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ABSTRACT OF THE DISSERTATION 

 

Spin-Orbit Torques in Topological Insulator-based Magnetic Structures 

 

by 

 

Yabin Fan 

Doctor of Philosophy in Electrical Engineering 

University of California, Los Angeles, 2016 

Professor Kang Lung Wang, Chair 

 

         During recent years, enormous progress has been made in the spintronics research field 

which utilizes the spin degree of freedom of electrons in addition to their charge for information 

processing with the goal to achieve non-volatile spintronic memory and logic devices with fast 

speed, high density, good reliability and low power consumption. In particular, novel materials 

have been incorporated in the magnetic structures to realize manipulation and/or switch of 

magnetic moment using the least possible power. Among them, heavy metals and topological 

insulators (TIs), which exhibit strong spin-orbit coupling, have been employed to generate spin-

orbit torques (SOTs) to enable efficient switching of magnetic moment, which may thus lead to 

the next generation green spintronic devices. 

         In this work, we will explore the current-induced SOTs in TI-based magnetic structures. 

First, we present the magnetization switching through giant SOT induced by an in-plane current 

in a TI/Cr-doped TI bilayer heterostructure. The critical current density required for switching is 
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below 8.9 × 104 A/cm
2
 at 1.9 K. Both the effective spin-orbit field to current ratio and the spin-

torque efficiency are found to be three orders of magnitude larger than those reported for 

conventional heavy metal/ferromagnet heterostructures. 

         Second, we show the effective electric-field control of the giant SOT in a uniformly Cr-

doped TI thin film using a top-gate field-effect transistor structure. We demonstrate that the SOT 

strength can be modulated by a factor of 4 within the accessible gate voltage range, and it shows 

strong correlation with the spin-polarized surface current arising from surface spin-momentum 

locking in the film. Furthermore, we demonstrate the magnetization switching by scanning gate 

voltage with constant current and in-plane magnetic field applied in the Cr-doped TI thin film. 

         Last but not least, we summarize the research results and discuss future potential research 

opportunities and challenges in this field. There are still many unresolved questions in this new 

research field. Nevertheless, the giant current-induced SOT we have observed in TI-based 

magnetic structures suggests that it might have wide implications in the next generation gate-

controlled, ultralow power spintronic devices. 
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Chapter 1 

Introduction 

 

1.1 Introduction to Spin-Orbit Torques 

         Spintronics is a research field that utilizes the spin and charge degrees of freedom to 

control equilibrium and non-equilibrium properties of magnetic materials and devices 
1-3

. The 

spintronics research field has developed very fast in the past decade with outcome technologies 

that have high potential to replace the conventional complementary metal-oxide-semiconductor 

(CMOS) technology 
4
. The generation of spin current and use of it to control magnetization 

dynamics is one of the key objectives in the spintronics research field, with the aim to develop 

non-volatile spintronic memory and logic devices with faster speed, higher density, better 

reliability and lower power consumption as compared with today’s CMOS devices 
5-7

. Among 

the notable spintronic technologies developed so far, spin-transfer torque (STT) 
7,8

, i.e., transfer 

of spin angular momentum from the spin current to the adjacent magnetic moment, offers one 

effective way to control the magnetization dynamics electrically. Besides STT, people have 

developed more advantageous ways to generate spin torque by employing high spin-orbit 

coupling (SOC) materials, and the spin torque exerted on an adjacent magnet by the applied 

current is hereby named spin-orbit torque (SOT) 
9
. The SOT can be used to manipulate or even 

switch a magnet with far greater efficiency. Therefore, it has attracted extensive research interest 

during the past few years and shows promising application potential on the next-generation 

magnetic memory and logic devices. In the following sub-sections, we will briefly introduce the 

research status on both STT and SOT. 
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1.1.1 Spin-Transfer Torque 

         In 1989, Slonczewski et al. first theoretically predicted that STT could happen between 

conduction electrons and magnetization: spin-polarized electrical currents can transfer spin 

angular momentum to the magnetic moments of a ferromagnet, thus reorienting them 
10-12

