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Giant Hall Switching by Surface-State-Mediated Spin-Orbit
Torque in a Hard Ferromagnetic Topological Insulator
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Yuxing Ren, Yaochen Li, Hung-Yu Yang, Ting-Hsun Yang, Xiang Dong, Binggian Dai,
Tao Qu, Qingyuan Shu, Quanjun Pan, Peng Zhang, Fei Xue, Jie Li, Albert V. Davydov,

and Kang L. Wang*

Topological insulators (Tl) and magnetic topological insulators

(MTI) can apply highly efficient spin-orbit torque (SOT) and manipulate the
magpnetization with their unique topological surface states (TSS) with ultrahigh
efficiency. Here, efficient SOT switching of a hard MTI, V-doped (Bi,Sb), Te,
(VBST), with a large coercive field that can prevent the influence of an external
magnetic field, is demonstrated. A giant switched anomalous Hall resistance
of 9.2 kQ is realized, among the largest of all SOT systems, which makes the
Hall channel a good readout and eliminates the need to fabricate complicated
magpnetic tunnel junction (MT)) structures. The SOT switching current
density can be reduced to 2.8 X 10° A cm~2, indicating its high efficiency.
Moreover, as the Fermi level is moved away from the Dirac point by both gate
and composition tuning, VBST exhibits a transition from edge-state-mediated
to surface-state-mediated transport, thus enhancing the SOT effective

field to (1.56 + 0.12) x 10~ T A~" cm? and the interfacial charge-to-spin
conversion efficiency to 3.9 + 0.3 nm~". The findings establish VBST

as an extraordinary candidate for energy-efficient magnetic memory devices.

1. Introduction

Spin-orbit torque (SOT) uses relativistic
spin-orbit interaction in heavy elements
to convert charge current to spin cur-
rent and manipulate the magnetization.!
Heavy elements are usually placed adja-
cent to magnetic materials and generate
a spin current via mechanisms such as
spin Hall effect’>®! or Rashba-Edelstein
effectl’! to exert spin—orbit torque (SOT)
and switch the magnets. As a writing
method for magnetoresistive random ac-
cess memories (MRAM), SOT has great ad-
vantages of low writing current and high
reliability, so it has promising applications
in high-efficiency nonvolatile memory.1%-12]

Current-induced SOT switching was first
demonstrated in heavy metal/ferromagnet
(HMFM) bilayer heterostructures, where
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the heavy metal acts as a SOT source

material. 51314 The material choices
for SOT sources have been extended to various quantum and 2D
materials, such as the Weyl semimetal WTe,.['>16]

Compared with these conducting materials, topological insu-
lators (TI) are more advantageous as SOT source materials be-
cause their insulating bulk and conducting spin-polarized sur-
face states can enable much higher SOT efficiency.l'’~2% In TI,
the spin-orbit coupling is large enough to invert the band struc-
ture and create unique topological surface states (TSS), repre-
sented by a linearly dispersed Dirac cone in the band structure.
These TSSs are spin-polarized and have spin-momentum lock-
ing, meaning the spin polarization uniquely depends on the
momentum.!?!-2¢! Various techniques have been developed to
determine the SOT efficiency in TI, including spin-torque fer-
romagnetic resonance,!t’2228] gpin pumping,?*-!! magneto-
optical Kerr effect,3233] loop shift method in transport,[323*] and
second harmonic measurements in transport.[!8193335:36] The
SOT efficiency can be quantified by the spin Hall angle 6,
which is defined as the ratio between spin current density J; and
electric current density J, or Og,; = Js /Jc, and TT’s spin Hall an-
gle is reported to be as large as 140 at 1.9 KI'®] and around 1-3
at room temperature, 2835361 although the spin Hall angle only
applies to the 3D bulk origin of SOT (like the spin Hall effect)
and might not be physically meaningful.[2*3% So far, SOT has
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Figure 1. Experimental set-up and the magnetic properties of the V-doped (Bi,Sb),Te; (VBST) films. a) Optical micrograph of the Hall bar device. b) A
cross-sectional high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the VBST film on the GaAs substrate.
c) Anomalous Hall resistance R, as a function of an external out-of-plane magnetic field H, at various temperatures in Device No. 1. d) Magnetization

