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The strongly spin-momentum coupled electronic states in topological insulators (TI) 

have been extensively pursued to realize efficient magnetic switching. However, 

previous studies show large discrepancy of the charge-spin conversion efficiency. 

Moreover, current-induced magnetic switching with TI can only be observed at 

cryogenic temperatures. We report spin-orbit torque switching in a TI/ferrimagnet 

heterostructure with perpendicular magnetic anisotropy at room temperature. The 

obtained effective spin Hall angle of TI is substantially larger than the previously 

studied heavy metals. Our results demonstrate robust charge-spin conversion in TI 

and provide a direct avenue towards applicable TI-based spintronic devices. 
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Spin-orbit coupling has been extensively studied for the conversion between 

charge current and spin current [1]. When coupled with a neighboring ferromagnet 

(FM), non-equilibrium spins induced by the spin-orbit coupling can exert torques onto 

magnetic moments [Fig. 1(a)], which remarkably manipulates the magnetic dynamics 

[2–4] and even switches the magnetization [5–7]. This current-induced switching is 

expected to lead to logic and memory device applications with high energy efficiency 

[1]. Topological insulators (TI) are a class of materials with spin-orbit coupling that is 

strong enough to invert the band structure and leads to complete spin-momentum 

locking in the surface states [8–11]. Recently, it was shown that by utilizing the 

current-induced spin-orbit torque (SOT) from TI [12], one could switch the moments 

in magnetically doped TI heterostructures [13–15]. However, restricted by the low 

Curie temperature of the employed FM materials, the switching has only been 

realized at a few Kelvin. Room temperature SOT switching, which lies at the heart of 

applicative interests, remains to be demonstrated. On the other hand, several different 

techniques (including spin pumping [16–18], spin torque ferromagnetic resonance 

[11,12,19], second harmonic magnetometry [13,14], non-local spin valve or tunnel 

junction measurements [10,20–23], and spin Seebeck effect [24]) have been applied 

to extract the figure of merit for charge-spin conversion, the effective spin Hall angle 

SH . The obtained results vary by orders of magnitude, which obscures the 

fundamental understanding of the spin transport mechanism. Moreover, very 

controversial temperature dependencies of SH  have been reported in different 

measurements. One question that naturally arises is whether TI can provide spin-orbit 

coupling that are robust enough for room temperature applications. Therefore, a direct, 

definitive experimental evidence to illustrate the SOT switching efficiency of TI at 

room temperature is highly desirable. In this work, by integrating prototypical TI with 

a ferrimagnet with perpendicular magnetic anisotropy (PMA), we observe 

current-induced magnetic switching at room temperature, which provides a direct 

avenue towards applicable TI-based spintronic devices.    

A major difficulty in realizing TI-based SOT switching at room temperature is the 
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growth of FM layers with appropriate magnetic anisotropy neighboring with TI. It is 

known that the FM layers with PMA can be used for fabricating SOT switching 

devices with simple device architecture and good thermal stability [5,6]. However, the 

magnetic anisotropy of the commonly used FM materials such as Co and CoFeB 

strongly relies on interfacial conditions, which usually favors an in-plane orientation 

when grown on TI. Comparatively, transition metal–rare earth ferrimagnetic alloys 

(e.g., CoxTb1-x) are more promising owing to their robust bulk PMA [25,26]. In CoTb 

alloys, the sublattices of the Co and Tb elements are antiferromagnetically coupled. 

The magnetic properties such as the anisotropy energy coefficient and magnetization 

can be tuned within a wide range of values through chemical composition engineering. 

In our work, GaAs substrate/Bi2Se3 (7.4nm)/CoTb (4.6nm)/SiNx (3nm) multilayer 

stacks are deposited through a combination of molecular beam epitaxy [27,28] and 

magnetron sputtering (see details in ref. 23), followed by an insulating SiNx layer (3 

nm) to avoid oxidation. The atomic ratio of Tb element in CoTb alloy (0.23) and the 

film thickness (4.6 nm) are chosen to get optimal PMA on the TI material Bi2Se3 [Fig. 

