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CONDENSED MATTER PHYSICS

Electrically switchable ON-OFF spin-orbit torque in

an ionic-gated metallic trilayer

Soobeom Lee'*t*, Suhyeok An’, Eunchong Baek', Dongryul Kim', Jaeyong Cho', Chun-Yeol You'*

With the advancement of magnetization-based spintronic applications, there has been considerable interest in
spin-orbit torque as an electric technique to dynamically manipulate magnetization. In this study, gate-induced
ON-OFF switchable spin-orbit torque in Pt/Co/Pt spin-orbit device using the ionic gating technique is reported. By
canceling the spin currents from Pt layers, the OFF state is attained in Pt/Co/Pt spin-orbit device. Notably, under a
strong negative gate electric field applied to the Pt/Co/Pt spin-orbit device, the damping-like spin-orbit torque is
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markedly enhanced over sixfold compared with the applied positive gate electric field. We show that the gate
modulation of the spin-orbit torque in the Pt/Co/Pt spin-orbit device can be explained by considering the change
of the spin-charge interconversion by electric gating. This research serves as a promising avenue for electrically

programmable spintronic devices.

INTRODUCTION

Electrically programmable spintronic devices are promising for the
development of high-performance, low-energy-consumption logic
and data storage (I). Electric field control of magnetization dynam-
ics offers a scalable solution to realize the electrically programmable
spintronic devices by exploiting a wide variety of physical phenom-
ena in ferromagnetic materials, such as charge accumulation/deple-
tion (2), magnetic phase transition (3), oxygen ion migration (4),
and quadrupole induction of electronic orbitals (5). In addition, spin
current absorption is a fascinating approach for manipulating mag-
netic moments by transferring the angular momentum of conduc-
tion electrons. For example, spin current can be generated by charge
flow via spin-orbit coupling, which is a process that exerts the spin-
orbit torque (SOT) on the magnetic moment. SOT benefits from
fast and energy-efficient magnetization switching (6-8), which is
important in practical devices. A challenge in designing SOT-based
devices is the modulation of SOT itself using the electric field effect
because the applications of electric field control are restricted to
semiconducting materials (9, 10) and a few unique platforms, such
as topological insulators and lateral gate structures (11, 12). How-
ever, the important materials with large spin-orbit coupling are 5d
heavy metals, such as Pt, Ta, and W (13-15). Hence, the realization
of an electric field-tunable SOT device using heavy metals with large
spin-orbit coupling greatly affects SOT physics and advanced SOT-
based logic applications.

Despite the promising potential of electric field control in heavy
metal-based SOT devices, its realization remains a substantial chal-
lenge because of its large carrier density and screening length, which
is limited to a few atomic layers of metals. However, by using a gate
dielectric with high capacitance per unit area in an ultrathin metallic
system or magneto-ionic control through chemical migration, previ-
ously unexplored routes for modulating the SOT can be discovered.
Moreover, the application of a strong electric field through solid and
ionic gating techniques in ultrathin metallic systems has allowed for
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innovations in condensed matter physics, such as strong modulation
of the ferromagnetic phase in nanometer-thick Co films (4, 16-18),
suppression of superconductivity in Al thin films (19), gate-tunable
spin-charge interconversion in nanometer-thick Pt (20-22), and gate
modulation of SOT (23-25). Thus, because a gate electric field con-
tributes to the modulation of material properties, such as electrical
conductivity and spin-charge interconversion, in the heavy metal
layer, the SOT exerted on an adjacent ferromagnetic layer from the
heavy metal layer can also be modulated.