M as a function of an external out-of-plane magnetic field H, at T=2 K.

been explored in various TI/non-TI magnet bilayers for efficient
current-induced magnetization switching.[2833-40]

Another approach to utilizing the highly efficient SOT of TI is
using its magnetic counterparts, the magnetic topological insu-
lators (MTI). MTI is more advantageous than TI/non-TT magnet
bilayers because it does not need another heterogeneous mag-
netic layer for magnetization switching and is thus free from
problems with the bilayer interface and shunting in the metal-
lic ferromagnetic layer. By doping TT with magnetic ions such as
Cr, Mn, or V, ferromagnetism can be established within TT itself.
A gap can be opened at the crossing point of the Dirac cone, the
Dirac point, leaving pure edge state transport only and thus host-
ing the quantum anomalous Hall effect (QAHE).!**] Therefore,
MTI or TI/MTI bilayer has reached one of the highest SOT efh-
ciency ever reported.[18:19:3246]

Among all the various MTIs, V-doped (Bi,Sb),Te; (VBST) is
unique because it is a hard ferromagnetic TT with a larger coer-
cive field (>0.5 T, one order of magnitude larger than its Cr-doped
counterparts), thus making it robust against the influences of ex-
ternal magnetic fields. Thanks to its robust ferromagnetism, it
also exhibits spontaneous magnetization (and QAHE) without
the need for magnetic field training or field cooling, in contrast
to its Cr-doped counterparts.**! All these unique properties of
VBST as a hard ferromagnetic TI make it an attractive candidate
for spintronics applications.

Here, we demonstrate efficient current-driven magnetiza-
tion switching of a hard ferromagnetic TI, V-doped (Bi,Sb),Te,
(VBST) by its surface-state-mediated SOT. A giant switched
anomalous Hall resistance, a low switching current density, or
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a high switching ratio can be realized. By analyzing the second-
harmonic signals of the anomalous Hall resistance, we calibrate
the efficiency of the SOT, showing a high effective field to cur-
rent ratio, which is three orders of magnitude larger than those
reported in HMFMs. More interestingly, Fermi level dependence
by tuning the gate voltage or the material composition reveals
that as the surface state transport replaces edge state transport,
more carriers from the surface states significantly enhance SOT.
This hard ferromagnetism, giant Hall switching, and efficient
surface-state-mediated SOT in VBST provide a perfect platform
for energy-efficient magnetic memory devices.

2. Material Characterizations and Device Structure

Figure 1a shows the Hall bar device structure with schematic il-
lustrations of the experimental set-up, where the bright region
shows the Hall bar of the V-doped (Bi,Sb),Te; (VBST) thin film,
the dark region shows the semi-insulating GaAs (111)B substrate
and the gold region is the Cr/Au electrodes. The length and width
of the Hall bar are 20 and 10 pm, respectively. All devices (Device
No. 1-8) in this work have the same Hall bar geometry, and only
Device No. 3 has an additional top gate.

In order to study the crystalline quality of the thin film, cross-
sectional atomic-resolution HAADF-STEM (high-angle annular
dark-field scanning transmission electron microscopy) was car-
ried out. The captured cross-sectional image of the VBST sam-
ple, as presented in Figure 1b, shows that the quintuple layer
(QL) structure of the epitaxial rhombic VBST film and van der
Waals gaps between every two QLs, indicating high crystalline
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Figure 2. Current-induced switching of magnetization in V-doped (Bi,Sb), Te; (VBST). a) Schematic illustration of current-induced magnetization switch-
ing with damping-like (DL) and field-like (FL) spin-orbit torque (SOT) effective fields By, and Bg,. B or By is an applied external longitudinal or transverse
magnetic field for Figure 3. b,c) The Hall resistance Ry, after applying each writing pulse as a function of the pulse amplitude I as well as the current
density J, taken in b) Device No. 1 and c) Device No. 2, with an in-plane assisting magnetic field B, of +0.3 T. All measurements were carried out at T =
2 K. d) Comparison between the switched resistances by current in various schemes.

quality. The image also reveals an atomically sharp interface be-
tween the VBST and the Te-terminated GaAs (111)B substrate
from the Te-rich pre-annealing process to remove the top oxide
layer. In conclusion, the cross-sectional STEM image confirms
the high crystalline quality of VBST.