1(b)]. The resistivities of the Bi2Se3 and CoTb layers are determined to be 1060 and 

97 μΩcm using four-point measurements, which is consistent with the measured total 

resistance of Bi2Se3/CoTb/SiNx multilayer samples. The films are then patterned to 

Hall bar structures for transport measurements [Fig. 1(c)]. The anomalous Hall 

resistance (RH) as a function of applied out-of-plane magnetic field (Hz) is plotted in 

Fig. 1(d). Thanks to the successful development of the PMA layer with high Curie 

temperature on top of Bi2Se3, for the first time we can observe efficient SOT 

switching induced by TI at room temperature. 

Current-induced switching is measured by sweeping a dc current, while a bias 

magnetic field (Hx) of 1000 Oe is applied along the current direction to achieve 

deterministic switching polarities. As plotted in Fig. 2(a), the current switches the 

magnetization of the CoTb layer between up and down directions, corresponding to 

the Hall resistance of ± 0.6 Ω. The curve changes its polarity when the bias field is 

inversed [Fig. 2(b)], which is a typical characteristic of the SOT switching of PMA 
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films [6]. The total resistance change (1.2 Ω) is comparable with the RH–Hz curve 

under the same in-plane bias field (1.4 Ω [28]), which demonstrates an almost 

complete magnetization switching with current. The difference of resistance change 

between current-induced switching and field switching can be explained by the 

current spreading at the Hall cross [28]. The critical current density in Bi2Se3 for 

switching (2.8×106 A/cm2, calculated using a parallel circuit model with the resistivity 

values) is much smaller than the typical values obtained in heavy metal/FM structures 

with much thinner FM layers (usually in the magnitude of 107 A/cm2, see refs. 11–13 

and Figs. 4(a) and (b)), suggesting the high SOT efficiency in Bi2Se3.  

We now turn to the quantitative calibration of the SOT efficiency in Bi2Se3/CoTb 

heterostructures. When a bias field is applied along the current direction, the 

damping-like term of SOT, which is most relevant to the magnetization switching [6], 

exerts an out-of-plane effective field inside the Néel type domain walls. This effective 

field is reflected by a horizontal shift in the RH–Hz hysteresis curve [3,32]. As shown 

in Fig. 3(a), under a bias field of Hx = + 800 Oe, the center of the RH–Hz curves shifts 

from zero to positive (negative) side in the presence of a positive (negative) current. 

We measure the RH–Hz hysteresis loops under a series of applied current and Hx, and 

plot the center of hysteresis loops ( eff) as a function of the current density (je) [Fig. 

3(b)]. The slope defined as χ eff/ e represents the damping-like SOT efficiency, 

the sign of which depends on the direction of Hx. 

The dependence of the SOT efficiency on the bias field is summarized in Fig. 

3(c). χ grows linearly in magnitude for small Hx, and reaches saturation ( sat) when 

Hx is larger than 200 Oe. The evolution of χ as a function of Hx can be explained by 

the chirality change of the domain walls in the CoTb layer. The 

Dzyaloshinskii-Moriya interaction (DMI) can appear either at the Bi2Se3/CoTb 

interface or in the bulk of the CoTb alloy, leading to the formation of the Néel domain 

walls with a certain chirality. As the bias field increases to overcome the DMI 

effective field (HDMI), the domain walls change their chirality and start to move in 

directions that facilitate magnetic switching [3,26,32]. In this scenario, sat 
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represents the intrinsic SOT efficiency and the saturating bias field ( sat ≈ 200 Oe) 

can serve as an estimation of HDMI and the DMI energy [28].  

The effective spin Hall angle ( SH, defined as the ratio between the generated 

spin current density  and the average charge current density in TI je) of the 

Bi2Se3/CoTb heterostructure is calculated using [32]  

