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Room-temperature high spin–orbit torque due to
quantum confinement in sputtered BixSe(1–x) films
Mahendra DC1, Roberto Grassi2, Jun-Yang Chen2, Mahdi Jamali2, Danielle Reifsnyder Hickey3,
Delin Zhang2, Zhengyang Zhao2, Hongshi Li3, P. Quarterman 2, Yang Lv 2, Mo Li 2,
Aurelien Manchon 4,5, K. Andre Mkhoyan 3, Tony Low2 and Jian-Ping Wang1,2,3*
The spin–orbit torque (SOT) that arises from materials with large spin–orbit coupling promises a path for ultralow power and
fast magnetic-based storage and computational devices. We investigated the SOT from magnetron-sputtered BixSe(1–x) thin
films in BixSe(1–x)/Co20Fe60B20 heterostructures by using d.c. planar Hall and spin-torque ferromagnetic resonance (ST-FMR)
methods. Remarkably, the spin torque efficiency (θS) was determined to be as large as 18.62 ±0.13 and 8.67 ±1.08 using the d.c.
planar Hall and ST-FMR methods, respectively. Moreover, switching of the perpendicular CoFeB multilayers using the SOT from
the BixSe(1–x) was observed at room temperature with a low critical magnetization switching current density of 4.3 × 105 A cm–2.
Quantum transport simulations using a realistic sp3 tight-binding model suggests that the high SOT in sputtered BixSe(1–x) is
due to the quantum confinement effect with a charge-to-spin conversion efficiency that enhances with reduced size and
dimensionality. The demonstrated θS, ease of growth of the films on a silicon substrate and successful growth and switching
of perpendicular CoFeB multilayers on BixSe(1–x) films provide an avenue for the use of BixSe(1–x) as a spin density generator in
SOT-based memory and logic devices.

A

new class of quantum materials known as topological insulators (TIs) is of great interest due to their ability to convert charge into non-equilibrium spin density efficiently1–6.
Efficient charge-to-spin density conversion has been predicted
theoretically1,2 and realized experimentally in TIs7,8. The surface spin
polarization in TIs is observed directly using angle-resolved photoemission spectroscopy9,10 and an electrical method7,8, and also indirectly by depositing a ferromagnet (FM) layer on top of TIs via a
spin–orbit torque (SOT)3–6,11. Additionally, the conversion of spinto-charge current is also observed by pumping spin from a FM layer
to a TI layer12–15. The figure-of-merit of charge-to-spin density conversion known as spin torque efficiency (θS), which is defined as the
ratio of the spin conductivity (σS, which measures the spin torque
strength) to the charge conductivity (σ), can be larger than 100%
even in imperfect TIs3–5,12. This efficient spin density generation in
TIs is due to the perpendicular locking of an electron’s spin with its
momentum1,3,7,8,12. In addition to the spin-momentum locking, a bulk
effect known as the spin Hall effect16,17 and the interfacial Rashba
effect18–20 can also generate spin density in TIs, as well as in heavy
metals (HMs). Conventionally, the spin density is due to the absorption of spin current generated by using a FM polarizer that transfers its spin angular momentum to another FM layer, which is the
mechanism for spin-transfer torque (STT)21,22. SOT-based memory
and logic devices are superior to STT-based devices because they
do not require a separate polarizer for the generation of spin density
and can generate spin density much more efficiently16,23–25. The use of
TIs as spin density generators in SOT-based spintronic devices could
potentially lead to a lower writing current density, and thus a significantly improved energy efficiency and much better device reliability.