For the transport properties of VBST samples, the Hall resis-
tance is presented in Figure 1c as a function of an external out-
of-plane magnetic field H, at various temperatures on a 6 QL
Vi.14(Big27Sbg 73)1 36 Te; Hall bar (Device No. 1). A wide hysteresis
loop from the anomalous Hall effect (AHE) with a large coercive
field of 0.7 T is observed at T = 2 K, one order of magnitude larger
than its Cr-doped counterparts, indicating the nature of VBST as
a hard ferromagnet. The sample also exhibits a large anomalous
Hall resistance of 14.8 kQ at T = 2 K. The anomalous Hall resis-
tance and coercive field shrinks at higher temperatures, and the
AHE persists up to 30 K.

In Figure 1d, the magnetization M of VBST as a function of an
external out-of-plane magnetic field H, at T= 2 K, from which the
diamagnetic background has been removed, also reveal a large
coercive field of 0.7 T and a small saturation magnetization of
Mg = 8.3 emu cm™>, which corresponds to a net magnetic mo-
ment of 0.15u; (u is Bohr magneton) per 1/3 unit cell (5 atoms
of (Bi,Sb), Te; included).

VBST’s unique magnetic properties make it an ideal candidate
for spintronics materials. Its large coercive field, which is more
than one order of magnitude larger than typical ferromagnets,
can prevent the influence of an external magnetic field and make
the magnetic storage robust against external magnetic perturba-
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tions. Its small saturation magnetization, which is two orders of
magnitude smaller than typical ferromagnets, makes the stray
field small and eliminates unwanted magnetic crosstalk between
neighboring devices.

3. Current-Induced Spin-Orbit Torque Switching

Current-driven SOT switching of magnetization was performed
in the hard ferromagnetic TI VBST. Figure 2a shows a schematic
illustration of surface-state-mediated SOT switching in VBST.
When a current is injected into the + x direction, electrons will
move into the — x direction through the top and bottom surface
states that carry + y and — y spin polarizations, respectively, from
the spin-momentum locking mechanism of TIs. Although the
top and bottom surface states carry opposite spin directions so
their contributions to the SOT cancel each other, the structural
asymmetry in the VBST/GaAs structure can induce different in-
terfacial properties and different top and bottom surface state
carrier densities, thus leading to net current-induced SOT.19#]
The spin accumulation exerts torques on the magnetization m,
thus leading to its flipping. The SOT can be decomposed into two
parts, namely the field-like (FL) and damping-like (DL) torques,
as in Equation (1).1"

T = Mx (By + By ) = -M [Bymx ¢+ By mx (mx¢)|(1)
here, By, = By ¢ and By, = By, m X { represent the FL and DL

effective fields, m = M/M; is the magnetization unit vector, M
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is the magnetization, M is the saturation magnetization, and ¢
is the unit vector of the net SOT spin polarization. The FL torque
produces the precession of the magnetization, and the DL torque
produces the damping of the magnetization toward its equilib-
rium state, thus mainly contributing to the switching. Therefore,
the DL torque is usually used to evaluate the SOT efficiency. For
deterministic switching, an in-plane external assisting magnetic
field B, is needed to drive m toward x direction and gives By, a
necessary z component to flip the magnetization.

The measurement scheme of current-induced switching is by
applying a series of current pulses and outlined in Section S5
(Supporting Information). Figure 2b presents the Hall resistance
R, of Device No. 1, 6 QL Vj14(Biy ,;Sby 73) 55 Te; as a function of
the writing pulse amplitude I and the current density J, when
B, = £0.3 T. All measurements were carried out at the ambi-
ent temperature of T = 2 K. When a current pulse is applied
in the + x direction with an in-plane external assisting magnetic
field B, driving m toward + x direction, it gives B, = By, m X
¢ a — z component to flip the magnetization from + z to — z.
This is only possible with { = -y, which is the spin direction
of the bottom surface state. Therefore, from the switching polar-
ity, it is determined that the bottom surface states dominate the
switching process.

Notably, the difference in the anomalous Hall resistance AR,
switched by the current is as large as 9.2 kQ2, among the largest of
all SOT systems. This is thanks to the large anomalous Hall resis-
tance of 14.8 kQ that Device No. 1 exhibits. The switching current
density J. is also as low as 4.5 X 10° A cm 2, and the switching
ratio of the magnetic domains is about 31%.

