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Supplementary Figure 1. HAADF-STEM image of the Bi2Ses/NiFe (Py) heterostructures
on Al20s3 substrate. The uniform and good layered structure in Bi>Ses and a clean and
smooth interface between Bi,Ses and Py layer are observed. The white scale bar is 2 nm.
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Supplementary Figure 2. Bi2Ses film electrical transport property. Sheet resistance, Rs,
for different Bi>Ses thicknesses measured at room temperature.
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Supplementary Figure 3. Schematic of energy dispersion in k-space and band bending
at Bi2Ses surfaces. Discrete subbands are formed in 2DEG at the Bi>Ses surface due to the
qguantum confinement effect. For clarity the Rashba splitting is not illustrated in the 2DEG
subbands.
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Supplementary Figure 4. Estimated nzp with varying the value of Vr. a, Sheet carrier
concentrations of TSS (nss), 2DEG (nzpec) and bulk (nzp-suik) estimated with Ve = 4.6x10°
m st b, with Ve = 5x10° m s*. ¢, with Ve = 5.4x10° m s%, by fixing m*= 0.14 mo, Escam —
Eor = 200 meV and ErF — Ecem = 100 meV for different Bi>Ses thicknesses at room
temperature. The data with black squares represent the measured sheet carrier concentrations

in Bi>Ses films at room temperature.
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Supplementary Figure 5. Estimated nzp with varying the value of m*. a, Sheet carrier
concentrations of TSS (ntss), 2DEG (n2pec) and bulk (n2p-sui) estimated with m*=0.11mo. b,
with m* = 0.13mo. ¢, with m* = 0.14mo. d, with m* = 0.15mo. e, with m* = 0.17mo, by fixing Vr
= 5%x10° m s}, Escem — Epp = 200 meV and Er — Ecem = 100 meV for different Bi,Ses
thicknesses at room temperature. The data with black squares represent the measured sheet
carrier concentrations in Bi>Sez films at room temperature.
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Supplementary Figure 6. Estimated nzp with varying the value of (Escam — Epp). a, Sheet
carrier concentrations of TSS (ntss), 2DEG (nzpec) and bulk (nzp-suik) estimated with (Escam
— Epp) = 150 meV. b, with (Escem — Epp) = 200 meV. ¢, with (Escam — Epp) = 250 meV, by
fixing Ve = 5x10° m s, m* = 0.14 mo and Er — Ecem = 100 meV for different Bi.Ses
thicknesses at room temperature. The data with black squares represent the measured sheet
carrier concentrations in Bi>Sez films at room temperature.
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Supplementary Figure 7. Estimated nzp with varying the value of (EF — Ecsm). a, Sheet
carrier concentrations of TSS (ntss), 2DEG (n2pec) and bulk (nzp-sui) estimated with (Er —
Ecam) = 50 meV. b, with (Er — Ecam) = 100 meV. c, with (EF — Ecem) = 120 meV. d, with
(Er — Ecam) = 150 meV, by fixing Ve= 5x10° m s, m*= 0.14 mo and Escaem — Epp = 200
meV for different Bi>Sez thicknesses at room temperature. The data with black squares
represent the measured sheet carrier concentrations in Bi>Ses films at room temperature.
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Supplementary Figure 8. Estimated interface SOT efficiency (Arss and amended Atss)
with varying the value of V. a, Interface SOT efficiency estimated with Ve = 4.6x10° m s,
b, with Ve = 5x10° m s, ¢, with Ve = 5.4x10° m s72, by fixing m*= 0.14 mo, Escem — Epp =
200 meV and Er — Ecem = 100 meV for different Bi.Ses thicknesses at room temperature.
The amended Arss denoted by red circles represents the interface SOT efficiency from TSS
after excluding the opposite 2DEG contribution. The error bars are the standard deviation

Ve=4.6X10°ms!

V,=5X10°m s

Vg=5.4X105m s

a -0~ Arss
-O- Amended A,¢¢

’D’ﬂ“Tss

-O- Amended A;g¢

L c

| r::\<>¢~<>

’D’A'rss

-O-Amended Agg

g 009 \o<}—¢
% %hg - B
'i' ~__ o o \ o 5 \ o o
é 1‘0 1‘5 Zb 16 1‘5 2‘0 é 1‘0 i5 26
tys. QL) tyse QU tys. (QU)

from three devices at each Bi>Ses thickness.