The most commonly studied spin density generators in nonmagnetic (NM) and FM material heterostructures are HMs, such as
Ta16,26,27, W24,28, Pt19,29, and TIs, such as Bi2Se3 (refs 3,6,12), (Bi(1–x)Sbx)2Te3
(refs 4,5), Bi2Te3 (ref. 5) and so on. The key practical application of
these spin density generators is to switch the magnetization via the
SOT, which has been achieved in HM/FM heterostructures with
a switching current density (Jsw) on the order of 106–108 A cm–2
at room temperature (RT)16,19,29. In addition to HMs, the switching of a magnetically doped TI (Cr0.08Bi0.54Sb0.38)2Te3 layer at 1.9 K
has also been observed via SOT from TI, but with a much lower
Jsw (8.9 ×  104 A cm–2) (ref. 4). RT switching of perpendicular CoTb
(ref. 30) and in-plane NiFe (ref. 31) layers has been reported via SOT
from Bi2Se3 with a Jsw of 3.0 ×  106 and 5 ×  105 A cm–2, respectively.
However, all these crystalline TI samples are grown on a singlecrystal substrate using molecular beam epitaxy.
In this paper, we report BixSe(1–x) films with high SOTs at RT
grown onto thermally oxidized silicon substrates by magnetron
sputtering, which is a compatible process in the semiconductor
industry. The d.c. planar Hall32 and spin-torque ferromagnetic resonance (ST-FMR) methods were used for the characterization of
the SOT in BixSe(1–x)/CoFeB heterostructures with in-plane CoFeB.
At RT, the θS of the sputtered BixSe(1–x) film is up to two orders of
magnitude larger than that of HMs. Notably, we developed perpendicular CoFeB multilayers on BixSe(1–x) films, and we demonstrated
the switching of the magnetization using the SOT that arises from
the BixSe(1–x) with a very low Jsw in bilayers at RT. Moreover, σS,
which is the product of the θS and σ of the NM, is determined to
be comparable to or larger than previously reported values of other
spin density generators3,6,16,33. The sputter-deposited BixSe(1–x) has a
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Fig. 1 | STEM and surface morphology characterization. a,b, Composites of simultaneously acquired bright-field STEM and HAADF-STEM images of
samples BS4 (a) and BS8 (b). The selected regions of the HAADF-STEM images indicated by black rectangles are magnified on the right to show the
BixSe(1–x) atomic detail. c,d, The AFM images are of the 4 nm BixSe(1–x) (c) and sample BS4 (d).

granular structure with a grain size as small as approximately 6 nm.
Analysis of the electronic band structure indicates that the reduced
dimensionality and quantum confinement strongly influences the
spintronic properties of the TI. Our theory identifies the presence of
lowly dispersive surface bands with a large charge-to-spin conversion efficiency in nanoscale grains, which might explain the experimentally observed enhancement in the figure of merit θS.

Structural characterization

To characterize the SOT that arises from the BixSe(1–x) films, thin
films with the multilayer structure Si/SiO2/MgO(2 nm)/BixSe(1–x)
(tBS nm)/CoFeB(5 nm)/MgO(2 nm)/Ta(5 nm) were prepared, with
tBS = 4, 6, 8, 16 and 40 nm. Unless otherwise stated, we use the labels
BS4, BS6, BS8, BS16 and BS40 for the samples with tBS = 4, 6, 8, 16
and 40 nm, respectively. The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of
samples BS4 and BS8 (Fig. 1a,b, respectively) show that BixSe(1–x)
has a polycrystalline structure and that the atomic layers of Bi
and Se are continuous in both samples. Additionally, the average
grain orientation in sample BS4 is 2° with a standard deviation of
9° (from the vertical c orientation), which is almost identical to
the average grain orientation in sample BS8 (2° with a standard
deviation of 8°). The average size of the grains in sample BS4 is
approximately 6 nm wide and 4 nm high, whereas that of the grains
in sample BS8 is approximately 18 nm wide and 8 nm high. Figure
1c shows the atomic force microscopy (AFM) images of a Si/SiO2/
MgO(2 nm)/BixSe(1–x)(4 nm) film. The root mean square (r.m.s.)
value of the surface roughness of the 4 nm BixSe(1–x) film is 0.5 nm.
Furthermore, we probed the surface roughness propagation in the
full stack, as shown in Fig. 1d. The r.m.s. value of 0.38 nm for the
surface roughness in sample BS4 confirms the smoothness of the

full stack, which is necessary for future device fabrication on a
wafer level (Supplementary Fig. 8).