. When 

the spin polarization of the electrons incident on a magnetic layer is not aligned with its 

magnetization, as shown in Fig. 1-1(a), the electron spin precesses quickly around a momentum-

dependent internal field of the ferromagnet. Electron spins dephase rapidly because of the 

distribution of electron momenta associated with the current flow 
13

. As a result, the component 

of spin polarization transverse to the magnetization decays, transferring spin angular momenta to 

the ferromagnet. The change in spin polarization between the outgoing electrons and the incident 

electrons thus causes torques on the ferromagnet 
14

, both a torque lying in the plane of the 

incident and outgoing electron spin directions, called the STT, and a torque perpendicular to that 

plane, called the field-like torque, as illustrated in Fig. 1-1(a). 

         STT can provide an efficient means to reorient the magnetization direction. In 1999, Ralph 

group demonstrated the STT-induced magnetization switching in a Co/Cu/Co sandwich structure 

15,16
. After that, rapid growth in the field of STT-driven magnetization dynamics emerged, 

especially in the magnetic tunnel junction (MTJ) structure which is made of a ferromagnetic 

metal/insulator/ferromagnetic metal stack 
17

. The MTJ structure is a crucial element in the STT 

magnetic random access memory (MRAM) bit cell. As shown in Fig. 1-1(b), the orientation of 

magnetization of one electrode in the MTJ junction is fixed (the fixed layer) and serves as a 

reference layer that sets the spin-polarization direction of the incident current. The other 

magnetic electrode acts as a ‘free layer” in which the information can be stored. The incident 

spin-polarized current  𝐼S can exert STT on the free layer and switch its magnetization direction 
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(the write process). The information is encoded in the tunneling magnetoresistance (TMR) which 

refers to the percentage change in resistance between parallel and antiparallel magnetization 

alignment of the electrodes in the MTJ. Until 2004, the maximum TMR reported 
18-20

 at room 

temperature was 70%. TMR greater than 100% had, however, been predicted in crystalline 

Fe/MgO/Fe tunnel junctions 
21

 and was then observed experimentally 
22,23

. Subsequent rapid 

advances in the growth of thin-film materials have led to junctions with large TMR of several 

hundred percent, through the use of transition metal electrodes (typically CoFeB). 

 

 

Figure 1-1. Illustration of the current-induced STT and the 2-terminal MTJ structure. (a) A spin-

polarized current applies torques on a ferromagnet: a STT lying in the plane of the incident and 

outgoing electron spin directions and a field-like torque perpendicular to that plane. The bold 

vertical arrow is the magnetization of the ferromagnet. This figure is adapted with permission 

from ref. 
14

. (b) 2-terminal MTJ structure consisting of the fixed magnetic layer, the tunnel 

barrier and the free magnetic layer. A spin current  𝐼S  polarized by the fixed layer can exert STT 

on the free layer and switch its magnetization.  
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1.1.2 Spin Hall Effect and Spin-Orbit Torques 

         Although the 2-terminal STT-based MTJ structure has many advantages as compared with 

traditional charge-based memory cell, it has an intrinsic electrical wear-out problem, that is, the 

dielectric breakdown of the MgO tunnel barrier due to the large current passing through in the 

‘write’ process 
24

. In the 2-terminal MTJ, it is also a challenge to achieve reliable reading of the 

MTJ resistance without ever causing switching. To avoid these problems, people have explored 

different ways to generate spin torque without large current traversing the tunnel barrier in MTJ. 

Among them, SOT 
9,25,26 

generated by high SOC materials offers a good solution. In particular, 

spin Hall effect (SHE) in heavy metals has been employed to generate SOT, and it shows 

tremendous success during the past few years. SHE-induced SOT can effectively manipulate and 

switch the magnetization in a heavy metal/ferromagnet heterostruture (HMFH), suggesting 

promising applications in the novel magnetic memory devices. In the following, we briefly 

discuss the SHE mechanism in heavy metals and the magnetization switching experiments based 

on the SHE-induced SOT. 