14
12
£ 10
E o8
9 0.6
~ 04
02
0.0

Supplementary Figure 9. Estimated interface SOT efficiency (Atss and amended Atss)
with varying the value of m*. a, Interface SOT efficiency estimated with m* = 0.11mo. b,
with m* = 0.13mo. ¢, with m*= 0.14mq. d, with m*= 0.15mo. e, with m*= 0.17mo, by fixing V¢
= 5%x10° m s}, Escem — Epp = 200 meV and Er — Ecem = 100 meV for different Bi,Ses
thicknesses at room temperature. The amended Arss denoted by red circles represent the
interface SOT efficiency from TSS after excluding the opposite 2DEG contribution. The
error bars are the standard deviation from three devices at each Bi>Ses thickness.
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Supplementary Figure 10. Estimated interface SOT efficiency (Atss and amended Arss)
with varying the value of Escem — Epe. a, Interface SOT efficiency estimated with Escam —
Epp = 150 meV. b, with Escem — Epp = 200 meV. ¢, with Escem — Epp = 250 meV, by fixing
VE=5x10° m st, m*=0.14 mo and Er — Ecem = 100 meV for different BiSes thicknesses at
room temperature. The amended Arss denoted by red circles represent the interface SOT
efficiency from TSS after excluding the opposite 2DEG contribution. The error bars are the

standard deviation from three devices at each Bi»Ses thickness.
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Supplementary Figure 11. Estimated interface SOT efficiency (Atss and amended Arss)
with varying the value of ErF — Ecswm. a, Interface SOT efficiency estimated with EF — Ecam
=50 meV. b, with EF — Ecam = 100 meV. ¢, with Er — Ecem = 120 meV. d, with Er — Ecem =
150 meV, by fixing Ve= 5x10° m s%, m*=0.14 mo and Escem — Epp = 200 meV for different
Bi>Ses thicknesses at room temperature. The amended Arss denoted by red circles represent
the interface SOT efficiency from TSS after excluding the opposite 2DEG contribution. The
error bars are the standard deviation from three devices at each Bi>Ses thickness.
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Supplementary Figure 12. MOKE images of SOT driven magnetization switching in
Bi2Ses/Py at zero external magnetic field and room temperature. a-e, MOKE images for
SOT driven magnetization switching using a pulsed current | along the +x-axis with
increasing the current density Jc denoted underneath the corresponding image. f-j, MOKE
images for SOT driven magnetization switching by | along the —x-axis. The dark (light)
contrast shows the magnetization along the +y (-y)-axis, which is also indicated by the white
arrows in (a), (e), (f) and (j). The white scale bar is 20 pum.
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Supplementary Figure 13. Current polarity dependent magnetization switching in
Bi2Ses/Py at zero external magnetic field and room temperature. a, Initialized state with
the Py magnetization along +y-axis. b-c, Current induced magnetization switching from +y to
—y-axis is only induced by a pulsed current along the +x-axis in the absence of an external
magnetic field. d, Initialized state with magnetization along the —y-axis. e-f, Current induced
magnetization switching from -y to +y-axis is only induced by a pulsed current along the —
x-axis. The current channel of Bi>Ses/Py is 12 um wide. The white arrows represent the Py
magnetization direction in each case. The white scale bar is 20 um.
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Supplementary Figure 14. MOKE images of SOT driven magnetization switching in
Bi2Ses/Cu (1 nm)/Py at zero external magnetic field and room temperature. a-d, MOKE
images for SOT driven magnetization switching using a pulsed current | along the +x-axis
with increasing the current density Jc denoted underneath the corresponding image. e-h,
MOKE images for SOT driven magnetization switching by | along the —x-axis. The dark
(light) contrast shows the magnetization along the +y (—y)-axis, which is also indicated by the
white arrows in (a), (d), (e) and (h). The white scale bar is 20 um.
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Supplementary Figure 15. MOKE images of SOT driven magnetization switching in
Bi2Ses/Cu (2 nm)/Py at zero external magnetic field and room temperature. a-d, MOKE
images for SOT driven magnetization switching using a pulsed current | along the +x-axis
with increasing the current density Jc denoted underneath the corresponding image. e-h,
MOKE images for SOT driven magnetization switching by I along the —x-axis. The dark
(light) contrast shows the magnetization along the +y (—y)-axis, which is also indicated by the
white arrows in (a), (d), (e) and (h). The white scale bar is 20 um.
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Supplementary Figure 16. MOKE images of SOT driven magnetization switching in
Bi2Ses/NiO (1 nm)/Py at zero external magnetic field and room temperature. a-d, MOKE
images for SOT driven magnetization switching using a pulsed current | along the +x-axis
with increasing the current density Jc denoted underneath the corresponding image. e-h,
MOKE images for SOT driven magnetization switching by | along the —x-axis. The dark
(light) contrast shows the magnetization along the +y (—y)-axis, which is also indicated by the
white arrows in (a), (d), (e) and (h). The white scale bar is 20 um.
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Supplementary Figure 17. MOKE images for Bi2Ses/NiO (2 nm)/Py at room
temperature. a-g, MOKE images with increasing Jc, showing no current induced
magnetization switching with the pulsed current | along +x-axis. The Py magnetization
remains along +y-axis. The current channel is 10 um wide and the pulsed current width is 500
us. h, A reference MOKE image of H driven magnetization switching from +y to —y-axis,
which is indicated by the change in contrast of the device in (h). The white scale bar is 20
um.
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Supplementary Note 1: HAADF-STEM image of Bi-Ses/NiFe heterostructures