To further reduce the switching current density, Device No. 2,
6 QL V,14(Big15Sbys,)1 s¢Te; with a higher interfacial charge-to-
spin conversion efficiency of 3.9 nm™ (than Device No. 1's 2.0
nm™!, which we will discuss later) is used. From Figure 2c, De-
vice No. 2 shows a much lower switching current density of
2.8 x 10° than 4.5 X 10° A cm™2 in Device No. 1, which is al-
most 40% reduction and consistent with the increase of SOT
efficiency. The switching current density is two orders of mag-
nitude smaller than typical HMFM bilayers,[1>¢1314] and on the
same order of magnitude but slightly larger than thatin Cr-doped
(Bi,Sb),Te, (CBST) (~2.57 x 10° A cm™2) under the same pulse-
driven switching scheme,*?) because VBST’s large perpendicular
magnetic anisotropy (PMA) as a hard ferromagnet creates an ad-
ditional energy barrier for magnetization switching.

The switching ratio of the magnetic domains is not 100%
because of inhomogeneous magnetic domains, so some earlier
works on the switching of Cr-doped MTI show a switching ratio
of <10%.11819321 By enhancing the PMA of VBST with increased
V doping, the switching ratio can be further improved to 60%
(see Figure S9, Supporting Information).

To demonstrate how giant the switching of the Hall resis-
tance in VBST is, a comparison between the switched resis-
tances by current in various schemes is presented in Figure 2d.
The changes in the anomalous Hall resistance by current-driven
SOT switching are presented in HMFM systems including
AlO, /Pt/Co & Ta/CoFeB/MgO,>% TI/MTI systems like Cr-doped
(Bi,Sb),Te,/(Bi,Sb),Te; (CBST/BST),324¢] TI/magnetic insulator
(MI) systems such as Cr,Ge,Te,/(Bi,Sb),Te; (CGT/BST),!*’l and
V-doped (Bi,Sb),Te; (VBST, this work). For comparison, the
change in the tunnel magnetoresistance (TMR) of the mag-
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netic tunnel junction (MT]) in IBM’s spin-transfer torque (STT)
MRAM is also listed here.*] From the comparison, the giant
switching of Hall resistance of 9.2 kQ in VBST is almost four
orders of magnitude higher than those in conventional HMFM
systems>®) or TI/metallic FM systems (~1 Q),?*3¢ making it
among the largest of all SOT systems. The change of anomalous
Hall resistance is even comparable to or greater than the change
of TMR in MT] devices, which makes the Hall channel a good
readout and eliminates the need to fabricate complicated three-
terminal SOT-MT] structures.

In summary, the current-driven switching tests further estab-
lish VBST as an ideal spintronics material for its giant switched
anomalous Hall resistance, larger switching ratio, and low crit-
ical switching current density due to its unique band topology,
large anomalous Hall resistance, and highly efficient surface-
state-mediated SOT.

4. Second-Harmonic Measurements of SOT
Effective Fields

In order to determine either the DL or the FL SOT effective
field By, and B, and thus the SOT eficiency in VBST, in-plane
low-field second-harmonic measurements were conducted by ap-
plying either an external longitudinal or transverse magnetic
field, B, or By to slightly tilt the magnetization, as illustrated
in Figure 2a. The first and second harmonic Hall voltages V}};"
and VYZ;J were measured by lock-in amplifiers at the ambient
temperature of T = 2 K with a sinusoidal excitation current of
10 pA (root mean square value). Figure 3 presents one of the
results of the V}};” and VYZ;" as a function of B, in Device No. 2,
6 QL V14(Biy15Sbys,); 56 Te; when the magnetization was ini-
tialized to either + z or — z direction, revealing a parabolic de-
pendence of VY];” and a linear dependence of V;;“ on B, respec-
tively. We can obtain the DL effective field By, from the data by
Equation (2).[450]

0 VZm 02 Vlm
yx yx
0B, ' 0B

(2)

By, =

By using the above equation, By, = (2.59 + 0.20) X 1072 T. As
an important indicator of the SOT efficiency, the DL SOT effective
field to electric current density ratio is thus By, /] = (1.56 +0.12)
x 107® T A~ cm?, more than three orders of magnitude larger
than typical HMFM bilayer heterostructures.['>¢1314] Here, the
device parameters of a width of 10 um and a thickness of 6 nm
are used.