         In nonmagnetic materials with strong relativistic SOC, the electrons’ spin degree of 

freedom is highly coupled with their orbital momentum. Typically in heavy metals with strong 

SOC, when passing a charge current through them, the incident electrons will feel an effective 

spin-orbit field arising from the large SOC. As a result, a certain percentage of the incident 

electrons will be deflected to the transverse directions, and this effect is called the SHE 
27-31

. 

Since the effective spin-orbit field direction depends on the electron’s spin direction, incident 

electrons with opposite spins will be deflected to opposite transverse directions, forming a spin 

current perpendicular to the incident charge current. Why there is an effective spin-orbit field for 
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the incident electrons in heavy metals with strong SOC? People have proposed both intrinsic and 

extrinsic mechanisms and they have been investigated experimentally. 

         According to the theory, in the intrinsic mechanism (i.e., the intrinsic SHE) 
32,33

 which 

exists in the perfect single-crystalline metals, the effective spin-orbit field arises because of the 

momentum-space Berry phase contribution 
27,34

 to the spin Hall conductivity since some bands 

are mixed/connected via SOC in heavy metals below or near the Fermi level. When calculating 

the spin Hall conductivity using the Kubo formula, the band mixing/connection below the Fermi 

level in the Brillouin zone will give rise to a Berry phase term. This nontrivial term is a 

manifestation of the interband coherence during transport in highly spin-orbit coupled materials. 

On the other hand, in the extrinsic mechanism (i.e., the extrinsic SHE) 
35-37

, the spin-dependent 

scatterings, e.g., the skew scattering or side-jump in the presence of defects or impurities in 

heavy metals 
34

, can induce the effective spin-orbit field and incident electrons with different 

spins will be deflected to opposite transverse directions during the scattering events. Both the 

intrinsic and extrinsic SHE can produce a transverse spin current. In Fig. 1-2(a), we illustrate the 

SHE in a heavy metal: when passing a charge current (with density 𝐽C) through the heavy metal 

along the – 𝑦 direction, incident electrons with opposite spins (pointing along – 𝑥 and 𝑥 axes) are 

deflected to opposite transverse directions (𝑧 and – 𝑧 directions), resulting in a spin current (with 

density 𝐽S) along the 𝑧-direction. 
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Figure 1-2. Illustration of the SHE in a heavy metal and the 3-terminal MTJ structure based on 

current-induced SOT in high SOC material. (a) A charge current (with density 𝐽C) passes through 

the heavy metal along the – 𝑦 direction. Due to the SHE, incident electrons with different spins 

are deflected to opposite transverse directions (𝑧 and – 𝑧 directions), which leads to a spin current 

(with density  𝐽S ) along the 𝑧-direction. (b) 3-terminal MTJ structure consisting of the fixed 

magnetic layer, the tunnel barrier, the free magnetic layer and the high SOC material. Charge 

current passing through the high SOC material can generate a transverse spin current  𝐼S which 

applies SOT on the free layer and switch its magnetization. 

 

         Now let us see how the SHE-induced SOT by heavy metals can solve the dielectric 

breakdown problem in the 2-terminal MTJ structure as mentioned before. Different from the 2-

terminal MTJ structure, the SOT-based MTJ uses 3-terminal structure, as shown in Fig. 1-2(b). 

During the operation, a lateral current 𝐼 will pass though the heavy metal layer (or in general, a 

high SOC material), and a perpendicular spin current 𝐼S will be generated. 𝐼S will exert a SOT on 

the adjacent free magnetic layer and switch its polarization, as illustrated in Fig. 1-2(b). In this 3-

terminal MTJ structure 
7,38

, the ‘read’ current path and the ‘write’ current path are well separated  

and the SOT is generated without charge current traversing the tunnel barrier. This separation 

can significantly improve the MTJ reliability while also giving better output signal. 
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         In real experiment, the SHE was first detected in semiconductors with large SOC (e.g., 

GaAs and InGaAs) using optical method 
39,40

. Later, it was discovered in heavy metals (e.g., Pt 

and Ta) through many experiments 
38,41-43 

and has ignited extensive research interest. Among all 

the experiments related to the SHE in heavy metals (e.g., SHE-induced magnetization switching 

38,41-43
 , tuning of magnetic damping 

44-47
 and spin wave attenuation 

48,49
, excitation of spin wave 

oscillations 
50

, magnetic precession 
45

, and magnetic domain wall motion 
51-53

, etc.), the SHE-

induced magnetization switching in HMFHs provides the most direct evidence of the SOT 

generated by the SHE in heavy metals and suggests very promising device applications such as 

the 3-terminal MTJ structures based on HMFHs. In the following, we briefly discuss the 

representative SHE-induced magnetization switching experiments achieved in HMFHs. 