The cross-section of the Bi>Ses/NiFe (Py) heterostructure is characterized with
high-angle annular dark-field (HAADF) imaging in an aberration corrected scanning
transmission electron microscope (STEM) as shown in Supplementary Fig. 1. We find that
the Bi>Ses has uniform and good layered structure, and one quintuple layer (QL) is around
1-nm thick. Moreover, the image shows a clean and smooth interface between the Bi>Sez and

Py layer.

Supplementary Note 2: Bi2Ses thickness dependent sheet resistance, Rs

Supplementary Fig. 2 shows the sheet resistance, Rs, for different BioSes thicknesses. We
find that Rs is small and remains almost constant at large thicknesses (15 and 20 QL). While
Rs shows an abrupt increase as Bi»Ses is thinner than 10 QL and it becomes maximum at 5
QL. This trend is similar as other reports®-2,

Supplementary Note 3: Evaluation of conventional SOT efficiency (ér) in Bi2Ses by
ST-FMR

As shown in Fig. 2c, we obtain the amplitudes of symmetric (Vs) and antisymmetric (Va)
components from the fits of the typical spin torque ferromagnetic resonance (ST-FMR) signal.
Subsequently, the spin-orbit torque (SOT) efficiency ér can be evaluated from only Vs by

- IRF?/ZOSQH dd; Z-DL%FS(H) 05 =Js/[E=7, MI/E and &, = I/ = 0-5/013'4 where
H

Vs =

Irr is the RF current flowing through the device, y is the gyromagnetic ratio, dR/dé, is the

angular dependent magnetoresistance at 64 = 35°, A is the linewidth of ST-FMR signal, Fs (H)
is a symmetric Lorentzian, H is in-plane external magnetic field, oL is the damping-like
spin-orbit torque on unit CosoFesB20 (CFB) moment at é4 = 0°, Ms is the saturation
magnetization of CFB, t is the thickness of CFB, Js is the measured spin current density with
in-plane spin polarizations at the Bi>Ses/CFB interface, which is correlated with the measured
symmetric component Vs as shown in Fig. 2¢, Jc (A cm™) is the uniform charge current
density in the Bi.Sez layer, os is the Bi>Ses spin Hall conductivity, o is the Bi,Ses
conductivity, and E is the microwave field across the device.

In the above conventional SOT efficiency evaluation method®#, the dimensionless &r,
arising from the Bi>Ses layer are obtained by using the uniform charge current density Jc
(unit in A cm™) in the entire Bi,Ses layer (including carriers from topological surface states,
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two dimensional electron gas, and bulk states). It can represent the overall charge-to-spin
conversion efficiency in the TI/FM device. On the other hand, it is of interest to reveal the
interface SOT efficiency, Arss (nm™), from only topological surface states (TSS) for which
we need to use an interface charge current density Jc-tss (unit in A cm™) only in TSS (i.e.
two dimensional carriers from TSS). Arss from TSS is evaluated in Supplementary Note 6

and Supplementary Note 7.

Supplementary Note 4: Estimation of ntss, N2pec, Nzp-Bulk, EF and ke at different taise

On the basis of the tgise dependent sheet carrier concentration, nzp, in Fig. 1b, we
estimate the contributions of three possible conduction channels to the electrical transport,
such as surface states (including TSS and two dimensional electron gas, 2DEG) and bulk
states (BS). As mentioned in the main text, the thickness of a TSS, trss, and 2DEG, topeg, in
Bi>Ses is reported to be ~1 nm and 4 nm, respectively. Therefore, no BS are expected if the
Bi>Ses thickness is less than ~8 QL (i.e. ~ 8 nm). Consequently, n2p can be writen as nzp =
2Xn1ss + N2pec for teise < 8 QL and nap = 2Xntss + N2peg + Nap-Buik for teise > 8 QL, where
NTss, N2pec and Nap-suik are the sheet carrier concentration in a TSS layer, total 2DEG and BS,
respectively, and the factor of 2 arises due to the bottom and top surfaces in Bi.Ses.