RESULTS
Electric gating effect in Pt/Co/Pt
Here, we report the operation of a spin-orbit device that electrically
switches the SOT on and oft. The spin-orbit device involves a metallic
trilayer system with a symmetric Pt/Co/Pt configuration and per-
pendicular magnetic anisotropy to efficiently modulate the SOT. SOT
originating from the nominally identical bottom and top Pt layers
inherently cancels each other out, indicating a completely oft state of
SOT (Fig. 1A). Moreover, gate voltage application induces the break-
ing of electric symmetry, resulting in asymmetric spin currents from
the bottom and top Pt layers. Specifically, the spin current originat-
ing from the bottom Pt layer exerts a dominant torque on the mag-
netic moment of the ferromagnetic layer when the spin current from
the top Pt layer is suppressed by applying a gate voltage (Fig. 1B); the
opposite phenomenon can also be observed (Fig. 1C). Reportedly,
the spin-charge interconversion efficiency in Pt can be tuned by elec-
tric gating through charge density modulation or hydrogen adsorp-
tion (20, 22). In this manner, an inherently net-zero SOT can be
electrically activated by the applied gate voltage, enabling an electri-
cally switchable ON-OFF SOT. To accomplish the operation of the
spin-orbit device, an ionic gating technique using an electrolyte is
used. When a gate voltage is applied to the gate/electrolyte/channel
structure, the cations and anions of the electrolyte are polarized by
the gate electric field, and the polarized ions could induce the charge
doping and/or hydrogen absorption or adsorption via electrolysis on
the channel surface.

The magnitude of the current-induced SOT on the magnetic moment
(m) can be represented by effective magnetic fields—longitudinal
effective field (Hprex|m X 6]) of the anti-damping-like (DL)-SOT
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Fig. 1. Conceptual schematic of the electrically ON-OFF switchable SOT in the spin-orbit device. (A) In the symmetric Pt/ferromagnetic material (FM)/Pt trilayer, spin
currents generated from the top and bottom Pt layers cancel each other out, resulting in a net-zero SOT (OFF state). (B and C) When a gate voltage is applied, if the spin
current from the top Pt layer is suppressed or enhanced, then the finite SOT reaches the FM layer (ON state).

mostly created by the spin Hall effect (26, 27) and the transverse effec-
tive field (Hprx|6]) of the field-like (FL)-SOT mostly created by the
Rashba-Edelstein effect (28, 29)—where 6 = j X z, j and z are unit
vectors in the current and out-of-plane directions, respectively. The
well-established harmonic Hall method using ac is a very suitable
approach for quantifying the magnitudes of effective fields of SOT
(30-32). The effective fields of DL-SOT (FL-SOT) are determined by
analyzing the second harmonic Hall voltages with planar Hall correc-
tion under longitudinal (transverse) applied external magnetic fields
(30). The advantage of this method is that it provides separate DL-
and FL-SOT effective fields, making it suitable for the analysis of gate-
tunable SOT systems.

Figure 2A shows the structure of a gate-tunable spin-orbit device
consisting of Pt (2 nm)/Co (1 nm)/Pt (1.5 nm) with a 0.5-nm-thick Ta
buffer layer on a SiO; substrate. Notably, DL-SOT induced by the
spin currents from 2-nm Pt (bottom) and 1.5-nm Pt (top) shows
almost net-zero SOT, despite their different thicknesses (see Fig. 2E).
We speculate that the cancellation arises because of the intrinsic
differences in growth conditions for the top and bottom Pt layers.
Additional details are provided in section S7. A Ta buffer layer is
grown to enhance the crystal quality and perpendicular magnetic
anisotropy. As shown in Fig. 2D, clear hysteresis of the anomalous
Hall effect is observed as a manifestation of perpendicular magnetic
anisotropy in the Pt/Co/Pt trilayer. For gate voltage (V) application, an
ionic gel consisting of a mixture of the diethylmethyl(2-methoxyethyl)
ammonium bis(trifluoromethylsulfonyl)imide (DEME-TFSI) electro-
lyte and polystyrene-polymethyl methacrylate-polystyrene (PS-
PMMA-PS) polymer is applied in the side-gate geometry (Materials
and Methods). V,, is swept from +2 V to —2 V at atmospheric condi-
tion and room temperature, where the ions of the electrolyte are mo-
bile. The cations and anions are polarized near the surface of the
channel, as shown in Fig. 2B. We note that the electrochemical win-
dow of DEME-TFSI is known to exceed 2 V, suggesting that the elec-
trochemical reactions of the electrolyte itself are prevented in our
experiments (33, 34). In addition, the ac current flowing through the
capacitive ionic gate could influence the ionic structure. Because the
polarized ions in the electrolyte are frozen below the glass transition
temperature, harmonic Hall measurements are conducted at 200 K to
retain the ionic structure (20, 35). As shown in Fig. 2C, the longitudi-
nal resistance (Ryy) is altered by applying V. A change in Ry, of ~10%
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of the resistance for the pristine device is observed, implying that the
charge density or charge-carrier scattering is modulated by electric
gating. Notably, the characteristic hysteresis in the V;; dependence is
shown, which will be discussed later.