                          sat SH s                        (1) 

where  is Planck’s constant, e is the electron charge, μ0 is the vacuum permeability, 280 emu/cm  is the saturated magnetization, and 4.6 nm is the thickness 

of the CoTb layer. With the obtained sat 6.1 10  Oe A cm  in Fig. 3(c), the 

effective spin Hall angle is determined to be 0.16 ± 0.02. Noticeably, previously 

reported spin Hall angle of TI varies from 0.01 over 400 [11–23]. The discrepancies 

may be ascribed to different film qualities and data fitting process, as well as possible 

involvement of the magnon scattering mechanism [15]. Compared with the indirect 

measurements, the method we use is straightforward and more relevant to the real 

application scenario, where the charge-spin conversion efficiency is directly 

quantified in the magnetic switching configurations. Besides the absolute values, very 

different trends have also been observed in the temperature dependence of the 

charge-spin conversion efficiency previously. While some experiments suggest the 

immunity of TI to temperature increase [12,18], many others indicate a very quick 

decay of the efficiency when the temperature is raised above the liquid helium 

temperature [10,16,19,20] which dims the prospect of TI for applicable switching 

devices. Our quantification of αSH at room temperature, together with the results in 

Fig. 2, demonstrates the feasibility of room temperature applications. 

It remains a controversial issue whether the surface or bulk states make the 

dominant contributions to the final SOT in TI [16–19]. This issue becomes most 

significant for Bi2Se3, where very conductive bulk states exist at the Fermi surface 

[11,12]. To gain further insights on this topic, we employ (Bi,Sb)2Te3, a more 

insulating TI, to reduce the bulk effects. According to previous electronic structure 

[33,34] and transport measurements [17,23], (Bi,Sb)2Te3 has fewer bulk conductance 
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channels. This is consistent with the resistivity of our (Bi,Sb)2Te3 layer (4020 μΩcm), 

almost four times larger than Bi2Se3. A CoTb layer (8.0 nm, Ms = 300 emu/cm3) with 

PMA is grown on (Bi,Sb)2Te3 (8.0 nm) [28]. The SOT efficiency vs in-plane bias field 

is measured [Fig. 3(d)] using the same method as the Bi2Se3 sample. The effective 

spin Hall angle of (Bi,Sb)2Te3 is calculated to be 0.40 ± 0.04 according to Eq. (1), 

which is 2.5 times larger than that of Bi2Se3. The fact that TI with reduced bulk 

conductance leads to higher spin Hall angle suggests that the topological surface 

states make significant contributions to the efficient SOT.  

To make a direct comparison on the SOT efficiencies between TI and other 

widely studied heavy metals, we fabricate additional control samples with 

Pt/CoTb/SiNx and Ta/CoTb/SiNx stacks. The resistivities of Pt and Ta are determined 

to be 23 and 193 μΩcm. We first try to use CoTb films with the same thickness as the 

Bi2Se3 sample, however, due to the reduced SOT efficiency in these metals, no 

current-induced switching can be detected. Alternatively, we grow thinner CoTb films 

(~ 2 nm) on Pt and Ta. Current-induced switching in these two samples is illustrated 

in Figs. 4(a) and (b), while the SOT efficiency as a function of the bias field is 

summarized in Figs. 4(c) and (d). First of all, from the current-induced switching 

polarity and SOT efficiency measurements, we note that the effective spin Hall angle 

of Bi2Se3 has the same sign with that of Pt but opposite with Ta, which is consistent 

with the previously reported results [11,12,18,23]. This also rules out the possibility 

that the spin-orbit coupling from the heavy element Tb plays the dominant role in the 

SOT switching, which will otherwise lead to the same switching polarities in all three 

samples. Secondly, the effective spin Hall angles of Pt and Ta are determined to be 

0.017 ± 0.002 and – 0.031 ± 0.002 with Eq. (1), several times smaller than those of 

Bi2Se3 and (Bi,Sb)2Te3 [Fig. 4(e)]. We note that overall, the measured spin Hall angles 

from Pt and Ta are smaller than the previously reported values (0.15 for Pt and – 0.12 

for Ta), where similar techniques but different ferromagnetic electrodes (CoFeB and 

Co) have been utilized [32]. This difference suggests that compared with conventional 

FM electrodes, the antiferromagnetically coupled CoTb layer is likely to have lower 
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interfacial transparency [35] when it is in contact with spin-orbit materials. Therefore, 

the intrinsic effective spin Hall angle from Bi2Se3 and (Bi,Sb)2Te3 could be even 

larger than the measured value in this work. 