SOT characterization

The multilayer thin films with in-plane magnetization (M) were
patterned into Hall-cross bars with dimensions 5–30 μm wide and
70 μm long, and a d.c. planar Hall measurement was performed
on the Hall-cross bar with dimensions 10 μm ×  70 μm, as shown
in Fig. 2b. The bipolar input current of magnitude up to 8.5 mA
was injected along the x direction, and the angle-dependent
Hall resistance (RH(I,α), where I is input current and α is the angle
between the current flow direction and external field) was measured
under the application of a constant 5,000 Oe in-plane magnetic
field while rotating the sample in the xy plane from –7 to 365°.
The in-plane SOT exerted by the accumulated spin density on
the interface of the BixSe(1–x)/CoFeB (Fig. 2a) is obtained by using the
Slonczewski’s equation21, τ∥ = ℏJs [m̂ × (σ̂ × m̂ )] , where ℏ is the
2eM stFM
reduced Planck’s constant, Js is the effective spin-polarized current
density, e is an electronic charge, Ms is the saturation magnetization,
tFM is the thickness of the FM layer, m̂ is the magnetization unit vector and σ̂ is the unit vector of the current-induced spin polarization
on the interface. The effective out-of-plane magnetic field associated
with the in-plane torque (τ∥) is given by16 HOOP = ℏJs (σ̂ × m̂ ) . In
2eM stFM
addition to the τ∥, there is also an out-of-plane component of SOT due
to the spin density at the interface, which is given by τ⊥ ∝ (σ̂ × m̂ ) .
The in-plane magnetic field associated with the out-of-plane torque
(τ⊥) is given by HT ∝ σ̂ . Furthermore, there is also τ⊥ due to the
Oersted field (HOe) generated by charge current flow in the NM
layer. Figure 2c shows RH(I,α) for the sample BS4 at ±8.5 mA.
In principle, RH(I,α) consists of the p
 lanar Hall resistance (RPHE) and
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Fig. 2 | Schematic diagram, experimental set-up, angle-dependent Hall resistance measurements and characterization of SOT. a, A 3D schematic
diagram demonstrating the SOT in a BixSe(1–x)/CoFeB heterostructure. Hext is the in-plane externally applied magnetic field. The red arrows represent the
direction of spin-magnetic moment. b, An optical micrograph of the fabricated Hall-cross bar with schematic drawings of the Hall measurement set-up.
c, The RH (I , α) of sample BS4 at ±8.5 mA input current on the left axis and RDH (I , α) on the right axis at RT under a constant 5,000 Oe in-plane magnetic
field. d, The RDH (I , α) at different input currents for the BS4 sample. e, The variation of HOOP with the current density. f, The variation of HOOP (left axis) and
HT (right axis) as a function of BixSe(1–x) thickness.

the anomalous Hall resistance (RAHE) due to the planar and anomalous Hall effects, respectively. The RPHE is due to the combined
effects of the external field, current-induced effective fields and the
anisotropy field that acts on the magnetization (RPHE ∝ sin (2β ) ,
where β is the angle between the magnetization and current
flow direction). RAHE is due to the pulling of the magnetization
in the out-of-plane direction by a current-induced effective field
(RAHE ∝ Mz , where Mz is the z component of the magnetization).
The effective current-induced transverse and out-of-plane magnetic fields HT and HOOP, respectively, can be extracted by characterizing RH(I,α) for the positive and negative input currents.
The difference of the Hall resistances is given by32:
(HT + HOe )
(cos α + cos 3α )
Hext
dR
+ 2 AHE HOOP cos α + C
dH

RDH (I , α ) = 2RPHE

802

(1)

where C is the resistance offset that accounts for the Hall bar
imbalance, dRAHE is the gradient of the change in the anomalous Hall
dH
signal versus the externally applied out-of-plane magnetic field.
Figure 2d shows RDH(I,α)versus an externally applied field angle for
the sample BS4 at different input currents. The RDH(I,α) increases
with an increase in the input current and has a maximum located
at approximately 180°. dRAHE is obtained by sweeping the out-ofdH
plane field at a small 1 mA input current. After considering
current-shunting and short-circuit effects34, dRAHE is determined
dH

to be 6.75, 7.33, 7.37, 7.55 and 6.51 ×  10-4 Ω  Oe–1 for samples
BS4–BS40, respectively. The HOe is estimated by using Ampere’s
law after knowing the charge current in the NM layer using a
one-dimensional (1D) current-shunting equation (details in
Supplementary Section 2). The RPHE is obtained by fitting RDH(I,α
data to the equation R 0 + RAHE cos (α ) + RPHE sin (2α ) , where R0 is
resistance offset. After determining RPHE, dRAHE , and HOe values, HOOP
dH

NatUre Materials | VOL 17 | SEPTEMBER 2018 | 800–807 | www.nature.com/naturematerials