Another important indicator of SOT efficiency is the interfacial
charge-to-spin conversion efficiency g,.¢, which is defined as the
ratio of the 3D spin current density | 51, to the 2D electric current
density J.,p as in Equation 3. This indicator applies to the 2D
interfacial origin of SOT, like the Rashba—Edelstein Effect and
TSSs.16:20]

Jssp _ 2eMgBp,

q = —_— =
ST Jew Mo

here, Mj is the saturation magnetization and J. 5, is the 3D elec-
tric current density. This is a better metric than the spin Hall

G)
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Figure 3. In-plane low-field second-harmonic measurements of the damping-like (DL) spin-orbit torque (SOT) effective field for Device No. 2. a) In-phase
first-harmonic and b) out-of-phase second-harmonic Hall voltages VJX‘” and VVZX”’ as a function of an external longitudinal magnetic field B, when the
magnetization is along the + z direction (+M,). c) In-phase first-harmonic and d) out-of-phase second-harmonic Hall voltages when the magnetization
is along the — z direction (—M,). All measurements were carried out at T = 2 K by applying a sinusoidal current of 10 pA.

angle Ogy; = Js3p / Jesp = dics £ where t is the thickness, since
it only applies to the 3D bulk origin of SOT (like the spin Hall
effect) and might not be physically meaningful in MTI. The g
of VBST in Device No. 2 is as large as 3.9 + 0.3 nm™, indicating
its high efficiency.[1->61314]

Note that although this in-plane low-field second-harmonic
method is subject to the artificial contributions from ther-
moelectric effects, such as the Nernst effect, such contribu-
tions are proved to be negligible by a different method of
the angle-resolved second harmonic measurements in Section
S11 (Supporting Information).>!! This in-plane low-field second-
harmonic method also has a negligible contribution from the
asymmetric magnon scattering reported by Yasuda et al.l*¢] be-
cause in order to have a sufficiently large contribution from
the asymmetric magnon scattering, the magnetization has to be
driven almost fully in plane by a large external field. However, in
our method, with the large PMA of VBST and a small external
field, only up to 1%—2% of the magnetization is driven in plane.

In short, the second-harmonic measurements further demon-
strate the huge potential of VBST as an ideal spintronics mate-
rial for its ultrahigh SOT efficiency, which arises from the spin-
momentum-locked surface state and is free from interfacial or
shunting problems in bilayers.
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5. Fermi Level Dependence of SOT by Gate and
Composition Tuning

5.1. Gate Tuning

In order to determine the SOT’s dependence on Fermi level, 6
QL V,14(Big 20Sby 71); s¢ Te; was fabricated into a Hall bar with a
top gate (Device No. 3). Notably, this device exhibits the QAHE
at T=100 mK (see Figure S3, Supporting Information) with chi-
ral edge states in transport only, indicating that the Fermi level
is within the exchange gap of the Dirac cone. By tuning the top
gate voltage V; from +6 to —6 V, the anomalous Hall resistance
R, in Figure 4a shrinks from 20.8 to 16.0 kQ at T =2 K as the
2D hole density p increases from 3.79 X 10! cm™ to 4.51 X 10*2
cm~? at T= 100 K, indicating Fermi level is tuned lower and away
from the Dirac point.*!*] Here, 100 K is chosen for carrier den-
sity because only the ordinary Hall effect exists, and at 2 K, a large
AHE makes the slope extraction inaccurate. Correspondingly in
Figure 4b, the DL effective field to current density ratio By, /] in-
creases from (2.8 + 0.2) X 1077to (6.2 + 0.5) x 107 T A=l cm?,
and so does the interfacial charge-to-spin conversion efficiency
Gics from 0.70 + 0.03 to 1.5 + 0.1 nm™, indicating an increase of
the SOT efficiency.
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Figure 4. Electric field tuning and Fermi level dependence of V-doped (Bi,Sb),Te; (VBST) spin-orbit torque (SOT). a) Gate dependence of anomalous
Hall resistance R, at T =2 K and hole density p at 100 K in Device No. 3. b) Gate dependence of the SOT efficiency, as indicated by the damping-like
(DL) effective field to current density ratio By, /J and the interfacial charge-to-spin conversion efficiency g,cs, in Device No. 3. c) The dependence of the
SOT efficiency on Fermi level, as indicated by the anomalous Hall resistance Ry, at 2 K in Device No. 1-6. The error bars in (b) and (c) represent the
standard deviations from the measurements. d) A schematic showing the transition from the edge-state-dominated transport (when the Fermi level is
in the exchange gap of the Dirac cone) to surface-state-dominated transport (when the Fermi level is away from the Dirac point).