Despite the increased charge-spin conversion efficiency in TI, it remains unclear 

whether the utilization of these materials will lead to energy advantages, as TI usually 

have much higher resistivity ρ compared with other spin-orbit metals. To answer this 

question, we calculate the power consumption for switching FM electrodes in unit 

magnetic volume, which is proportional to / SH, as the critical current density for 

switching scales with the inverse of SH. As shown in Fig. 4(f), TI still stand out as 

the favorable material when power consumption is used as the comparison metric. For 

further optimization the SOT efficiency, TI materials with more insulating bulk states 

will be beneficial, as the power dissipation in the bulk channels can be avoided. 

Finally, we note that in our current implementation of TI-induced switching, the 

shunting of current through the FM metal layer is significant. To fully exploit the 

efficiency of TI, magnetic semiconductors/insulators would be favorable. Potential 

candidates include rare earth iron garnet or barium ferrite with PMA [36,37]. 

In summary, spin-orbit torque magnetic switching induced by the topological 

insulator is observed at room temperature. The effective spin Hall angle is precisely 

calibrated in Bi2Se3 and (Bi,Sb)2Te3 and compared with the heavy metals Pt and Ta. 

The large spin Hall angle suggests the robustness of charge-spin conversion in TI 

even at room temperature. Accompanied with recent SOT studies in TI, our work adds 

to the technical significance of the emerging field of topological spintronics and 

potentially points to practicable innovations in TI-based switching devices. 

 

Note: At the submission of our manuscript, we noticed similar results of TI-based 

SOT switching of PMA layers at room temperature reported by another group [38]. 
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FIG 1. Structure and magnetic properties of the Bi2Se3/CoTb sample. (a) Schematic of 

SOT in Bi2Se3/CoTb heterostructure. The charge current (je) generates spin 

accumulation (-σ) which is perpendicular to the current direction at the interface, and 

exerts a SOT on the magnetic moments (m). The SOT is proportional to ) 

and can be described by an effective field HSO, which is proportional to . (b) 

Hysteresis loop of the out-of-plane magnetization measured by vibrating sample 

magnetometry (VSM). (c) Image of the Hall device with an illustration of the 

electrical measurement setup. The current is applied along the x axis and the Hall 

voltage is detected in the y direction. The width of the Hall bar is ~ 4 μm. (d) 

Anomalous Hall resistance vs out-of-plane magnetic field. 
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FIG 2. Room temperature SOT switching in Bi2Se3/CoTb. Hall resistance is measured 

when sweeping a dc current under a bias field of 1000 Oe along (a) positive and (b) 

negative x axis. je is the average current density inside the Bi2Se3 layer. 
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FIG 3. Calibration of the SOT efficiency. (a) Hall resistance vs applied perpendicular 

field under positive and negative dc currents with the density of 1.0 × 106 A/cm2 

through Bi2Se3 and a bias field Hx = + 800 Oe. The center shift corresponds to the 

SOT-induced effective field ( eff). (b) eff as a function of applied current under 

bias fields Hx = 0, ± 200 Oe. (c) SOT efficiency χ vs Hx. χ saturates at the field sat. 
The data shown in (a) to (c) are measured in the Bi2Se3/CoTb sample. (d) SOT 

efficiency χ vs Hx in the (Bi,Sb)2Te3/CoTb sample. Note that the magnetization and 

film thickness of CoTb layers in (c) and (d) differs from each other, which is taken 

into account during our calculation of SH.   
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FIG 4. Comparative measurements of CoTb grown on different spin-orbit materials. 

(a) and (b) Current-induced switching in Pt/CoTb and Ta/CoTb samples under 

positive bias fields. (c) and (d) SOT efficiency χ vs bias field Hx in Pt/CoTb and 

Ta/CoTb samples. Note that compared with the Bi2Se3/CoTb sample, CoTb layers 

with reduced thickness have been used for Pt and Ta samples, to allow for measurable 

current-induced switching. (e) Absolute values of the effective spin Hall angles of 

(Bi,Sb)2Te3, Bi2Se3, Pt, and Ta measured by our experiments. (f) Normalized power 

consumption (with Ta set to be unity) for switching FM electrodes in unit magnetic 

volume using (Bi,Sb)2Te3, Bi2Se3, Pt, and Ta.  
 