Modulation of SOT through electric gating

The first and second harmonic Hall signals (ny“’, Vx},z‘*’) for the lon-
gitudinal (||) and transverse (L) external magnetic fields are mea-
sured as a function of the applied magnetic field, respectively. Figure
2 (E and F) shows that ny,nz“’ is almost constant for the pristine
sample regardless of the applied magnetic field, while V,, 1 ®hasa
linear relationship with a finite slope. These findings imply that
DL-SOT is approximately zero. Specifically, the spin Hall currents
from the top and bottom Pt layers completely cancel out despite
their different thicknesses. Unlike DL-SOT, with the observed
V12" it seems likely that asymmetric interfacial spin-orbit cou-
plings for the top and bottom layers give rise to FL-SOT.

Having outlined the initial conditions, we conduct harmonic
Hall measurements by first applying V, from 2 to —2 V and subse-
quently from —2 to 2 V. To ensure that the SOT contribution is lin-
early proportional to the applied current, the amplitude of the
electric ac is varied from 2 mA (0.4 X 10" Am™) to 5mA (1 x 10!
A m™?). Figure 3 presents a summary of the investigation of har-
monic Hall measurements with electric gating. Figure 3 (A, B, D, E,
G, H, J, and K) shows the first- and second-harmonic Hall voltages.
The solid lines represent parabolic fits for the first-harmonic Hall
voltages and linear fits for the second-harmonic Hall voltages.
HoHpr and poHpy are extracted from harmonic Hall signals through
planar Hall correction, where i is the magnetic permeability under
vacuum conditions (section S3). Figure 3 (C, E, I, and L) shows the
current density dependences of poHpy, and poHgy, in both the up-
magnetization (+M) and down-magnetization (—M) states at ap-
plied Vg values of +2, 0, —2, and 0 V; respectively. The measurements
are conducted sequentially over time. Linear relationships between
the effective fields and the amplitude of the ac imply that harmonic
Hall signals are dominated by SOT contributions rather than by
thermoelectric contributions due to Joule heating. We focus on how
efficiently SOT is generated depending on the applied current am-
plitude. The SOT efficiency of DL-SOT (FL-SOT), Eprrrr), is de-
scribed as follows
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Fig. 2. Device structure and basic characteristics of a Pt/Co/Pt spin-orbit device. (A) Schematic image of a metallic trilayer Hall bar device made of Pt/Co/Pt with aTa
buffer layer. To apply a gate voltage, an ionic gel based on DEME-TFSI is applied with a side gate configuration. Longitudinal (V) and transverse (V,,) voltages are mea-
sured in the Hall bar device. (B) Schematic description of the ionic gating technique in the side gate geometry. The anions, which are cations of the electrolyte, are polar-
ized by the gate electric field. (C) Longitudinal resistance of the Hall bar device as a function of gate voltage (V). Vg is swept between +2 V. (D) Typical hysteresis of the
anomalous Hall resistance when an out-of-plane magnetic field is applied as a manifestation of perpendicular magnetic anisotropy. (E and F) Second harmonic Hall
voltages versus applied magnetic field in the pristine device before applying V;. An external magnetic field is applied along the longitudinal direction (E) and transverse
direction (F). The black and red dots indicate the magnetization states (+M) of the ferromagnetic layer pointing along +z and —z, respectively. The solid lines are linear fits.
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where e is the elementary charge, M; = 1 kA/m is the saturation
magnetization measured by the vibrating sample magnetometer, tg
is the thickness of the ferromagnetic layer, 7 is the Dirac constant,