Articles

Nature Materials

Table 1 | A summary of the θS, σS, Jsw, σ and switching power dissipation of the TIs and HMs in this work and the best previous
reports at RT
BixSe(1–x) (this work)

Bi2Se3 (ref. 30)

Bi2Se3 (ref. 31)

β-Ta (ref. 16)

Pt (refs 19,29)

0.78 × 104

9.43 × 104

2.43 × 104

5.3 × 105

4.2 × 106

1.5

0.15

0.43

–0.8

3.4

18.62

0.16

1.75

–0.15

0.08

Jsw (A cm–2)

4.3 × 105a

3 × 106

6 × 105

5.5 × 106

2.85 × 107–108

Switching power dissipation
2
( Jsw W m–3)

1.29 × 1015a

9.54 × 1015

1.48 × 1015

5.7 × 1015

1.93 × 1016

Symmetry breaking external
in-plane magnetic field (Oe)

80a

1,000

0

100

100

Switched magnetic system

CoFeB/Gd/CoFeB
Out-of-plane

CoTb
Out-of-plane

NiFe
In-plane

CoFeB
Out-of-plane

Co
Out-of-plane

Parameters
σ (Ω–1 m–1)
σS (10

5

θs


2e

Ω m )
–1

–1

σ

These results are of switching the BixSe(1–x) sample. Note that Jsw is the current density only through the NM layer.

a

and HT can be determined by curve fitting of the RDH(I,α) experimental data to equation (1). The HOOP versus the current density
is presented in Fig. 2e. The HOOP determined by the linear fit is as
JBS

large as 98.83 ± 0.7 Oe per 106 A cm–2 for sample BS4, where JBS is the
current density in the BixSe(1–x) layer (the uncertainty is the standard
error from the linear fit). The spin torque efficiency θ S = 2eMstFM HOOP
ℏ
J
BS

of sample BS4 is determined to be 18.62 ± 0.13. Sample BS4 has
the largest θS value at RT reported to date, which means that it is
the most efficient spin-torque generator at RT. The HOOP values
JBS

for samples BS6–BS40 are 23.96 ±  0.19, 15.32 ±  0.16, 9.32 ±  0.11
and 2.39 ± 0.05 Oe per 106 A cm–2, respectively. The θS for samples
BS6–BS40 are determined to be 4.50 ±  0.03, 2.88 ±  0.03, 1.75 ±  0.02
and 0.45 ± 0.01, respectively. The σS is determined to be as large as
1.45 ±  0.01 ×  105 ℏ Ω–1 m–1 for sample BS4. The BixSe(1–x) films have
2e
both σ and σS values comparable to those from previous reports on
3,4,12,35
TIs
. A summary of σ, θS and σS for our samples and the best
previously reported TIs and HMs are presented in Table 1.
At a smaller in-plane field of approximately 200 Oe, which is sufficient to saturate the magnetization along the in-plane direction,
HT is estimated to be 23.60 ± 0.04 Oe per 106 A cm–2 in sample BS4
(Supplementary Fig. 3b) after considering the contribution from
HOe. The HT results for samples BS4–BS40 are presented in Fig. 2f.
The positive τ⊥ in sputtered BixSe(1–x) indicates that the Rashba–
Edelstein-induced τ⊥ is absent, which is consistent with the previous
reports on crystalline Bi2Se3 (refs 3,6). Experimentally, we observed
that, as the thickness of the BixSe(1–x) film increases, the grain
size also increases and the magnitudes of the τ∥ and τ⊥ decrease
(Fig. 2f). This gives a clear indication of the influence of grain size
on the SOT in sputtered BixSe(1–x) films.
In addition to the d.c. planar Hall measurement, we also performed ST-FMR measurements on samples Si/SiO2/MgO(2 nm)/
BixSe(1–x)(4 and 16 nm)/CoFeB(5 nm)/MgO(2 nm)/Ta(1 nm) to
validate the high charge-to-spin conversion from the sputtered
BixSe(1–x) films3,5,36 (details in Supplementary Section 4). The θS
values obtained by performing the ST-FMR measurement for
the BixSe(1–x) 4 and 16 nm samples are 8.67 ± 1.08 and 1.56 ±  0.01,
respectively. The sign of the θS is in agreement with the previous reports on crystalline Bi2Se3 (refs. 3,6,12) and opposite to that
of the Ta. The θS values obtained from the ST-FMR measurement are similar to those determined by using the d.c. planar
Hall measurement. Given that previous reports of the θS values of
TIs show a large variability3,6,12,14, we emphasize that our θS values
determined by the d.c. planar Hall and ST-FMR methods are in
good agreement.

