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metal (Pt, Ta, etc.) and/or the Rashba
effect from the inversion asymmetry of
HM/FM and FM/oxide interfaces both
contribute to the spin–orbit torque and
the effective switching field.[16–19] Half a
decade has already passed since the first
report of SOT in perpendicularly magnetized heterostructures.[20] Efforts are
increasingly shifting not only to explore
SOT in different systems, but also to its
manipulation in practical devices.[21–24]
At the same time, electric field control
of magnetization is of great interest in the
area of spintronics for its rich physics and
potential use in information technology
due to its low energy consumption and
compatibility with classic electronics.[25–27]
Following the effective manipulation of
magnetic order by electrical means in different systems, Liu et al.[28] proposed the concept of electrical
control of SOT in Pt/Co/Al2O3 heterostructures, but the efficiency is in a quite limited scale. Very recently, Fan et al.[29]
utilized the Cr-doped topological insulator and successfully
modulated the SOT by a factor of four using a gate voltage (VG)
of 10 V at 1.9 K taking the ultralow Curie temperature (TC)
of the magnetic topological insulator into account. Now the
research interest is whether an elegant approach could significantly modulate the SOT in a nonvolatile manner at a practical
temperature (T). We experimentally demonstrated the strong
electrical control of SOT in perpendicularly magnetized Pt/Co/
HfOx heterostructures. Positive and negative VG enhance and
reduce the critical current for magnetization switching respectively with the assistance of ionic liquid gating mainly through
the modulation of damping-like spin–orbit effective fields and
the concomitant effective spin Hall angle of Pt/Co.

Electrical control of current-induced spin–orbit effects in magnets is supposed to reduce the power consumption in high-density memories to the
utmost extent, but the efficient control in metallic magnets at a practical
temperature remains elusive. Here, the electrical manipulation of spin–orbit
torque is investigated in perpendicularly magnetized Pt/Co/HfOx heterostructures in a nonvolatile manner using an ionic liquid gate. The switching
current of magnetization can be reversibly tuned by a factor of two within a
small gate voltage range of 1.5 V. The modulation of effective spin Hall angle
and the corresponding damping-like torque mainly accounts for the strong
electrical manipulation of switching current. Besides the fundamental significance, the findings here may advance the process toward the compatible
memory and logic devices driven by dual electrical means, the electric field,
and current.

1. Introduction
Spin-transfer-torque magnetic random access memories are
a promising candidate for both embedded and mass storage
applications.[1–5] Their operation requires high current densities flowing through the magnetic nanopillars, motivating the
research for new schemes to switch magnetization.[6,7] Among
them, the spin–orbit torque (SOT) allows the current through
a public line to switch the magnetization in a high efficiency
way.[8–15] A three-layer structure consisting of heavy metal
(HM)/ferromagnetic metal (FM)/oxide is conventional in the
study of SOT, where the spin Hall effect (SHE) from heavy
Y. N. Yan, X. J. Zhou, G. Y. Shi, B. Cui, J. H. Han,
Y. H. Fan, Prof. F. Pan, Prof. C. Song
Key Laboratory of Advanced Materials (MOE)
School of Materials Science and Engineering
Tsinghua University
Beijing 100084, China
E-mail: songcheng@mail.tsinghua.edu.cn
Dr. C. H. Wan, Prof. X. F. Han
Beijing National Laboratory for Condensed Matter Physics
Institute of Physics
Chinese Academy of Sciences
Beijing 100190, China
Prof. K. L. Wang
Department of Electrical Engineering
University of California
Los Angeles, CA 90095, USA

DOI: 10.1002/aelm.201600219

Adv. Electron. Mater. 2016, 1600219

2. Results and Discussion
In our Ta(2)/Pt(4)/Co(0.3)/HfOx(4) (unit in nanometers) hetero
structures (Figure 1a), the bottom Ta layer acts as a seed layer
to form a better Pt(111) orientation, and consequently induces
a strong perpendicular magnetic anisotropy (PMA). Despite its
high spin Hall angle,[9,30] the contribution of spin current from
Ta to Co is negligible due to the short spin diffusion length of
Pt and opposite sign of the spin Hall angle of Ta and Pt.[8,31]
The capping HfOx layer, with a large permittivity, also enhances
the PMA and protects the metal layers from erosion by ionic
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because such a temperature is well below
the Curie temperature ≈262 K of Ta(2)/
Pt(4)/Co(0.3)/HfOx(4) (unit in nanometers)
films (see Figure S1, Supporting Information), ensuring the sufficient PMA for SOT
switching and a relatively small coercivity
(HC) which leads to a comparatively low
switching current. The AHE curve exhibits
a square shape with the magnetic field (Hext)
applied perpendicularly to the film plane (z
axis, β = 90°). This phenomenon indicates
the PMA in our sample, which benefits the
current-induced switching of the magnetization via the SOT. When Hext is close to y axis
(β = 1°), the AHE curve reflects the magnetization switching by the vertical component of
Hext, showing a switching field of ≈970 Oe.