As shown in Supplementary Fig. 3, the TSS shows a linear band dispersion given by

Er =hVike +Epp, where Er is the Fermi energy, Ve is Fermi velocity ~5x10° m s™ in TSS,®

7 is reduced Plank constant, kr is Fermi wave vector of TSS and Epp is the energy of Dirac
point (DP). Therefore, the density of states of TSS per surface area is linearly proportional to

energy
1 1
D(E)=———(E-E_.). 1
€)= vy &) €y
Then we can estimate nyss by
Niss = J,_DE)FE)(E), @

E-E,
where f(E)= 1/(1+e " s") is the Fermi-Dirac distribution function, Kg is Boltzmann

constant and T is 300 K. Consequently, by substituting Supplementary Eg. 1 and f(E) into

Supplementary Eq. 2, ntss can be rewritten as

)’R(m), @)

TSS:on 1 KBT)Z%dg:i(ﬁ
EBor 27T hVF 1+e*” 27 hVF
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where ¢=(E—-E_.)/K;T, n=(E.—E,)/K;T and F(n) is the Fermi-Dirac integral of
order 1. Under the condition of E. —E,, > K,T, Supplementary Eq. 3 is simplified as

1  K.T
Noee = —(—B—)2p2. 4
Tss 47Z'(ﬁVF)T7 (4)

From Supplementary Eqg. 4, we find that nrss is proportional to (Er — Epp)®>. We can also
estimate kr by k. =(E. —E,)/RV;.

The 2DEG is usually formed at the Bi.Sesz surface due to band bending. As shown in
Supplementary Fig. 3, after band bending, Ecam (Evem) evolves into a surface conduction
band minimum, Escem (surface valence band maximum, Esvem) at surface and Epp shifts
downwards to a higher binding energy. The quantum confinement along the film normal
leads to the quantized subbands in 2DEG enclosed by TSS linear bands as shown in
Supplementary Fig. 3. As the Bi>Ses film is in the thick range (tgise > 8 QL), the TSS and the
2DEG on top and bottom surfaces are separated. The 2DEG subbands on each surface are
respectively confined in a triangular quantum well caused by surface band bending®®. As the
Bi>Ses film reduces below 8 QL, the 2DEG states from both surfaces merge, therefore, the
square quantum confinement effects between the substrate and capping layer take over the
triangular quantum well. It should be noted that, for clarity, the Rashba splitting is not
illustrated in 2DEG subbands.

For teise < 8 QL, a simple infinite square quantum well is assumed!. The energy

minimum of each subband at kj; = 0 (Ecn, n =1, 2...) gradually moves up with the energy En

hZ 2
(n=1, 2...) away from Escem, Where E = *”

n?, where m* is the effective mass of
2mt

2
BiSe

electron. m* is ~0.14 mo for BizSes,”® where mo is the free-electron mass. The thinner the
Bi>Ses film, the more separation of 2DEG subbands, which indicates a decrease of the
contribution of 2DEG subbands to the electrical transport as Bi,Ses becomes thinner. For
teise > 8 QL, a simple triangular quantum well is used to describe the confined 2DEG
subbands resulting from a band bending at each film surface®. The energy minimum of the

allowed 2DEG subbands can be written as

3r

Ecn = En + ESCBM [ 2 ( )]2/3[

quantum number of allowed 2DEG states and VV (meV A™) is the potential gradient of

h? VV i
( ) " + Egeqy » Where the integer n represents the

triangular well near the Bi>Ses surface, which can be estimated by the ratio of band bending

energy (Ecam-Escam) and corresponding band bending depth along the film normal (~4 nm).
20



For each 2DEG subband, nxpec can be calculated by using the basic 2DEG equation

*

m _ : :
Myoeen = —7 KgTIn(L+e®F ") 'where n = 1 and 2. We only consider the first and second

subbands in our model since the third subband has a negligible contribution to nzpec. Note
that for teise < 8 QL, the sheet carrier concentration nzpec in this model is from one 2DEG
layer. However for tgise > 8 QL, the sheet carrier concentration n2pec needs to consider two
2DEG layers.

The nap-guik IS estimated as follows. As it is known that the BizSes bulk can be regarded
as a semiconductor with a band gap Eq ~0.3 eV as shown in Supplementary Fig. 3. The bulk
carrier concentration is calculated by using the basic semiconductor equation®® (Er — Ecem >

3KgT, Ecewm is the bulk conductance band minimum)

(2m*)3/2 » (E _ E )1/2 2
Neuk = or2he Je 14 e[(E—CEi’;//IKBT]dE =N ﬁ Fn($), )

where N, =2(mK,T/2zh*)* . F,,(&) is the Fermi-Dirac integral of order 1/2, where

& =(E; — Egy)/KgT . Then nap-suik can be converted by n2p-suik = neuid, where d is the bulk

thickness excluding the TSS and 2DEG thicknesses. From Supplementary Eq. 5, we know
that n2p-guik is related to (Er — Ecam).