is the amplitude of the ac, (2e/#) is the conversion from spin angular
momentum to electrical charge, and tppoMsHpyrr) is the spin angu-
lar momentum per unit area that induces DL-SOT (FL-SOT).
Eprrrrr) is calculated using Eq. 1 and the linear slope of effective
field versus applied current density at each applied V. The complete
dataset of Eprrrrr) as a function of Vj is shown in Fig. 4A, and a
prominent change in Epprerr) is observed, which depends on the
applied V. An inherently negligible &prr changes sign under a posi-
tive gate voltage application. The change in the sign implies that the
SOT created by the spin Hall effect in the top Pt layer becomes domi-
nant. When a negative gate voltage is applied, more surprisingly,
Eprr markedly increases to 0.066, which is comparable to Eppr in a
Pt/Co system without a top metal layer (36). The positive sign of
Eprr indicates the dominant contribution from the bottom Pt layer,
highlighting the suppression of DL-SOT from the top Pt layer. Given
that the magnitude of &prr is close to 0 at an applied V of +2 V and
increases by more than 0.06 at an applied V, of —2 V, it can be in-
ferred that SOT exhibits sensitivity to the applied V. The observed
modulation ratio [|Eprr(—2 V)/Eprr(+2 V)|] of 633% through ionic
gating in our Pt/Co/Pt spin-orbit device is large, demonstrating the
ON-OFF operation of the SOT efficiencies in the spin-orbit device.
Furthermore, the observed results demonstrate greater gate modu-
lation ratio than those of previous studies using topological insula-
tors, lateral gating systems, and magneto-ionic control (11, 12, 23,
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25). To obtain intuitive insight into the ionic gating effect, EprreeLn)
is plotted as a function of R,,. There is hysteresis in the V; depen-
dence of Eprr(rrr), as shown in Fig. 4A, similar to the V, dependence
of Ry in Fig. 2C. We can plot Eprrerrr) as a function of Ry, which
presents distinct and clear dependencies, as shown in Fig. 4 (B and
C). While &gy is weakly nonlinear in R, and the modulation ratio
is not very large, Eppr demonstrates an approximately linear rela-
tionship with R,,. Considering the evident trends of &ppr and &gt
with respect to R, it is reasonable to speculate that changes in SOT
efficiencies are closely related to electronic transport. Because of the
difficulty in interpreting the FL-SOT, which arises primarily due to
the complexity associated with the contribution from the Oersted
field, we exclusively examine the DL-SOT induced by the spin Hall
effect in the subsequent sections.

DISCUSSION

First, we phenomenologically discuss the electric gating mechanism
on the basis of the experimental results in our system. The charge
doping via the electric double layer and chemical migration through
electrolysis have been reported in the ionic gating systems. In the
case of the ionic effect through electrolysis, H,O in the atmosphere
or electrolyte plays a crucial role. In our experiments, the gate volt-
age was applied under atmospheric conditions and at room tem-
perature, allowing hydrogen ions generated from atmospheric water
to adsorb or absorb onto the Pt surface. We performed Ry,-V, mea-
surements under both atmospheric and vacuum condition and
found that R,, is not modulated in a vacuum (section S9). This ob-
servation suggests that the dominant gating mechanism in our ex-
periments is likely attributable to the ionic effect rather than the
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conventional electric field effect of the electric double layer. In this
mechanism, the gating effect can persist even after the gate voltage is
turned off, and hysteresis behavior observed in the experimental re-
sults is attributable to this, enabling potential applications in non-
volatile memory and logic devices.

As an ionic effect via electrolysis, two potential mechanisms can
be considered: a bulk effect mediated by proton transport and a sur-
face effect driven by hydrogen adsorption/desorption. In the case of
the bulk effect, the gating phenomenon is not restricted to the sur-
face but could extend to influence the entire structure. Previous
studies have documented significant voltage control of magnetic
anisotropy (VCMA) through proton (H") migration, where H"’s are
generated via the hydrolysis of H,O and transported through a
Grotthuss-type mechanism (18, 37). On the other hand, the study of
hydrogen adsorption on Pt surfaces has been a prominent research
topic for nearly a century. Recent findings have demonstrated that
hydrogen ions can be electrically adsorbed and desorbed on ionic-
gated Pt surfaces, thereby modulating spin-charge conversion (22).