         First, as shown in Fig. 1-3(a), in a Pt/Co/Al2Ox hetrostructure which exhibits out-of-plane 

anisotropy due to the interfacial SOC, the Co magnetization can be deterministically switched by 

a positive or negative current pulse in Pt in the presence of an in-plane magnetic field applied 

along the current direction, as evidenced by the Hall resistance in Fig. 1-3(b). The switching is 

due to the SHE-induced SOT from the Pt layer. This switching was first reported by Miron et al. 

41
 and was further investigated and clarified by Liu et al. 

42
. In addition, in Liu’s another work 

38
, 

the 3-terminal MTJ structure composed of Ta/CoFeB(free layer)/MgO/CoFeB(fixed 

layer)/(Ta/Ru) was studied, as depicted in Fig. 1-3(c). The in-plane magnetized nano-magnet 

CoFeB(free layer) can be switched back and forth depending on the lateral current direction 

applied through the Ta layer, as demonstrated by the hysteretic TMR plotted in Fig. 1-3(d). This 

experiment demonstrates the pronounced SHE-induced SOT from Ta. The above switching 

experiments suggest promising applications of SHE in novel MRAM devices 
7
. From then, the 

SHE-related research in HMFHs has become a flourishing topic in the spintronics field. 
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Figure 1-3. Magnetization switching through SHE-induced SOT in the HMFHs with out-of-

plane and in-plane anisotropies. (a) Hall cross geometry made of Pt/Co/AlOx with out-of-plane 

anisotropy. Black and white arrows indicate the ‘up’ and ‘down’ equilibrium magnetization 

states of the Co layer, respectively. (b) Upper: z-component magnetization Mz measured by the 

anomalous Hall resistance as a function of applied field, B. Lower: switching of Mz through the 

injection of positive (black squares) and negative (red circles) current pulses of amplitude Ip = 

2.58 mA. The data are reported during a single sweep of B, corresponding to the solid line in the 

upper panel. In both panels, B is applied at θ=92°, parallel to the current direction (ϕ=0°). The 2° 

(a)

(b)

(c)

(d)

x y

z



9 
 

offset with respect to the ideal in-plane direction is used to define the residual 

component Bz unambiguously. Both (a) and (b) are adapted with permission from ref. 
41

. (c) 

Schematic of the 3-terminal MTJ device composed of Ta/CoFeB/MgO/CoFeB/(Ta/Ru) with in-

plane anisotropy, and the circuit for measurements. (d) TMR of the device as a function of the 

applied dc current IDC, demonstrating the SHE-induced switching for the in-plane magnetized 

CoFeB at room temperature. Both (c) and (d) are adapted with permission from ref. 
38

.  

 

1.1.3 Spin-Orbit Torques in Materials beyond the Heavy Metals  

         As we have introduced before, heavy metals can generate efficient SOT through the SHE 

and enable effective manipulation of magnetization in HMFHs. Besides heavy metals, people 

have explored other new materials that can generate more efficient SOT through more advanced 

mechanisms. Among them, topological insulators (TIs) have stood out and caught people’s 

attention. Distinct from heavy metals, TIs not only have very strong SOC, but also possess the 

unique spin-momentum locked Dirac fermions on the surface 
54-56

, which make them very 

promising for generating SOT when passing a charge current through the surface. Indeed, in 

several experiments 
57-65,66

, TIs have shown the capability of generating SOT with much better 

efficiency as compared to heavy metals. In this dissertation, we will specifically report the giant 

SOT that has been measured in the magnetic TI-based structures. 