5.2. Composition Tuning

In order to further tune the Fermi level beyond the range
of electrostatic gating, more Hall bar devices of 6 QL
Vo14(Bi,Sb; )1 3 Te; (Device No. 1, 2, 4-6) were fabricated with
a lower Bi level x than No.3 so that the Fermi level is tuned even
lower and crosses the Dirac cone.[>?] The details of each device
are listed in Table 1, and the doping dependence of anomalous
Hall resistance and hole density is presented in Figure S5 (Sup-
porting Information). To compare with the gate tuning data, the
anomalous Hall resistance R, at T= 2 K is used as a unifying
indicator of the Fermi level because a smaller R,, means a lower
Fermi level.*'*] As the R is tuned to 4.69 kQ in Figure 4c, the
By, /] further increases to (1.56 + 0.12) x 10~ T A~ cm?, and so

Table 1. The composition of various devices.

does the g;cs t0 3.9 + 0.3 nm™" in Device No. 2, indicating an

enhanced efficiency at lower Fermi level.

Both gate and composition tuning in VBST indicate that
the SOT efficiency is significantly enhanced as the device tran-
sitions from the edge-state-dominated transport regime (with
the Fermi level in the exchange gap) to the surface-state-
dominated transport regime (with the Fermi level crossing the
Dirac cone), as pictorially illustrated in Figure 4d. This con-
firms that the SOT in VBST is mediated by the top and bot-
tom surface states. This is because the spin polarization of the
edge state {|lm when m is aligned to the z direction, thus
yielding By, = Bpym X { = 0, while the spin polarization
of the top and bottom surface states {1m, thus leading to a
non-zero By, .

Device no. Bi level x Ry (T=2K) [kQ] Bp /J[10°8 T AT cm?] Gics [nm~]
1 027 14.8 0.80 + 0.03 2.0+0.1
2 0.18 469 1.56+0.12 39403
3 0.29 16.0t0 20.8 0.62 + 0.05 t0 0.28 + 0.02 15£0.1
t0 0.70 + 0.03
4 0.24 11.95 0.68 + 0.04 1.7 £0.1
5 0.22 9.1 0.89 +0.11 22+03
6 0.20 6.70 0.99 + 0.08 25+02

Adv. Mater. 2024, 36, 2406772

2406772 (6 of 8)

© 2024 Wiley-VCH GmbH

A ‘9% “$T0T ‘S60¥1TST

:sdny woy papeoy!

:sdny) suonipuo) pue suLa ], 3y 23S “[$707/21/€0] U0 Areiqr autuQ Adip ‘weySutug vwieqely JO ANsIOAN £q 7LL90PTOT BWPE/ZO0 10 1/10p/wod KA1 A

191/W09" K[ 1M

ASUODIT SUOWIOY) 2ANEAI)) d[qedijdde dy) £q PauIoA0S dIe SA[OIIE () 08N JO SN 10§ AIRIQIT dUI[UQ) AO[IA UO (:


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Notably, this work’s exploration in MTI’s SOT during the
transition from edge-state-dominated to surface-state-dominated
transport regime is unique, since previous works of the gate
tuning of SOT effective field in MTI or MTI/TT bilayer have
only explored nonquantized surface-state-dominated transport
regimes.[18193246]