In order to determine nrss, N2p-buk and Nzpec, we need to know the values of Er — Epp, Er
— Ecem and Er — Ecn, accordingly. On the basis of Supplementary Fig. 3, we simply rewrite
Er — Ecn as Er — Ecn = (EF — Escem) — En = (EF — Eppr) — (Escem — Epp) — En. According to the
reported ARPES data>!''% and theoretical band structure calculation4, we adopt Er — Ecam
~100 meV and Escem — Epp ~200 meV. Consequently, Er — Epp, Which is determined by the
magnitude of band bending induced by electron doping at surface, is the only variable to
extract nzp at different taise. 2XNtss, N20ec, N2p-sulk, EF — Epp and ke of TSS as a function of
teise are quantitatively determined and plotted in Fig. 4.

We have used Vr=5x10° m s7t, m*= 0.14 mo, Escem — Epp = 200 meV and Er — Ecam =
100 meV for the estimation in Fig. 4 in the main text. Additionally, we have estimated nzp by
varying the parameters with the range from literatures, including Vr, m*, Escem — Epp and Er
— Ecew, respectively. First, we vary the value of Ve from 4.6x10° to 5.4x10° m s1>%17 and
fix m*=0.14 mo, Escem — Epp = 200 meV and Er — Ecem = 100 meV. The estimated results
are shown in Supplementary Fig. 4. We find that as the Vr increases, the ntss only slightly

decreases. Moreover, the nyp keeps the similar trend as that in the Fig. 4a (also see
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Supplementary Fig. 4b). Overall, the value of Vr does not affect the estimation results
significantly.

Similarly, we varied the value of m*in the range of 0.11mo to 0.17mo,%21318 and fixed
Ve=5x10° m s, Escem — Epp = 200 meV and Er — Ecem = 100 meV as used in the main text.
As shown in Supplementary Fig. 5, we find that as m* increases, the napes and nzp-guik only
slightly increase. Moreover, the results in Supplementary Fig. 5 are similar to the values
shown in the main text.

In addition, we also varied the value of Escam — Epp from 150 to 250 meV,'"19?! and the
value of Er — Ecgm from 50 to 150 meV.>!1121719 The results are shown in Supplementary
Fig. 6 and 7, respectively. We find that different parameters can only weakly affect the values

of ntss, N2pec and nap-guik, and the main features of the results in the main text still hold good.

Supplementary Note 5: Current shunting (Itss/lttar) at different taise

The current flowing in each channel (TSS, 2DEG, and BS) can be written as
Irss = NrssttrssBEW  Lones = Nopectbopec€EW  and Iy = Ny gt ®EW  respectively,

where W and E are the channel width and electric field (same for TSS, 2DEG and BS
channels) in each device, and piss, M2peG and psuik are the carrier mobility in TSS, 2DEG and
BS, respectively. The linear Hall curves we measured at different tgise indicate the carriers in
Bi2Ses have a similar mobility®. Thus, we obtain Irss/lwta at different taise by assuming pirss =
M2pec = Meuik (Fig. 4c in the main text), where It iS the total current flowing in a Bi2Ses

film.

Supplementary Note 6: Evaluation of the interface SOT efficiency, Atss, from TSS
As discussed in Supplementary Note 3, the &r versus tsise from ST-FMR measurements
is obtained by using a uniform charge current density Jc (A cm=) in the entire Bi,Ses layer as

J :L. The interface SOT efficiency from only TSS, Arss (hnm™), can be

O =—
Jo NypueElty,

obtained by the interface charge current density Jctss (A cm™) in TSS as
N N N/t

Args = = . Therefore, we can evaluate Arss by A, =-22-2%0, . The
Jerss  NrssieE Tss

estimated Arss is plotted in Fig. 4d.
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Supplementary Note 7: Estimation of A2oec in 2DEG and Ainttss

According to above analysis, for tgise < 8 QL, there are only TSS and 2DEG contribution
to the SOT efficiency. As mentioned in the main text, the spin current density at the interface
arising from only TSS (Js-tss) is not necessarily equal to the spin current density (Js) from
ST-FMR measurements due to the partial cancellation by the opposite spin polarizations from

Rashba splitting in 2DEG. Based on this scenario, we rewrite the Atss in Fig. 4d as

Ares = Jsrss ~Jsanes _ Jsrss  Jsones , Where Js.tss/Jc-Tss is the intrinsic interface SOT
J C-TSS J C-TSS ‘J C-TSS

efficency from TSS (Ainitss) Which is inversely propotional to Vr and almost remain constant

at different tsise??, and Js2pec is the spin current density from Rashba splitting in 2DEG.