         Before going to the detail, we would like to briefly highlight the efficiency of TIs for 

generating SOT, namely, the spin-torque ratio 𝜗ST 
59 

(in the heavy metal case, it evolves to the 

spin Hall angle 𝜗SH) which is a measure of the amount of torque that can be generated per unit 

charge current density. 𝜗ST is defined as 𝜗ST = (
2𝑒

ℏ
) 𝐽S/𝐽C, where 𝑒 is the electron charge, ℏ is 

the reduced Planck constant, 𝐽C and 𝐽S are the charge current density applied through the material 



10 
 

and the generated transverse spin current density, respectively. As shown in Table 1-1, we can 

clearly see that the spin-torque ratios in TIs 
57-59

 are much larger (almost three orders of 

magnitude larger) than those reported in heavy metals, suggesting that TIs are much more 

efficient materials for generating SOT than heavy metals. We note that when considering the 2-

dimensional (2D) nature of the surface states in TIs, people also use the characteristic length (e.g., 

the inverse Edelstein effect length 𝜆IEE as reported in ref. 
65

) to quantify the SOT efficiency. This 

characteristic length can be transformed to the spin-torque ratio if the TI’s surface states 

penetration depth is taken into account. Since TIs are very promising materials for generating 

SOT for spintronic applications, we will give a more detailed introduction to them and their 

surface states properties in the next section. 

Table 1-1. Spin-torque ratios for different high SOC materials 

Materials (Bi, Sb)2Te3 

(refs. 
57,58

) 

Bi2Se3 

(ref. 
59

) 

β-Ta 

(ref. 
38

) 

β-W 

(ref. 
67

) 

Pt 

(ref. 
45

) 

Cu(Bi) 

(ref. 
68

) 

𝜗ST 116-425 2.0-3.5 0.15 0.3 0.08 0.24 
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1.2 Introduction to Topological Insulators 

         Topological insulators (TIs) are a new class of materials. The name of TIs originates from 

the fact that these materials have an insulating energy gap in the bulk but possess the 

topologically protected metallic states at the boundaries when they are placed next to vacuum or 

an ordinary insulator 
54-56

. The reason for these materials to have the peculiar properties is that 

they have an inverted band structure in the bulk which is caused by the strong SOC in these 

materials 
69,70

. In normal semiconductors, the conduction band which is formed from electrons in 

s-type orbitals (wavefunctions have even parity) is always above the valence band that is formed 

from electrons in p-type orbitals (wavefunctions have odd parity), i.e., the band gap 𝐸g  is 

positive. However, in TIs, which contain heavy elements, the SOC is so strong that the p-type 

orbital band is pushed above the s-type orbital band----that is, the bands are inverted (i.e., the 

band gap 𝐸g is negative). As a result, TIs’ bulk band topology in the k-space is different from 

that of conventional semiconductors. When we connect TIs with materials exhibiting a positive 

energy gap, due to the continuity of wavefunctions of the same parity at the boundary, the energy 

gap is expected to close and exotic edge/surface states are expected to emerge at the interface. 

         The above scenario was first theoretically proposed 
71

 and experimentally realized 
72

 in a 

2D TI material, the CdTe/HgTe/CdTe quantum well 
71-74

. When the HgTe quantum well is 

thicker than 6.3 nm (critical value), the HgTe has a negative energy gap; on the other hand, CdTe 

is an ordinary insulator which has a positive energy gap. Consequently, in the theoretical 

calculation, gapless metallic edge states are well resolved in addition to the ordinary parabolic 

bulk band in the quantum well, as shown in Fig. 1-4(a). Due to the linear 𝐸 − 𝑘 dispersion 

relation, these edge electrons can be viewed as massless Dirac fermions. More strikingly, due to 

the strong SOC, the edge states are spin-momentum locked: for the right-moving edge mode (red 
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line), spin is polarized down while for the left-moving edge mode (blue line), spin is polarized up. 