To discern whether the gate modulation of SOT observed in our
experiments originates from the bulk effect or the surface effect, we
examined VCMA simultaneously during the main experiment us-
ing the same device structure, Ta(0.5 nm)/Pt(2 nm)/Co(1 nm)/
Pt(1.5 nm). Because the ferromagnetic Co layer is not located at the
surface, we hypothesize that its magnetic anisotropy would be more
sensitive to the bulk effect induced by ionic gating. The first-order
perpendicular magnetic anisotropy fields (HKleﬁ) are extracted us-
ing the generalized Sucksmith-Thompson method (section S8). As
shown in Fig. 5, Hy, *f is modified by ~80 mT when the gate voltage
is varied between +2 V. In contrast to the severalfold modulation of
the DL-SOT, the modulation of Hy, " is relatively small, amounting
to only about 10%. This finding strongly suggests that the electric
gating on SOT efficiency is predominantly governed by the surface
effect of hydrogen adsorption/desorption.

The modest change in magnetic anisotropy field can be attributed
to several factors, including the spin-polarized Pt layer induced by
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Fig. 5. Gate modulation of effective anisotropy field. Effective magnetic anisot-
ropy field as a function of longitudinal resistance. Anisotropy field is evaluated by
the generalized Sucksmith-Thompson method. Purple squares and green circles
indicate measurements with parallel- and perpendicular-magnetic field direction
to the current direction.
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the magnetic proximity effect and magneto-ionic gate control via
proton transport. A nonmagnetic Pt layer adjacent to the ferromag-
netic layer can become spin-polarized through the magnetic prox-
imity effect (38-40). Furthermore, recent studies indicate that the
spin-polarized region in Pt due to this effect can extend over a thick-
ness of 1 nm (41-44). Even if the gating effect is primarily confined
to the Pt surface, we speculate that the partially spin-polarized Pt
layer near the surface could still be influenced by electric gating. As
previously reported, changes in magnetic anisotropy can also arise
from gate-induced ionic migration (18, 25, 37). The limited change
in magnetic anisotropy observed in our experiments is likely a con-
sequence of the extremely low solubility of hydrogen in Pt (45).

Although hydrogen adsorption/desorption on the Pt surface is
likely the primary mechanism driving the ionic gating effect ob-
served in our experiments, the associated changes in the electrical
resistance of the device present an intriguing phenomenon. Previous
studies have reported reductions in both the work function and elec-
trical resistivity of Pt under hydrogen-rich environments (46). Fur-
thermore, early theoretical investigations suggested that hydrogen
adsorbed on the Pt surface contributes conduction electrons, thereby
altering its electronic properties (47). These findings indicate that
ionic gating-induced hydrogen adsorption/desorption could directly
modulate the electrical resistance of Pt. This observation is consistent
with our hypothesis that surface effects play a pivotal role in the in-
vestigated phenomena. Notably, while this mechanism differs from
the conventional electric field effect, it still involves charge density
modulation facilitated by hydrogen adsorption/desorption.

We now discuss the electric modulation of SOT. As mentioned
above, hydrogen adsorption and desorption induced by gating
could alter the charge density. This change in charge density may, in
turn, affect the SOT dynamics. Conceivable explanations for the
electric modulation of DL-SOT through ionic gating are as follows.
(i) Under the applied positive Vg, the resistance near the surface de-
creases because of electric gating, resulting in variations in the cur-
rent distribution. The opposite trend is also apparent. Specifically,
the reduction in the electric current in the top Pt layer under the
applied negative Vj results in the dominant SOT originating from
the bottom Pt layer. (ii) In addition to the influence described in (i),
the spin-charge interconversion efliciency in the top Pt layer can be
modulated by the electric gating (20-22). If the efficiency of spin
current generation in the top Pt layer changes through electric gat-
ing, then it changes the magnitude of the SOT applied to the ferro-
magnetic layer. As calculated by Eq. 1, Eprr is dependent on M in
the ferromagnetic layer. Because the modification of the magnetic
anisotropy is not large enough to corroborate the experimentally
obtained modulation of €prr, as shown above, we exclude the contri-
bution of the modification of M; in the ferromagnetic layer being
influenced by an electric gating.