Current-induced magnetization switching
was measured with large fixed external magnetic field of Hext = ±700 Oe and the field
direction of β = 1°. The external field can
not only lead to the deterministic switching
due to the in-plane component of the
external field, but also prevent the multi
domain formation during the magnetization
reversal because of the small out-of-plane
component.[10,17] Corresponding data at
180 K are shown in Figure 1e. Remarkably,
the switching directions are opposite when
the magnetic field is positive and negative.
This observation could be explained by the
theory of spin–orbit torque arising from inplane current.[9–11,13–17] The in-plane current in Pt generates a pure spin current into
the Co layer via the spin Hall effect, which
Figure 1. a) Sketch of the Ta/Pt/Co/HfO2 multilayers structure. b) Typical optical microscope
image of the Hall bar with a drop of ionic liquid. 3 μm width Hall cross is shown in expanded
would induce a spin torque and the magnetic
scale. c) Cartesian coordinate system and the relative orientations of the current, torques, effecmoment m would be switched to a preferable
tive fields, magnetic moment m, and external magnetic field Hext. d) AHE curves measured at
direction. Besides, the Rashba field origiβ = 90° and β = 1° with a DC current of 0.5 mA. e) Current-induced switching measured with
nating from structural inversion asymmetry,
Hext = ±700 Oe and fixed at β = 1°.
together with the s–d interaction in Co, exerts
an effective field and helps the reversal of m.
The observation of the switching with an opposite current
liquid.[32,33] Hall bar devices with channel width of 3 μm were
polarity when Hext = +700 Oe (see Figure S2, Supporting Inforfabricated by e-beam lithography and argon ion etching. Then
a little ionic liquid was dropped on the top of HfOx as the elecmation) further confirms the capability of current in switching
the magnetization.
trolyte, through which VG was applied. An optical image of the
The sharp current-induced magnetization switching is
representative device is displayed in Figure 1b and the expanded
also along the perpendicular direction, which is quite characHall cross is shown in the inset. Compared with conventional
teristic for SOT effects in PMA films.[9–11,14–17] The switching
solid gate insulator, the electric double layer (EDL) transistor at
the interface between ionic liquid and sample serves as a powwhen Hext = +700 Oe shows a hysteresis window with the criterful device structure allowing an extremely high electric field
ical current (IC) at the descending and ascending branches of
effect and penetrating a deeper thickness.[32,34–36] Although the
I−C = –2.4 mA and I+C = +1.8 mA, respectively.[20] The average
existence of 4 nm thick HfOx would weaken the electric field
critical current is 2.1 mA, corresponding to the current density
of ≈1.1 × 107 A cm–2, a value comparable to those in previous
inevitably, the electric field effect generated here is still much
larger than that of simply using traditional ≈100 nm -thick
studies.[17]
dielectric.[32,33]
We now turn toward the gate voltage dependence of currentdriven magnetization switching, shown in Figure 2a. With the
The sketch of the measurement configuration is preassistance of the ionic liquid gate, the SOT effect and the consented in Figure 1c. We first show in Figure 1d the anomacomitant critical current for the switching are expected to be siglous Hall effect (AHE) curves measured at 180 K with a curnificantly tuned by the electric field. The most remarkable result
rent of Idc = 0.5 mA. We select 180 K for all the measurements
1600219 (2 of 7)
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VG of +1.5 V. It generates the same qualitative behavior as that of +0.9 V, but with an
enhanced IC up to 3.1 mA. A comparison
between the values at VG of −0.7 V and +1.5 V
shows that the switching current of magnetization could be modulated by a factor of more
than two. The critical currents extracted from
the RH–I curves as a function of different VG
are summarized in Figure 2b. Note that a
positive gate voltage enhances the critical current, while the negative VG reduces IC.