Spin-accumulation enhanced by quantum confinement

A defining feature of our sputtered BixSe(1–x) film is its granular
nature with a grain size down to the order of nanometres, and the
reduced dimensionality can have a strong influence on the electronic
properties37. In Fig. 3a, we show the evolution of the band structure
as dimensionality is reduced from that of a four quintuple layer
(4QL) slab to its nanowire counterpart with the cross-section illustrated in the inset of Fig. 3b. The electronic structure was modelled
using an atomistic sp3 tight-binding Hamiltonian, which reproduces
accurately the bulk band structure of Bi2Se3 obtained from ab initio calculations38. Electronic bands of the wire revealed additional
states that are not within the energy spectrum of the slab (grey
shaded region in Fig. 3a). Analysis of the wavefunctions (Fig. 3e)
affirmed that the additional bands have a surface character and
are localized mainly on the wire sidewalls and corners. The surface states exhibit robust spin-momentum locking, as shown by the
colour plot in Fig. 3a, in which the colour denotes the projected
in-plane spin density (Sy) on the top (111) surface of the nanowire.
More precisely, using matrix notation:
Sy , υ = ψυ†P ⊗ σyψυ

with P is the projector matrix to the atomic orbitals belonging on
the top surface, σy is one of the three Pauli matrices and ψυ is the
normalized wavevector that corresponds to the quantum number υ
(we use normalized units with respect to ℏ∕2). Here, only Sy values
for the forward propagating states (positive group velocity vx) are
shown, with the dominant contribution coming from the lowly
dispersive surface bands.
In the case of a nanodot, the electronic band structure consists of
discrete energy states that are best visualized through its density of states
as shown in Fig. 3b (Methods). We found a close similarity between
the wire and dot spectra. In both cases, the density-of-states spectrum
is enhanced in the energy window 0.3–0.9 eV compared to the slab
case. In addition, some of the quasi-singularities in the spectrum of the
wire persist in the nanodot spectrum at similar energies. This clearly
indicates that the additional lowly dispersive states of the wire survive
in the dot geometry. These states also produce as enhanced surface Sy
spectrum, as shown in Fig. 3c. Here, the total contribution (per unit
area) of states at energy E is considered, for example, in the dot case:
S y+ (E ) =

1
Lx L y

∑

υ , vx > 0

δ (E −ευ ) Sy , υ

where Lx,y are the dot dimensions in the x and y directions, δ is Dirac’s
delta function, ευ is the energy eigenvalue that corresponds to ψυ
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Fig. 3 | Effect of quantum confinement on spin accumulation. a, Band structure of a slab (grey shaded region) and a square wire (lines) with a thickness
of 4 QLs. The colours represent the projected spin density (y component) on the top surface of forward propagating states. b, Density of states versus
(vs) energy for the slab, wire and a cubic dot with the same thickness of 4QLs. Inset: cross-section view of the wire atomic structure. c, Total projected
spin density on the top surface of forward propagating states vs energy. d, Carrier density vs Fermi energy at 300 K. e, Two degenerate and orthogonal
wavefunctions of the wire that correspond to the energy and k vector indicated by the dashed lines in a. f, Charge-to-spin conversion efficiency, that is,
the ratio between spin accumulation at the top surface and charge current as a function of carrier concentration calculated in the linear response with or
without an applied electric field F. Inset: conversion efficiency of the dot geometry, averaged over the range of carrier densities (n) 1 × 1021 to 3 × 1021 cm–3
and plotted as a function of confinement size, for dots with cubic shape (blue symbols) and for dots with the same thickness as 4QLs in the z direction and
different size in the xy plane (red symbols).

