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Abstract:

Spin-momentum locked surface states in topological insulators (TIs) provide a
promising route for achieving high spin-orbit torque (SOT) efficiency beyond the
bulk spin-orbit coupling (SOC) in heavy metals (HMs). However, in previous works,
there is a huge discrepancy among the quantitative SOTs from TIs in various systems
determined by different methods. Here, we systematically study the SOT in the
TI(HM)/Ti/CoFeB/MgO systems by the same method, and make a conclusive
assessment of SOT efficiency for TIs and HMs. Our results demonstrate that TIs show
more than one order of magnitude higher SOT efficiency than HMs even at room
temperature, at the same time the switching current density as low as 5.2 x 10° A cm™
is achieved with (Bi;_Sb,),Tes. Furthermore, we investigate the relationship between
SOT efficiency and the position of Fermi level in (Bi;.Sby),Tes, where the SOT
efficiency is significantly enhanced near the Dirac point, with the most insulating bulk
and conducting surface states, indicating the dominating SOT contribution from
topological surface states. This work unambiguously demonstrates the ultrahigh SOT

efficiency from topological surface states.



Main text:

Spin-orbit torque (SOT) [1-3] provides an efficient way to electrically manipulate
the magnetic order. In general, SOT originates from the charge-spin conversion in
materials with large spin-orbit coupling (SOC), which can be quantified as
O, =J0 1P or g =J /I =6y /t, , where J® represents the
3-dimensional (3D) spin current density; J® and J® represent the 3D and
2-dimensional (2D) electric (charge) current density, respectively; and # represents
the effective thickness of the SOC layer. SOT based on heavy metals (HMs) with bulk
SOC has been widely studied, however, due to the limited Gsy (typically around 0.1)
[1, 4, 5], the switching current density J, remains ultrahigh [6-8], therefore,
improvement of SOT efficiency is still a major challenge for further reducing the
power dissipation of SOT-based devices.

Spin-momentum locked surface states in topological insulators (TIs) are expected
to be a promising candidate to break through the limited 6sy;, and previous works have
reported the very large fsy (425) [9] and the SOT-induced magnetization switching
[9-11] with TIs at low temperature. Recently, several works reported the
room-temperature SOT switching by TIs [12-15], which is a crucial step towards
practical applications. However, there exists a huge discrepancy among the reported
Osy of TIs in various systems characterized by different methods, such as 0.047 in
Bi,Ses/CoFeB [16] and 3.5 in Bi,Ses/NiFe [17] by the spin torque ferromagnetic

resonance measurement, 0.16 in Bi,Se;/CoTb [12] and 0.40 in (BiSb),Tes/CoTb [12]

by the hysteresis loop shift measurement, 18.6 in Bi,Ses/CoFeB [13] by the planar
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Hall measurement, and 52 in Big¢Sby;/MnGa [14] by the coercivity field shift
measurement. Moreover, some groups argue that the bulk SOC [18, 19] and
interfacial Rashba effect [20, 21] could also be involved in the SOT from TIs.
Therefore, a conclusive study of SOT in TIs is in great need to clarify the actual spin
current source and obtain the reliable SOT efficiency.

Here, we systematically investigate the SOT in a series of TIs and HMs, based on
the similar TI(HM)/Ti/CoFeB/MgO heterostructures. We demonstrate the
room-temperature SOT-induced magnetization switching, and the critical switching
current density in (Bi;.,Sb,),Te; (5.2 x 10° A cm'z) could be 1-2 orders of magnitude
smaller than those in HMs. The charge-spin conversion efficiency fsy (or gics) is
obtained by the harmonic Hall method, which shows that TIs [fsg = 2.5 for
(Bi;..Sby),Tes] can break through the fsy < 1 limitation in HMs. By engineering the
band structure of (Bi;.,Sby),Te;, we find that the SOT strongly depends on the Fermi
level position and reaches the maximum near the Dirac point with the most insulating
bulk and conducting surface states, indicating the dominating SOT from topological
surface states.