It is noteworthy that a higher negative
VG of −1.9 V suppresses the fully reversal
of magnetization, accompanied by only a
half RH value of its counterparts at lower
VG (Figure 2c). It is then difficult to evaluate
critical current in this case. However, after
applying a larger positive VG of +2.3 V, the
current-induced magnetization switching
reappears but with an asymmetric hysteretic
feature. Further increasing VG up to +2.7 V,
the RH–I curve fully recovers and exhibits the
squared shape. The activation of the currentinduced switching by higher VG demonstrates that the electrical control SOT effect
using ionic liquid is repeatable and circulative. The modification capability of negative
gate voltages is larger than positive gate voltFigure 2. a) Magnetization switching characterized by RH measurements with sweeping cur- ages, probably owing to the reducibility of Co
rent and fixed Hext = +700 Oe under different VG, the arrows indicate the sweeping directions. and the different radius of cation and anion
of ionic liquid.[37]
b) Dependence of the positive (I+C) and negative (I−C) critical currents on VG. c) RH–I measurements with larger positive VG applied after VG = −1.9 V. The arrow denotes the change from
In general, the current-induced switching
VG = −1.9 V to positive gate voltages.
efficiency relies on the intrinsic magnetic
properties of the samples such as coercivity
and magnetic anisotropy, which can be modulated by the elechere is that the switching loops broaden with the positive VG,
tric field applied on the ferromagnetic films.[38] Here we measwhile the negative VG does the opposite, indicating the manipulation of current-driven switching by the electric field. The curves
ured the out-of-plane and in-plane magnetic hysteresis loops,
were obtained in the following procedure: after performing
which were carried out in a Quantum Design superconducting
the current-induced switching at the initial state (VG = 0), the
quantum interference device (SQUID), of thin film samples
mediated by the ionic liquid with three typical gate voltages,
device was heated up to 300 K, and was then applied with a VG
−0.7 V, 0, and +1.5 V. For these experiments large areas of
of −0.7 V for 30 min to sufficiently form a stable EDL on top
4 mm × 4 mm Ta(2)/Pt(4)/Co(0.3)/HfOx(4) film samples are
of Co, followed by a cooling procedure and then the measurements at 180 K.[32–34] Actually, we can apply the gate voltage at
needed. The hysteresis loops were recorded after removing the
ionic liquid and the gate voltage.[33,34] Corresponding loops are
any temperature higher than the freezing point of ionic liquid
(210 K). The measurements were carried out at 180 K, which is
displayed in Figure 3. The out-of-plane hysteresis loops shown
below the freezing point of ionic liquid (210 K), guaranteeing the
in Figure 3a reveal that the influence of the gate voltage on the
nonvolatile feature of the electrical manipulation, i.e., the state
coercivity is clear, i.e., negative (positive) VG enhances (weakens)
keeps almost unchanged even removing the gate voltage. For
the coercivity, as highlighted in the inset of Figure 3a. ObviVG = −0.7 V, I−C and I+C decreases to −1.3 and +1.5 mA, respecously, a comparison of Figure 2 and Figure 3a confirms that
the manipulation of the critical current and coercivity undergo
tively, producing a much lower switching current of IC = 1.4 mA.
opposite trends with the variation of gate voltages. This result
Such a manipulation remains even after turning gate voltage off,
proves that the variation of coercivity is not the origin of elecrevealing the nonvolatile character of the electrical control SOT
trical modulation effect on critical switching current.
by the ionic liquid gating. Afterward, we apply a VG of +0.9 V at
When the magnetic field is applied along the hard axis (in
300 K, and a voltage value of higher than 0.7 V is used to fully
plane) of the films, the hysteresis loops Figure 3b show that
polarize the ionic liquid considering the nonvolatile feature. In
the saturation field enhances greatly to ≈20 kOe. The uniaxial
this case, I−C and I+C increases to −2.9 and +2.1 mA, respectively,
out-of-plane magnetic anisotropy constant KU can be calcuproducing a higher switching current IC = 2.5 mA.
