding Center of Samsung Electronics under Project
Number SRFC-MA1802-01. K.-W.K. acknowledges support from the KIST Institutional
program.

Author contributions
The study was performed under the supervision of B.-G.P. J.-G.C. designed the experi-
ment. M.-G.K. and J.-G.C. fabricated devices and performed the spin–orbit torque
switching and in-plane harmonic measurements and M.-G.K. tested the voltage-
controlled potential barrier via I–V measurement. M.-G.K., J.-G.C., and B.-G.P. per-
formed data analysis with the help of H.-J.P. and K.-J.L. J.J. helps to fabricate the gate
oxide using ALD. J.Y.P. and J.M.Y. analyzed the TEM and EELS measurements. H.-J.P.,
K.-W.K., J.H.O., and K.-J.L. performed theoretical study. T.L. and K.-J.K. help to measure
MOKE imaging to examine domain reversal. T.K. and J.P. performed SPICE circuit
simulation. D.D.V. and J.-R.J. performed COMSOL simulation. M.-G.K., J.-G.C., K.-J.L.,
and B.-G.P. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-27459-2.

Correspondence and requests for materials should be addressed to Byong-Guk Park.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27459-2

8 NATURE COMMUNICATIONS |         (2021) 12:7111 | https://doi.org/10.1038/s41467-021-27459-2 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-021-27459-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Electric-field control of field-free spin-orbit torque switching via laterally modulated Rashba effect in�Pt/Co/AlOx structures
	Results
	Electric-field control of deterministic spin&#x02013;nobreakorbit torque switching
	Modulation of Rashba effect in ferromagnet/oxide interface
	Theoretical and numerical demonstration of electric-field-induced z-SOT

	Discussion
	Methods
	Sample preparation
	Gate voltage application
	Spin-orbit torque measurements
	I&#x02013;nobreakV curve measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