6. Conclusion

In conclusion, we have explored SOT in a hard ferromagnetic T1
thin film, V-doped (Bi,Sb),Te; (VBST). This material’s large co-
ercive field (>0.5 T) makes it robust against external magnetic
disturbances, and its small magnetization (~8.3 emu cm™) can
minimize the stray field. We have demonstrated efficient SOT
switching with a giant switched anomalous Hall resistance of
9.2 kQ, among the largest of all SOT systems, thus making the
Hall channel a good readout. The SOT switching current den-
sity can be as low as 2.8 X 10° A cm™?, indicating ultrahigh effi-
ciency, and the switching ratio can also be enhanced to 60%. By
second-harmonic analysis, the SOT effective field to electric cur-
rent density ratio can be aslarge as (1.56 + 0.12) x 10 T A~ cm?,
and the interfacial charge-to-spin conversion efficiency can be
as large as 3.9 + 0.3 nm™!, more than two orders of magnitude
larger than those reported in heavy metal/ferromagnet (HMFM)
bilayers. Fermi level dependence by both gate tuning and com-
position tuning indicates that the SOT in VBST is surface-state-
mediated, so by tuning the Fermi level away from the Dirac
point, more carriers from the surface states tend to enhance the
SOT efficiency. This study confirms the potential of VBST as an
ideal material candidate for the applications of energy-efficient
magnetic memory devices, especially for cryogenic peripheral in-
memory computing devices for quantum computing, which also
requires low temperatures.[>*!

7. Experimental Section

Growth of Materials:  The V-doped (Bi,Sb),Te; (VBST) materials in this
paper were grown on epi-ready semi-insulating GaAs (111)B substrates in
an ultrahigh vacuum, Perkin—Elmer molecular beam epitaxy (MBE) sys-
tem. Before growth, the substrates were loaded into the MBE chamber
and pre-annealed at the temperature of 630 °C in a Te-rich environment
to remove the oxide on the surface. During growth, high-purity Bi, Sb, and
Te were evaporated from standard Knudsen cells, and V was evaporated
from the Thermionics e-Gun electron beam evaporator. The substrate was
kept at 180 °C. The reflection high-energy electron diffraction (RHEED)
in situ was used to monitor the quality and thickness of the materials.

Material Characterizations: The HAADF-STEM characterization was
performed on a 29 QL V; 14 (Big 22Sbg.78) 1.86 Tes thin film on a GaAs(111)B
substrate with FEI Nova NanolLab 600 DualBeam (SEM/FIB). 0.5 mm Pt
was first capped on top of the sample by electron beam-induced depo-
sition to protect its surface. Then 1 um Pt was deposited by ion beam-
induced deposition. Finally, the sample was cleaned by 2 kV Ga ions with a
low beam current of 29 pA and a small incident angle of 3° to minimize the
damage. An FEI Titan 80-300 probe-corrected STEM/TEM microscope op-
erating at 300 keV was used to capture HAADF-STEM images with atomic
resolution.

The magnetization data were also taken on the same sample of 29 QL
Vo.14 (Big22Sbg 78) 1.36 Te3 by a superconducting quantum interference de-
vice (SQUID) magnetometer under VSM (vibrating sample magnetome-
ter) mode and an out-of-plane geometry. The SQUID model is Quantum
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Design MPMS3 with a 7 T superconducting magnet, a base temperature
of 1.8 K, and a sensitivity of 1 x 1078 emu.

Device Fabrication: For all the devices (No. 1-8), the VBST thin films
were fabricated into a 20 um (length) x 10 um (width) Hall bar geometry by
a standard photolithography process. Cr/Au contact electrodes with thick-
ness of 10/100 nm were deposited using an electron beam evaporator.
For Device No. 3 only, an additional top gate was fabricated by exfoliating
and transferring mica and graphite thin flakes on top to serve as the gate
dielectric and the electrode, respectively.

Transport Measurements: Low-temperature magneto-transport mea-
surements and current-induced switching tests were performed in a Quan-
tum Design physical property measurement system (PPMS) with a 9 T
superconducting magnet and a base temperature of 1.9 K. For magneto-
transport measurements, a Keithley 6221 current source was used to gen-
erate a source AC current, and multiple lock-in amplifiers (Stanford Re-
search SR830) were used to obtain the first and second-harmonic Hall
voltages. For current-induced switching, a Keithley 2636 source meter was
used to generate a series of writing and reading current pulses and to ob-
tain the Hall voltages. Gate voltage was applied to the gate electrode of
Device No. 3 and swept by a Keithley 2636 source meter.

Supporting Information

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