Figure 1(a) shows the schematic of SOT in the TI/Ti/CoFeB/MgO system. In
topological surface states, the spin and momentum directions are locked [22-24],
therefore, the electrical current flowing possess a net spin polarization. The spin
current injection from the TI exerts a torque on the adjacent magnetic moment of

CoFeB, and the anti-damping torque 7., =mx(mxo) can switch the

magnetization at a sufficient current density, where m and O represent the

4



magnetic and spin vectors, respectively. A constant external in-plane magnetic field
Hey 1s applied to break the mirror symmetry between +M; and -M. states and break
the chiral domain walls to induce the domain wall expansion [25-27] for deterministic

SOT switching. 6 quintuple-layers (QLs) TIs [(Bi;.,Sby),Tes, Bi;Tes and SnTe] are

grown on Al,O3(0001) substrates by using the molecular beam epitaxy method, and
Ti(2 nm)/CoFeB(1.4 nm)/MgO(2 nm) multilayers are deposited by the magnetron
sputtering method. The layer-by-layer growth of TIs is monitored by the reflection
high-energy electron diffraction (RHEED). The sharp RHEED patterns show the high
crystal quality and the flat surface, and the thickness of 6 QLs is determined by the

periods of RHEED oscillations, as shown in Fig. 1(b). The non-magnetic interlayer Ti

is used to provide the perpendicular magnetic anisotropy (PMA) of CoFeB. At the

same time, the SOT contribution from Ti is negligible due to the extremely small &,

(0.0004) [28]. The films are patterned to 20 um % 130 pm Hall bar devices. Figure 1(c)
shows the M-H. and R,,-H. loops in the (Bi,.,Sb,),Tes/Ti/CoFeB/MgO sample, which
show the strong perpendicular anisotropy (PMA) and the saturation magnetization M;
of 868 emu/cc. Figure 1(d) shows the high-angle annular dark field (HADDF) image

and energy dispersive X-ray (EDX) mapping in the (Bi;,Sb,),Te;/Ti/CoFeB/MgO

structure, indicating both the (Bi;_Sby),Tes/Ti and Ti/CoFeB interfaces are clear and
sharp, which promises the high interfacial spin transparency [29].

The SOT-induced magnetization switching is measured at room temperature in the
TI(HM)/Ti/CoFeB/MgO structures with TIs of (Bi;Sby),Tes [Fig. 2(a) and 2(b)],

Bi,Tes [Fig. 2(c) and 2(d)] and SnTe [Fig. 2(e) and 2(f)], and HMs of Ta [Fig. 2(g) and
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2(h)], W [Fig. S4(a) and S4(b)] [30] and Pt [Fig. S4(c) and S4(d)] [30]. The
non-volatile SOT switching is measured by the pulsed current, where a 1-ms writing
current pulse Jw is applied to provide the SOT, followed by another 1-ms reading
current pulse Jg to read the R,,, where the reversed switching chirality at £100 Oe H,
shows the typical SOT characteristic. It is known that the switching current density J;
depends on the magnitude of the in-plane magnetic field H, [33], and 100 Oe is
enough to overcome the Dzyaloshinskii-Moriya interaction (DMI) and obtain the
saturation (minimum) value of J. in our systems. We calculate the current density J. in
TIs and HMs by the parallel circuit model. Compared to HMs (Ta, W and Pt), the
switching current density J. of TIs [(Bi;.,Sby),Tes, Bi,Te; and SnTe] is much smaller.
In (Bi;.,Sby),Tes, Je of 5.2 x 10° A cm™ is 1-2 orders of magnitude smaller than the
typical value of 10°- 10" A cm™ in HMs, which indicates the high charge-spin
conversion efficiency in topological surface states. It is worth noting that the chirality
of SOT switching in Bi,Te; is opposite to that in (Bi;,Sb,),Te; and SnTe, which
comes from the bulk states contribution, as to be discussed later.

The harmonic Hall method [34, 35] is employed to quantify the SOT: when we apply
an ac current density J =J;sina¢ , the SOT induced effective field
Hgy,, = H,sinat exerts the oscillation of M, which contributes to the 2w Hall signal

R’?. When H is larger than the magnetic anisotropy field Hx, R}” can be written

as:
R, H H, H
R¥="A__— DL 4 p FL —~+R 1
Xy 2 |H\, —Hk P |HX RSSE+ANE |HX offset ( )




where H,, and H represent the effective field from the damping-like
[m x(m xo)] and field-like (mX0) torques, respectively; Ra and Rp represent the
anomalous Hall (AHE) and planar Hall (PHE) resistances [36], respectively; Rssg+aNe
is the thermal contribution [37, 38], and R, is the offset signal.