and the sum is restricted to forward propagating states. We verified that the x and z components of the spin polarization of the top
surface are typically smaller in all three geometries. The non-equilibrium spin polarization due to an applied current in an electron
gas is also known as the Edelstein effect39. As we elaborate below,
we suggest that the additional lowly dispersive surface states due to
the quantum confinement effect is the reason for the high chargeto-spin conversion in our nanoscale granular sputtered BixSe(1–x)
(refs 40–43). In this context, the intraband transitions at the Fermi
level produce the τ⊥, whereas interband transitions in the Fermi sea,
associated with the Berry curvature of the surface states44, produces
the τ∥ (refs 40,41). In the present model, we focus on the intrabanddriven Edelstein effect. Experimentally, it is also likely that defects
or surface reconstruction might lead to a built-in electric field,
which can produce Rashba split bands45 and lead to additional
804

contributions due to the Rashba–Edelstein effect. However, due to
the sub-10 nm nanoscale grain sizes in our experiments, the size
confinement has a stronger influence on the energy spectrum.
To investigate this idea, we evaluated the quantum spin transport properties of a 2D array of Bi2Se3 grains of varying sizes that
ranged from 4 to 6 nm, as shown in Fig. 3f. The crystal orientation
̄ 0], [112]
of these nanograins along the x, y and z directions are [11
and [111], respectively. We considered electrical current that flowed
in the x direction using the standard non-equilibrium Green function approach (details of the simulations in Methods). For comparison, we also considered the slab and wire counterparts of a dot with
a thickness of 4 nm.
In Fig. 3f, we plot as a function of carrier density the ratio between
Sy and charge current Ic (Methods), which can be interpreted
as a measure of the charge-to-spin conversion. The conversion
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the BixSe(1–x) underlayer in the presence of constant 80 Oe (c) and –80 Oe (d) in-plane bias fields. The Hall-cross bar with dimensions 15 × 70 μm was used
for the switching experiment.

between carrier density and the Fermi level position in energy is provided in Fig. 3d. Compared to the slab, the wire and dot geometries
provide better performances in the range of carrier densities between
3 ×  1020 and 3 ×  1021 cm–3, which also coincides with the experimental observation (Supplementary Section 1). The enhancement can
be traced back to the peaks in spin density spectrum that occur at
about 0.55 eV (Fig. 3c). When the size of the dot is increased from
4 to 6 nm, the average conversion ratio is decreased (Fig. 3f inset),
in agreement with the trend observed for H T in the experiment
JBS

(Fig. 2f). A similar trend was observed when the thickness was kept
fixed at 4 nm and only the in-plane size (grain size) was increased,
which can be explained by the fact that the surface states localized at the edges with the (112) surfaces (Fig. 3e) become less
densely packed. These results suggest that SOT efficiencies can be
enhanced by reducing size and dimensionality of the TI. Although
our calculations considered only the intraband current-driven
spin density responsible for τ⊥, it is reasonable to speculate that
the interband spindensity—not calculated in this model—should
also be enhanced. As a matter of fact, the interband contribution
is a correction to the intraband Edelstein effect that arises from
the precession of the non-equilibrium spin accumulation about
the magnetization43. Therefore, the enhancement of the intraband
Edelstein effect by quantum confinement is expected to be accompanied by a corresponding enhancement of the interband contribution. Our modelling is limited to ideal structures with a Bi2Se3
composition and a regular rectangular shape. The disordered
nature of the experimental sputtered BixSe(1–x) (in which the stoichiometric ratio deviates from that of Bi2Se3 and the granular
shape is irregular) might also influence the charge-to-spin conversion mechanism. For example, in Supplementary Fig. 10, we show

that the influence on charge-to-spin conversion due to different
crystal orientations.

Current-induced perpendicular CoFeB multilayer switching

The SOT that arises from BixSe(1–x) can be directly observed by
switching a FM with perpendicular magnetic anisotropy (PMA)
in close proximity to the spin channel16,19,27,29. We prepared a
Si/SiO2/MgO(2 nm)/BixSe(1–x)(4 nm)/Ta(0.5 nm)/CoFeB(0.6 nm)/
Gd(1.2 nm)/CoFeB(1.1 nm)/MgO(2 nm)/Ta(2 nm) switching sample (labelled as BixSe(1–x) switching sample), as shown schematically in Fig. 4a, and a control switching sample with BixSe(1–x)(4 nm)
replaced by Ta(4.5 nm) for the switching experiment, labelled as the
Ta switching sample. Figure 4b shows the RAHE loop of the BixSe(1–x)
switching sample obtained by sweeping the out-of-plane field at a
constant input current of 50 μA. The non-zero RAHE at zero magnetic
field confirms the easy axis of the magnetization along the out-ofplane direction. Additionally, PMA in the switching BixSe(1–x) sample was confirmed by performing a vibrating sample magnetometry
(VSM) measurement (Supplementary Fig. 1d). The RAHE loops of the
BixSe(1–x) switching sample that resulted from a current sweep under
the application of a constant +80 Oe and –80 Oe field along the current channel are displayed in Fig. 4c,d, respectively. The magnetization switching occurs at approximately ±7.2 mA (~4.3 ×  105 A cm–2),
as shown in Fig. 4c,d. Upon changing the polarity of the external
field, the chirality of the RAHE loop changes, which is consistent with
the results of previous reports16,27,29. The magnetization switching of
the Ta switching sample (details in Supplementary Section 8) occurs
at approximately ±24.6 mA (~2.0 ×  107 A cm–2). A comparison
2
between the SOT switching power dissipation ( Jsw ) in our switching
σ