Then we get A, = A irss —m, where Axpec is the interface SOT efficiency from
C-TSS

Rashba splitting in 2DEG, J.,pes = Mpec€E and J ;o5 = Ny t€E . We assume that the

difference of surface band bending between 7 and 8-QL Bi.Ses films is small, which results
in an almost constant Apec. By using the difference of Atss between 7 and 8 QL film as
shown in Fig. 4d, the Azpec is determined and it shows negative value and is ~ —0.4 nm™.
Moreover, the values for Ainritss are also estimated for tgise < 10 QL with negligible BS.
Interestingly, we find Ainritss shows a constant value of ~0.8 nm™ for 7, 8 and 10 QL Bi.Ses
films. This amended interface SOT efficiency is in the simliar range of the value of Arss
(~0.82 nm™) at tgise = 5 QL as shown in Fig. 4d. This further substantiates our claim of TSS
dominated SOT in thinner films and the high SOT efficiency from TSS.

We have used Vr=5x10° m st, m*= 0.14 mo, Escem — Epp = 200 meV and Er — Ecam =
100 meV for the estimation in Fig. 4 in the main text. Additionally, similar to Supplementary
Note 4, we have also estimated the interface SOT efficiency, Arss and amended Arss by
varying the parameters Vi, m*, Escem — Epp and Er — Ecem With the range of values from
literatures. First, we varied the value of Ve from 4.6x10° to 5.4x10° m s,>1%17 and fixed m*
= 0.14 mo, Escem — Epp = 200 meV and Er — Ecem = 100 meV. The estimated results are
shown in Supplementary Fig. 8. We find that as the Vr varies, the interface SOT efficiencies
do not change much and show similar values with respect to that in the Fig. 4d (also see
Supplementary Fig. 8b). Overall, the Vr does not affect the estimation results significantly.

Similarly, we varied the value of m*in the range of 0.11mo to 0.17mo,®%21318 and fixed

VE=5%10°m s, Escem — Epp = 200 meV and Er — Ecem = 100 meV as used in the main text.
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As shown in Supplementary Fig. 9, we find that as m* increases, the interface SOT efficiency
only slightly increases and the results in Supplementary Fig. 9 are similar to the values shown
in the main text.

In addition, we also varied the value of Escam — Epp from 150 to 250 meV,'"*9?! and the
value of Er — Ecgm from 50 to 150 meV.>11121718 The results are shown in Supplementary
Fig. 10 and 11, respectively. We find different parameters can only weakly affect the values
of the interface SOT efficiency and the main features of the results in the main text still hold

good.

Supplementary Note 8: Reproducible SOT driven magnetization switching in
Bi2Ses/NiFe device

The SOT driven magnetization switching by currents is reproducible in other Bi>Ses (8
QL)/Py (6 nm) devices. One example is shown in Supplementary Fig. 12. We use the same
measurement condition used in Fig. 5 and the current channel is 12 um wide. We find that the

switching current density is ~6x10° A cm~2, which is similar as that in the device in Fig. 5.

Supplementary Note 9: SOT efficiency from current induced magnetization switching

For the conventional antidamping spin torque driven magnetization switching, the critical
switching current density Jco for the switching scheme of our Bi>Ses/Py device can be
described by?3%

2e
JCO:E%Msta(HﬁMeﬁ/Z)/é’T,, (6)

where Jco is the critical switching current density without thermal fluctuation, Ms, ¢, a, Hc and
Met are the saturated magnetization, thickness, damping constant, coercive field and effective
magnetization of Py layer, respectively, and &r is the SOT efficiency. The Supplementary
Eqg. 6 is based on the macrospin model in the absence of thermal fluctuation. In our device, the
magnetization switching process can be described by the localized nucleation of reverse
domains with an activation volume Vn first, followed by domain wall propagation. We
anticipate that the magnetization exhibits coherent reversal inside the activation volume Vn.
Therefore, the Supplementary Eqg. 6 can apply in our device by introduction of Vn instead of
the whole volume of Py layer. In our measurements, the switching current density Jc for the

magnetization switching is ~6.2 x10° A cm™ at room temperature. Then the Jco can be
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. J KTt . . . . .
obtained by —¢ =1-—8—In-% with thermal fluctuation consideration®>2’, where tp is the
Jeo KPyVN t