The harmonic Hall signals R ? and R} as a function of H, are measured in the
TI(HM)/Ti/CoFeB/MgO structures with TIs of (Bi;..Sby),Tes [Fig. 3(a) and 3(b)],
Bi,Tes [Fig. 3(c) and 3(d)] and SnTe [Fig. 3(e) and 3(f)], and HMs of Ta [Fig. 3(g) and
3(h)], W [Fig. S5(a) and S5(b)] [30] and Pt [Fig. S5(c) and S5(d)] [30]. By fitting the
R:”-H  curve with equation (1), we can obtain H and yso, =H,, /J.. Osu is
calculated by &, =(2|e|MstF/ h)X Xsor» Where e is the electron charge, t is the
magnetic film thickness, and % is the reduced Planck constant. The polar magneto
optic Kerr effect (MOKE) is also employed to measure ysor [30], where ysor obtained
by the optical MOKE method is consistent with that from the harmonic Hall method,
indicating the asymmetric magnon scattering [10] contribution is negligible.
Moreover, due to the shunting effect and the small magnetic field we use, the second
harmonic contribution of the bilinear magnetoelectric resistance from TIs themselves
is also negligible [39].

Table 1 summaries |J|, [ysor| , |@su|, magnetic anisotropy field Hy, electrical
conductivity oc, f, |qics| and power dissipation density Pp in TIs [(Bi;..Sb,),Tes,
Bi,Te; and SnTe] and HMs (Ta, W and Pt). The 7 in TIs is estimated from the half
hybridization thickness of the top and bottom surface states [40], and in HMs is

obtained by the spin diffusion length [41]. |Gsy| and |gics| in (Bi;..Sby),Tes are more
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than one order of magnitude larger than those in HMs, which is consistent with the
ultralow J, of 5.2 x 10° A cm™ (106 -10’ Acm?in HMs). Pp is proportional to ch/ac,
by considering the smaller o, in (Bi;.,Sb,),Te; that increases the ohmic loss, Pp in
(Bi;.,Sby),Tes (0.15 x 10'® W m™) is still much reduced compared to HMs (0.35 ~ 12.8
x 10" W m™).

The sign of fsy in (Bi;.,Sby),Te; and SnTe is the same with that in Ta (negative),
indicating the bottom surface states of TIs dominate the SOT, because the work
function difference in top TIl/metal interface shifts the Fermi level away from the
surface states and thus smears out the helical spin structure in the top surface [42].
This can also be proven by the TI thickness dependence [30] and voltage gating
measurements [11]. The signs of Osy and gics in BiyTes are opposite to those in
(Bi;..Sb,),Te; and SnTe, indicating their different SOT origins: bulk states in Bi,Tes
and surface states in (Bi,.,Sb,),Te; and SnTe. It is worth noting that |#sy| and |gcs| are
enhanced when the topological surface states dominate as in (Bi;_,Sby),Te; and SnTe,
which contributes to a smaller o., while the dominating bulk states in Bi,Tes
contribute to a much reduced |fsy| and |gics|.

Tuning the band structure of TIs to eliminate the bulk states contribution is very
crucial for the intrinsic quantum transport of topological surface states [43, 44].
Moreover, SOC from bulk states in TIs could also contribute to the SOT. Therefore,
tuning the Fermi level of TIs by band engineering and investigating the Fermi level
dependence are very essential to figure out the dominating SOT contribution [45]. We

tune the Fermi level Er by changing the Sb ratios (x) in (Bi;.,Sby),Tes [46], as shown

8



in Fig. 4(a). From the 2-dimensional carrier density |nyp| and resistivity p,, as a
function of Sb ratios x in Fig. 4(b), we can obtain that Fr starts from the bulk
conduction band (x = 0, n-type), to the topological surface band (x = 0.7-0.93, n-type),
and then to the bulk valence band (x = 1.0, p-type). EF is close to the Dirac point at x
= 0.85 and 0.93, which shows the ideal topological properties with much insulating
bulk.