To understand the mechanism by which the SOT in Pt/Co/Pt
spin-orbit device is modulated by electric gating, we consider a
simple trilayer (heavy metal-ferromagnetic-heavy metal) model
(Fig. 6A), where the top and bottom layers of the heavy metal and
ferromagnetic layers are represented as T, B, and F, respectively, in
the mathematical description. The current density and resistivity
before the electric gating are initially assumed to be uniform. As-
suming that only the resistance of the top heavy metal layer changes
due to the electric gating, we calculate the current density in each
layer based on the change in Ry, when a gate voltage is applied. By solv-
ing the phenomenological spin diffusion equation in the presence of
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Fig. 6. Underlying physics of gate modulation of DL-SOT efficiency. (A) Schematic illustration of the heavy metal (HM)/ferromagnetic material (FM)/HM trilayer for the
spin diffusion model calculation. The trilayer configuration conducts the current in parallel, where the total electric current density is J<. Only the resistivity (pr) and spin
Hall conductivity (O'SHT) of the top HM layer are influenced by the gate electric field. (B) Efficiency of DL-SOT calculated by the parallel resistance model and spin diffusion
equation as a function of Ryy. The red solid line indicates the trend expected without modification of 6"y, while the semitransparent blue solid line is calculated to repli-
cate the experimental results considering gate-tuned GSHT. The blue circles are the experimentally obtained DL-SOT efficiencies. (C) Variation in GSHT, which is determined
to enable the spin diffusion equation-based parallel resistance model to reproduce the experimental results, as a function of pr.

the spin current generated by the spin Hall effect, we subsequently
analytically calculate the spin-dependent current in each layer. As
shown in Fig. 6A, spin currents are generated from the top and bot-
tom heavy metal layers via the spin Hall effect. The spin angular
momentum of the spin current is converted into torque in the mag-
netic moments of the ferromagnetic layer through the spin relax-
ation process. From this perspective, the DL-SOT efficiency can be
defined as the overall change in spin current originating from the
spin Hall effect in the ferromagnetic layer with respect to the applied
charge current (48, 49)

1"

Epir = 7 L Vi (2)dz
where ]C and ]SF are the total charge current density and the spin
current density for the ferromagnetic layer, respectively. By incorpo-
rating appropriate boundary conditions and assuming transparent
interfaces, which simplify the model calculation, the theoretical de-
scription of the efficiency of DL-SOT is as follows

2

Epir = ]%
rBTFISHTT[l—SECh(}%)] _rTrF];HTB[l—SCCh(;—T‘>]
sinh( ;—FF ) [4rm< + ( e )Ztanh<;—‘; )tanh( ,% )] +4rb-cosh< :—FF) [r.rtanh( )Lz ) +rBtanh( )L: )]

(34)
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t; ; t t; t
T,=—tanh( — ) + 45 ginh( £ ) 4+ tanh( 2 )cosh( £
N 3 Mg N Mg

(3B)

where rg = 4\gpp/(1 — P?) and r(t,B) = A(T,B)P(rB) are the characteris-
tic spin resistances; A(zgp) is the spin diffusion length; p(rp) is the
electrical resistivity for T, E and B, respectively; J . p is the spin
Hall current defined by J€ 150" 15 J€1p is the charge current
density; GSH(TB) is the spin Hall angle for T and B; T; is the effective
spin absorption to layer i = T and B; and P is the spin polarization of
E The red solid line in Fig. 6B depicts the calculated Ep;r based on
Egs. 3A and 3B without considering modification of the spin Hall
angle as a function of R,,. The variation in the calculated Epry for
MrEp) = 1nmand GSH(T,B) = 0.1, represented by the red solid line, is
not as significant as that observed in the experimentally observed
R, dependence of Eppr (depicted by the blue circles in Fig. 6B).
Even under extreme conditions for Ac ) =0.2 nm and 6% ap =02
as described in section S6, the calculation does not sufficiently rep-
licate the experimental results. Hence, consideration of the gate-
tunned spin Hall angle in the spin diffusion model is essential to
corroborate the electric field control of DL-SOT in the trilayer sys-
tem, as presented in (20-22).