BixSe(1–x) sample, recent reports on Bi2Se3 and the best previously
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reported results on HMs are presented in Table 1. The switching
power dissipation in our BixSe(1–x) switching sample is approximately one order of magnitude smaller than those in Bi2Se3/CoTb
(ref. 30) and Pt/Co (refs 19,29), whereas it is comparable with that
of the in-plane Bi2Se3/NiFe (ref. 31). To study the effect of thin Ta
insertion layer in the BixSe(1-x) switching sample, θS of BixSe(1–x)
(4 nm)/Ta (0.5 nm) stack was measured. In the PMA sample, the
same device that is used for switching can be used for θS measurements by utilizing the second harmonic Hall46 current-induced
hysteresis loop shift30,47,48 along with anomalous Hall resistance16,27,28
measurement techniques. These techniques yielded comparable
values of θS (refs 16,26–28,46–48). In our case, θS of the switching BixSe(1–x)
sample was determined to be 6.0 ± 0.1 using the second harmonic
Hall method (details in Supplementary Section 6). Furthermore,
we also performed ST-FMR measurements by replacing the perpendicular CoFeB/Gd/CoFeB by a single in-plane CoFeB (5 nm)
layer to study the effect of the Ta(0.5 nm) insertion layer, as well
as if there was any contribution of the Gd layer to the SOT. The
θS obtained by ST-FMR was 1.35 ±  0.06. The θS decreased significantly due to the insertion of the Ta(0.5 nm) layer to get PMA in the
BixSe(1–x) switching sample as compared to the in-plane sample BS4.
The additional BixSe(1–x)/Ta interface dissipates spin density due to
the spin–flip scattering49. Ta has a spin-diffusion length larger than
0.5 nm, but there is still a loss of spin density due to the spin relaxation. Additionally, θS of Ta and BixSe(1–x) are opposite, so the spin
density generated by BixSe(1–x) was cancelled.
One of the key factors for the widespread realization of SOTbased spintronic devices was the development of a spin channel
with a high spin density-generation efficiency. Furthermore, the
replacement of the FM by a ferromagnetic insulator avoids current
shunting through the FM layer50,51. This leads to a low Jsw of the adjacent magnet. Moreover, the development of a smooth NM interface
at a low thermal budget must be achievable. We demonstrated the
growth of smooth BixSe(1–x) films on a large silicon wafer with a large
θS using a semiconductor-industry compatible sputtering process.
These films possess comparable or better σS compared to other
reported spin density generators at RT3,6,16,30,31,36. The polycrystalline nature of the sputtered BixSe(1–x) films was found and confirmed
by quantum transport simulations to be the key for the high SOT
due to the quantum confinement effect. Furthermore, we developed
and switched a perpendicular CoFeB multilayer on BixSe(1–x) films
at RT by a TI material, which enabled a path for reliable and efficient beyond-complementary metal–oxide semiconductor devices.
The reported preliminary results of polycrystalline BixSe(1–x) in this
study have not been optimized, and we expect future developments,
such as to explore the different crystalline orientations or chemical
compositions, to bring further improvements.
Note added in proof: While our manuscript was under review a
theoretical report52 predicted that an amorphous system can have
topologically non-trivial states and an experimental report53 demonstrated that topological surface states can exist in granular TI.