current pulse width ~500 ps, to is the attempt time ~1 ns, the anisotropy energy density Kpy is
estimated by HcMs/2 with measured He ~6.9 Oe and Ms = 6.84+0.03x10° A m. The domain
wall width Jm of Py layer is assumed to be ~220 nm,?®%° and t is 6 nm, then we can estimate
VN ~ dm?t. Consequently, we find Jco ~5.26xJc. The Mer and o are ~0.57 T and ~0.01543,
respectively, which are obtained from ST-FMR and vibrating sample magnetometer (VSM)
measurements. From Supplementary Eq. 6, we determine the SOT efficiency ér for
Bi>Ses/Py to be ~1.71. This value is consistent with the value obtained from ST-FMR
measurements (& ~1).

The charge to spin conversion efficiency is typically less than one from the definition of

6, =Js.. However, recently, there have been several reports to evaluate 6r in the

topological insulators (TIs) and they have observed &r greater than one. Specifically, the 6r
values are reported to be ~2-3.5 (in BiSes/Py by ST-FMR measurements at room
temperature)®, ~140-425 (in Cr doped BiSbTe/(BiosShos)2Tes bilayer by magnetization
switching at 1.9 K)* and ~20 (in (BiosShos)2Tes by spin tunneling spectroscopy method
below 200 K)3L. Therefore, we speculate that the spin-momentum locking at the TSS in Tls
plays an important role. Additionally, the recent reported multi-cycle spin transfer scenario®
could be also responsible for a large &ri, which is explained as follows. As a charge current
flows within Bi>Ses TI film, spin accumulation is generated and the spins flow vertically
toward the ferromagnetic Py layer. These spins are absorbed and exert SOTs on the Py
magnetization. The & is evaluated by the measured torque in the ST-FMR measurements.
Microscopically, in this process, electrons become spin polarized at the TSS due to
spin-momentum locking and transfer the spin angular momentum to the Py magnetization at
the interface of Bi>Ses/Py. However, these electrons can again diffuse back into the Bi>Ses
layer due to no net charge current flowing vertically into the Py layer. This above process
repeats multiple times. Therefore, each electron can transfer the spin angular momentum
multiple times, as it moves opposite to the charge current direction, and thus exert large
torques on the Py layer. As reported recently!>33-%  the electrons can be spin polarized in
Bi>Ses TSS with very large spin polarization values ranging from ~0.2 to 0.75 due to the spin
momentum locking. Therefore, we think the large spin polarization in TSS and the
multi-cycle spin transfer scenario are the possible reasons for the &r greater than one

observed in Tls.
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Supplementary Note 10: Current polarity dependent magnetization switching
Supplementary Fig. 13 shows that the current induced magnetization switching depends
on the charge current polarity which is a characteristic of SOT driven magnetization
switching. For these measurements, we use the same device as in Fig. 5. In Supplementary
Fig. 13, the Py magnetization direction in each case is indicated by a white arrow. For the set
of measurements in Supplementary Fig. 13a-c, we first saturate the Py magnetization along
the +y-axis by applying an in-plane external magnetic field (H). Then we remove H and capture
the corresponding MOKE image as the initialized state as shown in Supplementary Fig. 13a.
The dark contrast represents the magnetization along the +y-axis, which is indicated by the
white arrow. Subsequently, we apply a pulsed current | along the —x-axis with current density
Jc = 6.2x10° A cm2 without an external magnetic field (see Supplementary Fig. 13b). We
observe that there is no magnetization switching as the magnetization remains along its initial
+y-axis indicated by the no contrast change. However, as we change the current polarity by
applying I along the +x-axis with the same value of Jc, we observe that the Py magnetization
switches from the +y to —y-axis indicated by the light contrast (see Supplementary Fig. 13c).
Similarly, for the other set of measurements in Supplementary Fig. 13d-f, we first
initialize the Py magnetization along the —y-axis. Then we remove H and capture the
corresponding MOKE image (see Supplementary Fig. 13d). Subsequently, we apply the
current pulses of different polarities with Jc = 6.2x10° A cm™2. We find that only the current
pulse along the —x-axis can realize magnetization switching from the —y to +y-axis indicated
by the dark contrast (see Supplementary Fig. 13f). The dependence of magnetization
switching direction on the polarity of current suggests that the switching in our case is

primarily driven by the SOT and not by any thermal effects.

Supplementary Note 11: SOT induced magnetization switching with Cu and NiO
insertions

In order to further verify the SOT induced magnetization switching in Bi.Ses/Py, we
have performed the MOKE imaging measurements with the same condition used in Fig. 5 on
the control devices of Bi>Ses (8 QL)/insertion layer/Py (6 nm)/MgO (1 nm)/SiOz (4 nm),
where the insertion layer is Cu (1 and 2 nm) or insulating layer NiO (1 nm).