Then we investigate the SOT in these samples [(Bi;.,Sb,),Tes/Ti/CoFeB/MgO] with
varied Ef, and the details are shown in the Supplemental Material [30]. J. and ysor as
a function of Sb ratios are shown in Fig. 4(c), which show that (Bi;.Sby),Te; with
much insulating bulk and conducting surface states contribute to larger ysor and
smaller J.. By comparing the results of x = 0 (Er in the bulk conduction band), x =
0.7-0.93 (Er in the topological surface band), and x = 1.0 (Ef in the bulk valence
band), we obtain that ysor from topological surface states can be more than one order
of magnitude larger than that from the bulk states. ysor reaches the maximum value
(67.6 x 10° Oe A" cm?) near the Dirac point (x = 0.93), while J; is significantly
reduced (5.2 x 10° A cm™) at the same time. In our work, the main purpose of tuning
the Fermi level near the Dirac point is to minimize the bulk states contribution, and
the most dominating topological surface states contribute to the maximal SOT.

In this work, we systematically investigate the SOT from TIs and HMs in
TI(HM)/Ti/CoFeB/MgO systems. One of the main purposes of our work is to resolve
the huge discrepancy (0sg from 0.047 to 425) of SOT from TIs in different systems

characterized by different methods, and to make a conclusive comparison between TIs
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and HMs. By using the same method and the same structures, our results clearly show
that TIs have much higher SOT and energy efficiency than HMs even at room
temperature. By tuning the Fermi level of TIs, we show that the SOT is significantly
enhanced when the topological surface states dominate, while the bulk states
contribute to a very small SOT. These findings indicate that the discrepancy of SOT
efficiency from TIs in previous works comes from the different contributions from the
bulk and topological surface states. Our work unambiguously demonstrates the giant
SOT from topological surface states at room temperature.
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FIG. 1. (a) Schematic of SOT-induced magnetization switching in TI/Ti/CoFeB/MgO

50 100

heterostructures. The electrical current flowing in topological surface states is
spin-polarized by the spin-momentum locking, and this spin accumulation exerts a
spin torque tsor on the adjacent magnetic moment M of CoFeB. (b) The RHEED
oscillations show the layer-by-layer growth mode of (Bi;.,Sby),Tes. (¢) Saturation
magnetization M, and Hall resistance R,, as a function of /.. (d) High-angle annular
dark field 1image and energy dispersive X-ray mapping in the

(Bi1.,Sby),Tes/Ti/CoFeB/MgO heterostructure.
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FIG. 2. Room temperature SOT-induced magnetization switching in
TI(HM)/T1/CoFeB/MgO heterostructures. The R,,-J. curves are shown in the figures
for the TI(HM)/Ti/CoFeB/MgO heterostructures with (Bi;.,Sb,),Te; (a, b), Bi,Tes (c,
d), SnTe (e, f) and Ta (g, h), respectively, where the in-plane magnetic field H, of +

100 Oe is applied for the deterministic SOT switching, respectively.
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FIG. 3. Harmonic Hall measurement in TI(HM)/Ti/CoFeB/MgO heterostructures. The

lo and 2@ harmonic Hall resistances (R’ and R’”) as a function of in-plane

magnetic field H, for the TI(HM)/Ti/CoFeB/MgO heterostructures with (Bi;_.Sb,),Tes

(a, b), BiyTe; (c, d), SnTe(e, f) and Ta (g, h), respectively.
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Table 1 | Room-temperature |J¢|, [ysotl, |Osul, Hk> 0, ts, |q1cs| and Pp of TIs and HMs in this work

6|Jc| i . IXSO”I_"! ol Hy 4 0?] ) t |QIC.S|| 16PD .

(10°Acm?)  (10°0¢ A" cm?) kOe) (10°Q'm™") (m) (m") (10" Wm?)
(BiSb),Te; 0.52 67.6 250 2.24 1.83 1.5 1.67 0.15
Bi,Te; 2.43 2.20 0.08 2.06 15.0 1.5 0.05 0.39
SnTe 1.46 38.1 1.41 2.18 5.45 1.5 094 0.39
Ta 3.44 4.94 0.19 2.10 343 1.9 0.10 0.35
W 4.57 3.65 0.13 1.88 38.8 2.1 0.06 0.54
Pt 33.5 0.30 0.01 1.84 87.2 7.3 0.001 12.8
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FIG. 4. (a) Schematic of the Fermi level positions for different Sb ratios (x = 0, 0.7,
0.78, 0.85, 0.93, 1.0) of (Bi;_,Sb,),Tes;, which are estimated from the 2-dimensional
(2D) carrier density |n2p| and resistivity py. (b) |#2p| and p., as a function of Sb ratios

in (Bi;..Sby),Tes. (¢) Switching current density |J.| and SOT-induced effective field

lysot| as a function of Sb ratios.
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