Figure 6C shows the R,, dependence of the spin Hall conductiv-
ity (6> = 6/p) of the top Pt layer for reproducing the experimen-
tal results. The Epyr is calculated to reproduce the experimental
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results, and it is represented by the semitransparent blue solid line in
Fig. 6B. The model includes the effect of the electric field on pr and
GSHT, while Argp)y =1 nm and GSHB = 0.1 are constant. The spin Hall
conductivity is suppressed with increasing resistance, i.e., decreas-
ing charge density via hydrogen desorption. In high-resistivity Pt
(p > 2 x 1077 ohms-m), the spin Hall effect is reported to be domi-
nated by an intrinsic mechanism (50). Given that the resistivity in
our experiment exceeds 7 X 10~ ohms-m, the intrinsic spin Hall
effect is confirmed. The intrinsic spin Hall effect can be intuitively
described by electron excitation in the d-orbitals. When the electron
travels through the inter-d-orbitals, the Berry phase creates an effec-
tive magnetic flux that gives rise to the spin Hall effect (51, 52).
Thus, the spin Hall conductivity exhibits a significant correlation
with the spin-orbit polarization for the d-band (53). In our experi-
mental system, the applied gate voltage modulates the charge den-
sity via the hydrogen adsorption and desorption, resulting in a shift
in the Fermi level and a modification of the electrical resistivity.
Consequently, the spin Hall conductivity can be scaled depending
on spin-orbit polarization for the d-band at the shifted Fermi level.
According to the band calculation of the intrinsic spin Hall effect in
Pt, it has been reported that the spin Hall conductivity strongly de-
creases below the Fermi level (54), which is consistent with the results
of our experiment. Ultimately, the suppression of the spin-charge
interconversion in the top Pt layer at the negative gate voltage leads
to finite and significant DL-SOT, where the contribution from the
bottom Pt layer is dominant.

We also discuss the opposite tendency of the gate modulation of
spin-charge conversion reported in (20), where the spin-charge con-
version of Pt ultrathin film on YIG is suppressed under an applied
positive gate voltage. Because YIG is a ferrimagnetic insulator, no
charge transfer occurs between the freestanding Pt and YIG. We hy-
pothesize that the Fermi level in freestanding Pt is just above the
energy level of maximum spin Hall conductivity, leading to the sup-
pression of the spin-charge conversion under positive gate voltage.
In contrast, in the Pt/Co/Pt trilayer used in our study, the top Pt
layer is in contact with the metallic ferromagnetic layer, inducing
charge transfer. This charge transfer may result in a downshift of the

Fermi level, potentially placing it below the energy level of maxi-
mum spin hall conductivity. Consequently, the spin-charge conver-
sion could show an opposite behavior compared to the freestanding
Pt case, as observed in our experiments.

Last, we verify the reproducibility of the electrically switchable
operation of DL-SOT in the spin-orbit device using a different de-
vice with the same structure. To evaluate the magnitude of the DL-
SOT, harmonic Hall analysis is repeated by alternatingly applying
gate voltages between +2 and —2 V to devices with the same con-
figuration. Figure 7 (A to F) shows the current density dependences
of the effective fields of DL-SOT, and the measurements are carried
out in sequence. The DL-SOT is repeatedly switched on and off by
applying negative and positive gate voltages, respectively. This find-
ing confirms that the gate-tuned ON and OFF states of DL-SOT are
reversible and reproducible. For a quantitative representation, the
applied gate voltage and the efficiency of DL-SOT are plotted in Fig.
7G as a function of the sequence of gate voltage application (n).
When gate-tuning of the ON-OFF states of ppr in the spin-orbit
device is successfully achieved, a time-dependent increase in &py is
observed. Time-dependent increases in the resistivity and SOT effi-
ciency can be observed, even in the main experimental results. This
result is elucidated by the characteristic self-organization of ions at
the surface between the channel and ionic gel. A previous study re-
ported that TFSI anions can self-organize in a treated graphene field
effect transistor (34). Similarly, we speculate that TFSI anions are
self-organized because of the repetitive freezing and melting of the
ionic gel during the measurement process, which could result in a
degradation of electrolysis efficiency. Despite the slight irreversible
reaction in the electric gating, we emphasize that the clear trends of
physical phenomena as a function of Ry, (Fig. 4, B and C) unam-
biguously support our claim that gate modulations of SOT in Pt/Co/
Pt spin-orbit device are related to the electronic transport.

In summary, our findings demonstrate gate modulation of SOT
efficiencies in the ionic-gated Pt/Co/Pt spin-orbit device with an on/
off ratio exceeding sixfold. The inherently dissipated DL-SOT in the
symmetric Pt/Co/Pt trilayer is markedly enhanced by the suppres-
sion of the spin-charge interconversion through electric gating.