MS
1 MS
To verify whether larger IC could be induced by larger gate
H dM − ∫
H dM , where IP and OP
lated via K U =
∫
0[IP]
0[OP]
voltage, the measurement was carried out after applying a
V
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HM/FM/oxide heterostructures, the damping-like torque τDL
mainly originates from spin Hall effect in Pt and the field-like
torque τFL primarily arises from the interfacial Rashba effect.[40]
The effect of τDL and τFL on magnetic moment can be viewed as
damping-like effective field HDL = HDL m × σ and field-like effective field HFL = HFLσ , where σ is the unit vector of spin direction, HDL and HFL are the magnitude of SOT effective fields.
In order to quantify the effective fields, we use the lock-in
technique to measure the in-phase first harmonic Hall voltage
(Vω) and out-of-phase second harmonic Hall voltage (V2ω) in
Hall device with constant amplitude sinusoidal current (Iac) of
133 Hz.[21,41]
We sweep the external magnetic field along y axis (Hy, parallel to current direction) and x axis (Hx, transverse to current
direction) to analyze the damping-like and field-like torque
components, respectively. The SOT effective fields HDL(FL) can
be obtained by[21]
HDL(FL) = −2

Figure 3. a) Hysteresis loops at VG = −0.7 V, 0, and +1.5 V when magnetic
field is applied perpendicular to the films. The inset shows the dependence of HC on gate voltages. b) Hysteresis loops when in-plane magnetic
field is applied. The inset shows the relative variation of magnetic anisotropy constant ΔKU/KU0 at three typical gate voltages, where ΔKU is
the magnetic anisotropy difference at VG = −0.7 (1.5) V and VG = 0 (KU0).

represent in-plane and out-of-plane fields, respectively.[39] The
relative KU variation induced by gate voltages is shown inset of
Figure 3b. KU is enhanced only by ≈7% with positive VG while
it is suppressed slightly with negative VG. The weak change of
KU with different VG should also contribute to the modulation
of electrical control of switching current,[23] whereas the several
percent changes for KU is far below the switching current modulation by a factor of two with the same VG. In addition, the
negative VG has a greater influence on the switching current
than that of positive VG, in contrast to the scenario of KU modulation. Hence, it can be learned that although the contribution
of the electric field effect on magnetic anisotropy could not be
completely excluded, the electrical manipulation of spin–orbit
torque plays the essential role on the modulation of the critical
current, which will be discussed below.
Before turning to the basic principles of the strong electricalcontrol of SOT, we need to distinguish the two SOT components (damping-like and field-like torque) in our samples. In
1600219 (4 of 7)
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(1)

The Vω and V2ω signals when Iac = 0.2 mA
(Jc = 1.06 × 106 A cm–2) and Hext//y axis are shown in
Figure 4a,b, respectively, which exhibit the typical curves
relevant to the damping-like torque.[23,24] Figure 4c presents the
Vω curve with Iac = 0.2 mA and Hext along x direction, while
the V2ω curve is shown in the inset. Remarkably, the second
harmonic Hall voltage is negligible though we have eliminated
the Vω signal interference during the measurements. This is
reasonable because the Rashba field would have a magnitude
much lower than the SHE and have a limited contribution to
the current-induced switching in Pt/Co/oxide heterostructures,[11] owing to the specific thickness of the ferromagnetic,
nonmagnetic, and oxide layers.[41] Thus we can attribute the
total SOT almost to damping-like torque in our sample. We
use the parabola and linear curve to fit the Vω and V2ω curve
near zero Hext to obtain the corresponding effective fields
using Equation (1). Furthermore, the effective fields (Heff) as
a function of the current density for VG = −0.7, 0 and +1.5 V
are plotted in Figure 4d (the original Vω and V2ω curves for
various current densities can be seen in Figure S3, Supporting
Information). For the three gate voltages, all the Heff shows
a linear dependence on the current density. The electric field
effect shows a significant modulation effect on Heff, in which
the negative VG has a stronger impact on SOT than its positive
counterpart. This tendency further supports that the electric
field effect on the damping-like torque is mainly responsible for
the observed electrical control of critical current.