Methods

Methods, including statements of data availability and any associated accession codes and references, are available at https://doi.
org/10.1038/s41563-018-0136-z.
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Sample growth and thin-film characterization. All of the BixSe(1–x) thin
films were grown on Si/SiO2 substrates at RT by sputtering a composite
Bi2Se3 (99.99% pure) target in our ultrahigh vacuum six-target Shamrock
sputtering system with a base pressure of 5.0 ×  10–8 Torr. Bi2Se3 was sputtered
at a 50 W d.c. power and a 3 mTorr Ar pressure to yield a deposition rate
of 0.7 Å s–1. The MgO layer was radiofrequency sputtered at a deposition rate
of 0.07 Å s–1, whereas all of the metallic layers (Ta, CoFeB and Gd) were d.c.
sputtered at an Ar pressure of 3 mTorr. VSM and AFM were used to characterize
the magnetic properties and surface roughness, respectively. For STEM
measurements, an aberration-corrected (using a CEOS DCOR probe corrector)
FEI Titan G2 60–300 S/TEM equipped with a Schottky X-FEG gun was used,
operated at 200 kV with a convergence angle of 16 mrad.
Device fabrication and electrical characterization. The multilayer thin
films patterned into Hall-cross bars of width 5–30 μm and length 70 μm were
fabricated by using an optical lithography process for the Hall measurement.
After the first step of photolithography, the Ar ion mill was used to define the
Hall-cross bars. Ti(10 nm)/Au(120 nm) electrical contacts were deposited after the
second step of lithography using an electron-beam evaporator. A physical property
measurement system (PPMS) was used to measure the electrical properties.
Keithley’s 2182 nanovoltmeter and 6221 current source were used to probe the
voltage and supply current, respectively.
Numerical simulations. Quantum transport simulations (as well as
calculations of the equilibrium properties in Fig. 3b–d) were performed
within the non-equilibrium Green’s functions approach54 using the same
atomistic sp3 tight-binding Hamiltonian as in Edelstein39. All three
geometries (slab, wire and dot) were simulated by considering a simulation
domain of finite length Lx in the transport direction, but with different
boundary conditions. In the slab and wire cases, semi-infinite leads were
applied and the corresponding self-energies calculated using a known iterative
algorithm. In the dot case, a phenomenological self-energy that corresponded to
a contact-induced energy broadening of 1 eV was added to the on-site energies
̄ 0) surfaces.
of the atomic orbitals that belonged to the left and right, that is, (11
This allowed us to distinguish between the contributions of forward and backward
propagating states.
Equilibrium quantities were calculated assuming a flat electrostatic potential
profile. The expression for the spin density spectrum S y+(E) in terms of Green’s
functions is provided in the main text. As for the density of states, we used:
1
D (E) =
Tr[G R (Γ1 + Γ2) G A]
2πLx Ly Lz

where Lz is the TI thickness and the other symbols are as defined below. Transport
results at a finite electric field were obtained by applying a small voltage V across
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the left and right contacts, such that the current is in the linear regime, and by
including a linear potential profile along the x direction. Results at finite V but zero
electric field were obtained by approximating Sy and Ic as:
Sy = e

Ic =

 −∂f0 
 V
∂E 

∞

∫−∞ dESy,0+ (E) 

e2 1
h Ly

∞

 −∂f 
0
V
∂E 

∫−∞ dET0 (E) 

where the subscript 0 stresses the fact that the quantities are calculated in
equilibrium condition.
The spin accumulation per unit area on the top surface was computed as:
∞

Sy =

∫

−∞

dE [S y+(E)f1 (E) + S y−(E)f2 (E)]

where f1,2 are the Fermi–Dirac distribution functions of the two contacts and
S y+, −(E) =

1
Tr(G RΓ1,2G AP ⊗ σy )
2πLx Ly

where GR and GA are the retarded and advanced Green’s function matrices,
respectively, and Γ1,2 are the broadening matrices that correspond to the
left/right contacts. The charge current (per unit width) can be computed in a
similar manner:
Ic =

e 1
h Ly

∞

∫

−∞

dE T (E)[f1 (E) −f2 (E)]

where the transmission function T(E) is given by T (E) = Tr[Γ1G RΓ2G A] . A bias of
V = 0.01 V was applied between the Fermi levels of the left and right contacts and
a corresponding uniform electric fieldF = V ∕Lx was imposed along x. We also
compared the results for the case in which a small V was applied but F =  0, with
insignificant differences revealed.
Data availability. The data that support the findings of this study are available
from the corresponding authors on reasonable request.
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