It is well known that Cu has a very low spin-orbit coupling strength and a long spin
diffusion length. Hence, Cu does not possibly affect the spin generation in the Bi>Sez layer

and can be a good spin conductor. We follow the recent report?? and use Cu insertion to
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separate the Bi>Ses and Py layer. The Cu is sputtered on top of Bi>Sez with a low power of 30
W. As shown in Supplementary Fig. 14, the SOT driven magnetization switching is observed
in Bi2Sesz (8 QL)/Cu (1 nm)/Py (6 nm) devices. We find that the switching current density Jc
is ~6.7x10° A cm2, which is similar as that in the device without Cu insertion (~6.2x10° A
cm™) in Fig. 5 and Supplementary Fig. 12. Similarly, Supplementary Fig. 15 reveals that the
SOT driven magnetization switching by currents can also be observed in Bi>Ses (8 QL)/Cu (2
nm)/Py (6 nm) devices. The switching current density slightly increases and is ~7.7x10° A
cm~2, which might be due to a bit of spin scattering in the Cu insertion layer. The devices
with 1-2 nm Cu insertion exhibit almost similar device resistance as that with no Cu insertion
from an independent four probe measurements. This indicates that the very thin Cu insertion
has a much higher resistivity than the Py layer which is expected and is a usual case for very
thin films. Therefore, for simplicity, we do not consider the current shunting in the Cu
insertion and take the upper bound of the Jc denoted in the Supplementary Fig. 14 and 15.

In addition, we also perform the MOKE imaging measurements on the devices with
insulating NiO insertion between the Bi>Sesand Py layer. As shown in Supplementary Fig.
16, the SOT driven magnetization switching is observed in Bi>Sez (8 QL)/NiO (1 nm)/Py (6
nm) devices. We find that the switching current density increases compared to that in Fig. 5.
The magnetization starts to switch at Jc ~5.4-6.7 x10° A cm and fully switches at Jc
~9.1x10° A cm™2. This is expected since the spins are blocked by an insulator and the
transmission will potentially decrease as the insulator thickness increases. As shown in
Supplementary Fig. 17, we cannot observe SOT induced magnetization switching with Jc up
to ~8 x10° A cm~2 as the NiO insertion layer becomes 2 nm.

By inserting Cu and insulating NiO layers, we can (at least partially) prevent the direct
interface between Bi>Ses and Py. The SOT induced magnetization switching by Bi.Ses is
reproducible and robust in different devices. Therefore, we further confirm the highly

efficient SOT induced magnetization switching in our Bi>Ses/Py heterostructures.

Supplementary Note 12: Influence of Oersted field on current induced magnetization
switching

We perform the MOKE imaging measurements on a control device of Bi>Ses (8 QL)/NiO
(2 nm)/Py (6 nm)/MgO (1 nm)/SiO2 (4 nm) with the same condition used in Fig. 5. Due to the
2-nm NiO insulating insertion layer, the spin currents propagating from Bi.Ses into Py is

attenuated significantly, which is confirmed by the ST-FMR measurements. Therefore, the
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current induced Oersted field (Hoe) would be the main driving force on the Py layer. At the
beginning of this set of measurements, we first saturate the Py magnetization along the +y-axis
by applying an in-plane external magnetic field (H). Then we remove H and apply I along the
+x-axis to the device. When the current density in Bi>Ses (Jc) is zero, we capture the MOKE
image as shown in Supplementary Fig. 17a. The dark contrast represents the magnetization
along the +y-axis, which is indicated by the white arrow. Then we gradually increase Jc at
room temperature without H. As shown in Supplementary Fig. 17b-g, there is no current
induced magnetization switching as the magnetization is still along the +y-axis indicated by
the no contrast change. In these measurements, the applied Jc is up to 8x10° A cm™
(Supplementary Fig. 17g) which is almost 3 times larger than the ones at which the
magnetization switching is triggered in the devices in Fig. 5 and Supplementary Fig. 12.
Supplementary Fig. 17h shows a reference MOKE image of magnetization switching from +y
to —y-axis driven by an applied external magnetic field H, which is indicated by the change in

contrast to light colour. Moreover, the Hoe from BizSes layer is estimated to be ~0.12-0.3 Oe
by the equation®” H,, = J tz./2. We find that even this calculated value of Hoe is much

smaller than the required switching field of Py layer. Therefore, the Hoe is not the mechanism

for the current induced magnetization switching we observed in the Bi>Ses/Py devices.
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