A n=1(V,=+2V) B n=2(V,=-2V) C n=3(V,=+2V) G
4F 4f
— - +2 'V +2V +2V
'e 2 i o of
=, O|—eeee—] L 0=8888 ] S
ool ool 2 of
3?_4 | OFF-state 3?_4 | OFF-state >
1 1 1 1 1 2
0 5 10 15 0 5 10 15 0 5 10 15 2 A A VERPA Y
JC(10° Am?) J°(10° Am™) J°(10° Am™) N S R
D n=4(V,=-2V) E n=5(V,=+2V) F n=6(V,=-2V) 0.12- ON- state
=] =] =] . 0.08}
e 2+ e 2+ e 2+ &
=0 ON-state e 0%: =0 ON-state 0.04|
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S =_al OlI:F-sta;lte S 0.00+ & . 1 PFFIstatel
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Fig. 7. Gate-induced ON-OFF switchable DL-SOT in the spin-orbit device through ionic gating. (A to F) Gate-modulated effective magnetic fields of DL-SOT as a func-
tion of the applied current density JC. n is the sequence number of gate voltage applications. The gate voltage Vy is applied alternatively between +2V (A, C,and E) and -2V
(B, D, and F). The green and blue circles indicate the effective fields for the +M state and —M state, respectively. The solid lines are the linear fits. (G) Input gate voltages
and output DL-SOT efficiency. The top panel is the sequence of Vg application, and the bottom panel is the experimentally obtained DL-SOT efficiency after Vg application.

In the bottom panel, the green-colored regions indicate the ON-states of DL-SOT.
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Consequently, the performance of our demonstrated spin-orbit
device surpasses that of other material systems using the topo-
logical insulator and lateral gating, establishing a previously unex-
plored branch of the electrically programmable spintronic devices.
In addition, our platform provides an approach for studying
gate modulation in fundamental physical phenomena related to
spin-orbit coupling, such as the spin Hall effect and the Rashba-
Edelstein effect.

MATERIALS AND METHODS

Sample fabrication

A thin film stack of Ta (0.5 nm)/Pt (2 nm)/Co (1 nm)/Pt (1.5 nm)
was deposited on thermally oxidized silicon (100) substrates by dc
magnetron sputtering. A Ta buffer layer was inserted to enhance the
crystallinity and perpendicular magnetic anisotropy. A 10-pm-wide
Hall bar device and side gate electrodes were fabricated via standard
photolithography and argon-ion milling. A layer of photoresist was
applied using spin coating after device fabrication, and a window
was subsequently exposed to apply a gate voltage efficiently to
uncover the active area of the device and side gate electrode.

lonic gating technique

An jon gel was prepared using a mixture with a DEME-TFSI:PS-
PMMA-PS polymer:ethyl propionate weight ratio of 9.5:0.5:20. An
ion gel (30 pl) was applied to the Hall bar device. A gate voltage was
applied using a Keithley 2400 at room temperature because the cat-
ions and anions in the ionic gel were mobile. In the harmonic Hall
measurements, an ac was applied to the device. Because the ion dis-
tribution in the ionic gel could be influenced by the ac, the mea-
surements were carried out at 200 K. After the measurements, the
temperature was set to 300 K to apply the gate voltage again. The
above measurement routine was repeated during the experiments.

Harmonic Hall measurements

We performed harmonic Hall measurements at 200 K in the cryo-
stat. An ac current with an amplitude of 2 to 5 mA and a frequency
of 113.3 Hz was applied using a Keithley 6221 in the harmonic Hall
measurements. An external longitudinal and transverse magnetic
field was applied within the plane. The first and second harmonic
Hall voltages were simultaneously measured using two SR830 lock-
in amplifiers.

We have conducted additional measurements demonstrating
that the gate modulation of SOT efficiency is effective even at room
temperature. Using anomalous Hall shift measurements under an
applied dc current (55), we confirmed a significant modulation of
SOT efficiency at room temperature and atmospheric condition.
While these findings are promising, a direct comparison with the
harmonic Hall results presented in the modulation of SOT through
electric gating section of the Results is not straightforward, as they
belong to a follow-up research theme. These issues need to be clari-
fied in more detailed future studies.
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