Every edge mode contributes to one quantum conductance. Due to the spin-momentum locking 

feature and the protection of time-reversal-symmetry (TRS), the edge modes experience no back-

scattering by non-magnetic impurities during the transport process. This leads to exactly the 

quantum spin Hall effect (QSHE), as illustrated in Fig. 1-4(b), where dissipationless helical spin-

polarized conduction is realized without the presence of any external magnetic field 
72

. The 

HgTe quantum well, as a successful implementation of the QSHE insulator (i.e., a 2D TI), has 

inspired extensive research interest on TI materials. Due to the exotic properties, TI has 

generated broad interest not only in spintronics, but also among condensed matter physics, 

material science, and ultralow-dissipation device applications. Moreover, it has also expanded to 

the 3-dimensinal (3D) regime as we will introduce below. 

 

Figure 1-4. 2-dimensional topological insulator band structure and the spin polarized edge 

channels. (a) The energy band spectrum of a 2D TI, the HgTe quantum well. Blue and red lines 

show the edge states. Figure is adapted with permission from ref. 
75

. (b) Schematic of the spin-

polarized edge channels in a 2D TI, the HgTe quantum well. Figure is adapted with permission 

from ref. 
72

. 

(a) (b)
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1.2.1 3-Dimensional Topological Insulators 

         From the above section, we see that the band inversion due to strong SOC in 2D materials 

gives rise to the QSHE insulators (i.e., 2D TIs). In this section, we will show that the same 

principle can also be applied to construct 3D TIs where the topological nontrivial boundaries 

become 2D surface states instead of 1-dimensional (1D) edge channels. Basically, in 3D 

materials with strong enough SOC, the energy gap in the bulk can also be inverted. For example, 

displayed in Fig. 1-5(a) is the energy band evolution from atomic energy levels in Bi2Se3, which 

has strong SOC, as obtained by theoretical calculations 
69

. Before turning on the SOC interaction 

in stage IV, the first three stages (stage I, the hybridization of Bi and Se orbitals; stage II, the 

formation of chemical bonding and antibonding states; stage III, the crystal-field splitting effect) 

lead to  |𝑃1𝑧
+ >  above the Fermi energy and |𝑃2𝑧

− >  below the Fermi energy. |𝑃1𝑧
+ >  and 

|𝑃2𝑧
− >  are the pz components of the hybridized states from Bi and Se atoms, and they are the 

closest states to the Fermi energy. The superscripts +, −  stand for even and odd parities, 

respectively. As shown in Fig. 1-5(a), in stage IV when the strong SOC is turned on, |𝑃1𝑧
+ > is 

pushed down below the Fermi energy while |𝑃2𝑧
− > is pushed up above the Fermi energy, thus 

leading to an inverted band order in the bulk of Bi2Se3 which is analogous to the band inversion 

in the 2D topological insulator HgTe quantum well. 

         Since the bulk band is inverted in Bi2Se3, its topology in the momentum space is different 

from that of ordinary semiconductors. Similar to the 2D HgTe quantum well case, when Bi2Se3 

is placed next to vacuum or an ordinary semiconductor, due to the continuity of wavefunctions of 

the same parity at the boundary, the energy gap is expected to close and nontrivial surface states 

are expected to emerge at the interface. Indeed, according to the theoretical calculations, the 

surface states can be described by the Hamiltonian 
54,55,69,70,76

: 𝐻surf(𝑘𝑥, 𝑘𝑦) = ℏ𝑣D(𝜎𝑥𝑘𝑦 −



14 
 

𝜎𝑦𝑘𝑥), where ℏ is the reduced Planck constant, 𝑣D is the surface electron velocity, 𝑘𝑥 and 𝑘𝑦 are 

the electron momentum on the surface of Bi2Se3 and 𝜎𝑥 and 𝜎𝑦 are the Pauli matrices denoting 

the electron spin. The linear E-k relation gives rise to the Dirac cone dispersion on the surface of 

Bi2Se3, as shown in Fig. 1-5(b), and the surface electrons can be regarded as massless Dirac 

fermions. More importantly, the Dirac Hamiltonian naturally gives rise to the spin-momentum 

locking feature of the surface states, namely, the Dirac electron’s spin is locked perpendicular to 

its momentum in the k-space, and the spin texture is clockwise above the Dirac point while anti-

clockwise below the Dirac point, as illustrated in Fig. 1-5(b). These features make Bi2Se3 a 

perfect 3D TI material. Besides Bi2Se3, other binary compound such as Bi2Te3 and Sb2Te3 
54,69,77-

81
, and their derivatives are also reported to be 3D TIs. 