0
We further use the equation JS = (2e /)τ ST MS t to calculate
0
[17]
the spin current density for different VG, where τ ST
equals
to Heff acquired from Equation (1), t represents the thickness of
ferromagnetic layer (0.3 nm), MS is the saturation magnetization per unit volume, and MS = 1.25 × 109 emu m−3 for VG = 0.
We can find that JS ≈ 1.43 × 105 A cm−2 when Iac = 0.2 mA
(Jc = 1.06 × 106 A cm–2) and VG = 0 V, then the effective spin
Hall angle θSH(VG = 0) = JS/JC ≈ 0.135. In the same way we
can obtain the effective spin Hall angle when the gate voltage
is applied: θSH(−0.7 V) ≈ 0.171 and θSH(+1.5 V) ≈ 0.120,
using the different effective fields (Figure 4d) and saturation
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Therefore, the 0.5 nm Pt top layer with a
high electron density prevents the electric
field effect penetrating into the Pt/Co interface due to the screening effect. It should be
mentioned that the RH difference between
Figure 5c,d at high Hext might derive from
the inevitable angle error in controlling the
sample position in two successive experiments, but it does not affect the main conclusion of this control experiment.
We have revealed that the electrical control
of the critical current for the magnetization
switching is ascribed to the modulation of
damping-like spin–orbit torque. Magnitude
of damping-like torque is actually determined
by spin hall angle of heavy metal and spin
mixing conductance between heavy metal
and ferromagnetic metals. In our case, the
almost one monolayer Co (0.3 nm) is thin
enough for large electric field generated by
ionic liquid gating to penetrate into the Pt/
Figure 4. Representative magnetic field dependence of a) in-phase first harmonic Hall
Co interface and even partially into bulk Pt
voltage (Vω) and b) out-of-phase second harmonic Hall voltage (V2ω) when Iac = 0.2 mA
region. Under this situation, the interfa6
–2
(Jc = 1.06 × 10 A cm ) and Hext applied along y axis. Three representative gate voltages of
cial spin mixing conductance which sensi−0.7, 0, and +1.5 V are applied to the device. c) First harmonic Hall voltage when Iac = 0.2 mA
tively depends on the interfacial electronic
and sweeping Hext applied along x axis and VG = 0. The inset shows the second harmonic Hall
structure could be altered.[42,43] According
voltage versus Hext. d) Calculated effective fields as a function of current density and gate
voltage. The solid lines are the linear fitting to the data.
to Chen and Zhang,[43] the large interfacial
potential gradient, no matter its sign, can
lead to significant spin-memory loss effect, which reduces the
magnetization (Figure 3a). Remarkably, θSH is tuned in a large
transparency of spin current from Pt to Co in other words. In
scale by the gate voltage.
To reveal the origin of electric field effect
on damping-like torque in our Ta/Pt/Co/
HfOx heterostructure, we deposited a similar
multilayer structure with 0.5 nm Pt insertion between Co and HfOx layers as reference sample: Ta(2)/Pt(4)/Co(0.3)/Pt(0.5)/
HfOx(4) (unit in nanometers), as shown in
Figure 5a. The fabrication processes and
measurement configurations for this reference sample are identical to our main samples without the Pt insertion. We measured
the current-induced switching with fixed
Hext = +700 Oe at β = 1° and the concomitant data are presented in Figure 5b. The
current-induced sharp switching occurs at
IC = 2.5 mA. We show in Figure 5c,d the
RH–Hext curves measured at VG = +1.0, 0,
and −1.5 V, with Hext applied close to +y and
+x axis, respectively. If there were any influences of electric fields on the damping-like
or field-like torques, the RH-Hext curves with
a given DC current would be shifted owing to
the overlap of the effective fields and Hext.[17]
Obviously, this is not the case. The switching
loops do not show observable shift among
Figure 5. a) Schematic of the multilayers with a Pt(0.5 nm) insert layer. The measurements
the curves measured at different VG. Hence,
in (b–d) are based on the Hall devices fabricated from the multilayers. b) Current-induced
the introduction of the 0.5 nm thick Pt layer switching with fixed H = +700 Oe and β = 1°. R –H measurements when c) H is close to
ext
H
ext
ext
significantly suppresses the electrical-control +y axis (β = 1°) and d) Hext is close to +x axis (θ = 1°). The applied current is 0.5 mA and the
of current-driven magnetization switching. gate voltages applied to the sample are −1.5, 0, and +1.0 V for both (c) and (d).