         To demonstrate the existence of topological surface states, people have used the surface-

sensitive angle-resolved photoemission spectroscopy (ARPES) to probe them 
78-86

. ARPES is a 

photon-in electron-out spectroscopy based on the photoelectric effect. An incoming photon, 

generated in X-ray sources or laser systems, is directed at a sample where it is absorbed. If the 

photon supplies sufficient energy to the electron, it can overcome the work function and exit the 

sample as a photoelectron. A movable detector, equipped with an energy filter, captures the 

photoelectrons in a specific energy range and solid angle. Using conservation of momentum and 

energy, one can then deduce information about the electron’s initial momentum, energy and 

therefore information about the underlying electronic structure, such as the surface states in TIs. 

Indeed, from the ARPES measurement the linear Dirac dispersion (surface states) as well as the 

parabolic bulk bands in Bi2Se3 can be well resolved 
80,81

, as shown in Fig. 1-5(c), demonstrating 

that Bi2Se3 is a robust 3D TI material. Moreover, by using the spin-resolved ARPES 
82,85

, as 

shown in Fig. 1-5(d), the spin-momentum locking feature of the surface states is also confirmed. 
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Figure 1-5. 3-dimensional topological insulator with bulk band inversion and surface spin-

polarized Dirac states. (a) Schematic picture of the origin of the band structure of Bi2Se3: (I) the 

hybridization of Bi orbitals and Se orbitals, (II) the formation of the bonding and antibonding 

states due to the inversion symmetry, (III) the crystal field splitting, and (IV) the influence of the 

SOC. (b) Spin texture of the surface states near the Γ point in Bi2Se3. For the conduction band, 

the helicity is left handed while for the valence band, it is right handed. (a) and (b) are adapted 

with permission from ref. 
76

. (c) ARPES measurement of electronic band structure of Bi2Se3 

(a) (b)

(c) (d)
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along the K-Γ-K direction, where Γ is the center of the hexagonal surface Brillouin zone. Figure 

is adapted with permission from ref. 
80

. (d) Measured y component of spin-polarization along the 

Γ-M direction at EB=-20 meV in Bi2Te3, which only cuts through the surface states. Inset: 

schematic of the cut direction. Figure is adapted with permission from ref. 
82

. 

 

1.2.2 Surface Spin-Momentum Locking in 3-Dimensional Topological Insulators 

         Besides the optical approaches to probe the surface states spin-momentum locking, such as 

spin-resolved ARPES 
82,85

 and circularly-polarized light induced photocurrent on the TI surface 

87-89
, another important method to detect the surface states spin-momentum locking is to use 

electrical transport measurement. When a lateral electric field is applied on the TI surface, due to 

the spin-momentum locking feature of the surface states (Fig. 1-6(a)) and electric field-induced 

shift of Fermi surface in the k-space, there is a certain spin polarization associated with the 

surface charge current 
90

, and the spin polarization direction is governed by the charge current 

direction. For example, when the surface charge current is flowing along the –x direction (i.e., Ix 

< 0), as shown in Fig. 1-6(b), the Dirac electrons’ spin is polarized along the –y direction; 

likewise, when the surface charge current direction is reversed (i.e., Ix > 0), as shown in Fig. 1-

6(c), the Dirac electrons’ spin polarization is also flipped (i.e., pointing along the y direction). In 

short, the unique spin-momentum locking feature of the surface states in 3D TIs make them 

perfect candidates for generating spin polarization (or surface spin current) when passing a 

lateral charge current through the surface, which is significant for potential spintronic 

applications. 
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Figure 1-6. Charge current-induced surface spin polarization in TI. (a) Schematic illustration of 

the helical spin texture of the surface states in TI: clockwise spin texture above the Dirac point 

while anti-clockwise spin texture below the Dirac point. Figure is adapted with permission from 

ref. 
91

 (Y. Fan’s publication). (b) Schematic of surface spin polarization for a charge current 

flowing along –x direction (i.e., Ix < 0). (c) Schematic of surface spin polarization for a charge 

current flowing along x direction (i.e., Ix  > 0). 