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our experiment, when we apply a gate voltage on the samples,
though the sign of the potential gradient will not change, its
magnitude can be modulated (see Figure S4, Supporting Information). Specifically, positive (negative) VG leads to larger
(smaller) potential gradient. Therefore, spin current transparence in the interface decreases (increases) accordingly. Finally, a
larger (smaller) critical switching current is realized at positive
(negative) VG. Also, Zhang et al.[44] proved that the transparency
of Pt/FM interfaces, derived from spin mixing conductance,
profoundly affects the magnitude of SHE. Thus, the effective spin Hall angle varies with the transparency of the Pt/Co
interface when gated by ionic liquid, giving rise to the modulation of spin–orbit torque and the concomitant critical current.
Meanwhile, spin Hall effect, which is partially determined by
spin-resolved scattering, would also be influenced by the penetrated electric field. These two factors, we regard above, are the
two possible origins of the tuning of damping-like torque by
external electric gating.
The sources responsible for the modulation of critical current by the gate voltage are complicated. Although the change of
other parameters such as the nucleation field, pinning field and
domain wall expansion for the electrical control of critical current could not be completely excluded,[45] through the second
harmonic measurements we demonstrate that the modulation
of effective spin Hall angle and the corresponding damping-like
torque mainly accounts for the strong electrical manipulation
of switching current. Also, the tuning of magnetic anisotropy
and coercivity by gate voltage is in a limited scale, thus they are
subtle factors, if any, for the electrical control of critical current.
It is worthy pointing out that the HfOx capping and Co/HfOx
interface might be also tuned by the electric field effect, which
is also likely to change damping-like torque.[41]

3. Conclusions
In conclusion, we demonstrate the strong electrical manipulation of spin–orbit torque in Pt/Co/HfOx heterostructures with
the assistance of ionic liquid gating through the modulation of
interfacial structure. Such a strong modulation of the spin–orbit
torque effect in metallic magnets provides a unique opportunity
for reducing the power consumption in high-density memories. The electrical control of SOT with a combination of a nonvolatile feature and a large electric field effect provides inherent
logic-in-memory capabilities.

4. Experimental Section
Sample Preparation: The stack structures of Ta(2)/Pt(4)/Co(0.3)/
HfOx(4) (unit in nanometers) were deposited on Si/SiO2 substrates
by electron beam evaporation. The deposition rates for Ta, Pt, Co, and
HfOx films were controlled to be ≈0.01 nm s−1. Then the multilayers
were patterned into Hall bar devices with channel width of 3 μm. A
drop of ionic liquid (DEME-TFSI) was utilized on the top of HfO2 as
the electrolyte, which covers the Hall cross. The ionic liquid contains
the following cation and anion: N,N-diethy1-N-(2-methoxyethy1)-Nmethylammonium (DEME+) and bis(trifluoromethylsulfony1)-imide
(TFSI−) with freezing point around 210 K, below which the electric field
in EDL is conserved at the solid state even after removing the external
gate voltage.
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Transport Measurements: The transport measurements were carried
out in a cryostat at 180 K, allowing to apply magnetic fields in different
directions by rotating the samples. The measurement configuration is
sketched in Figure 1b, where two Agilent 2901A served as the current
source and gate voltage, and two Agilent 34410 were used to detect
the Hall and longitudinal voltages, respectively. The leakage of the
ionic liquid gate is only 1–0.1 nA. In the measurements of harmonic
Hall voltage, we used a Keithley 6221 current source to generate the
sinusoidal current signal, and used SR560 preamplifier and SR830
lock-in amplifier to detect the first and second harmonic Hall signal.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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