 

         In experiment, in order to detect the surface states spin-momentum locking (i.e., the charge 

current-induced surface spin polarization) by electrical transport method, a magnet 

electrode/oxide structure was placed on top of TI to form a ferromagnetic tunneling contact 
91

, as 

illustrated in Fig. 1-7(a). In this structure, the magnet electrode is a cobalt (Co) strip with a 

transverse in-plane easy axis and the oxide layer is Al2O3. By passing a longitudinal dc current 

through the TI film, a steady spin polarization is formed on the surface. If the polarized surface 

(a) (b)

(c)
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Dirac electrons’ spin magnetic moment is parallel with the Co electrode magnetization direction, 

a low-(magneto)-resistance state (LRS) between the Co electrode and the TI film is measured; 

accordingly, when the surface Dirac electrons’ spin magnetic moment is antiparallel with the Co 

magnetization direction, a high-(magneto)-resistance state (HRS) is produced, similar to the 

giant magneto-resistance (GMR) effect 
92,93

 observed in the Fe/Cr/Fe trilayer system. The above 

scenario was successfully demonstrated by switching the Co electrode magnetization direction or 

changing the longitudinal dc current direction and meanwhile measuring the magnetoresistance 

(MR) between the Co electrode and the TI layer, as plotted in Fig. 1-7 (c-d). The measured spin 

polarization of the surface current is consistent with the helical spin texture of the surface states 

as shown in Fig. 1-7 (b), which is also in agreement with previous spin-resolved ARPES 

experiments 
82,85

. Besides this work 
91

, there are several other reports 
94-98

 on similar electrical 

detection of spin polarization of the surface states conduction in TIs. 

         The surface charge current-induced spin polarization on TI is robust in the sense that it is 

protected by the bulk topology in the momentum space. This induced spin polarization can 

potentially apply very efficient SOT on an adjacent magnetic layer and result in various magnetic 

dynamics and effects. Compared with the traditional HMFHs 
27,38,41,42

, where the SOT is 

generated through the SHE in heavy metals, TIs’ surface states spin-momentum locking offers a 

new and potentially more efficient mechanism to generate SOT. Given the feasibility of 

combining TIs with various magnetic materials by molecular beam epitaxy (MBE) growth, TI-

based magnetic structures may lead to the new generation of spintronic memory and logic 

devices with far greater energy efficiency and much better performance. 
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Figure 1-7. Electrical detection of the spin-polarized surface states conduction in 

(Bi0.53Sb0.47)2Te3. (a) Schematic illustration of the device structure with one ferromagnetic 

tunneling Co/Al2O3 contact for spin detection. The measurement setup with a 4-probe 

configuration and a lock-in technique is also illustrated. (b) Schematic illustration of the helical 

spin texture of the surface states in TI: clockwise spin texture above the Dirac point while anti-

clockwise spin texture below the Dirac point. (c-d) The measured voltage (resistance) at T=1.9 K 

as the in-plane magnetic field is swept back and forth under dc bias of Idc= +2 µA and Idc= -2 µA, 

respectively. The parabolic background MR was subtracted. The scale bar represents a 

corresponding resistance of 2 Ω. The red and black arrows indicate the magnetic field sweeping 
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direction. The insets show the high-resistance state (HRS) and low-resistance state (LRS), 

determined by the relative orientation between the Co electrode magnetization M and the spin 

polarization s of surface states. The electron spin s is anti-parallel to its magnetic moment ms 

because of the negative charge of electron. Figures are adapted with permission from ref. 
91

 (Y. 

Fan’s publication).        

 

 

1.3 Motivation for Exploring Spin-Orbit Torques in Topological Insulator-based Magnetic  

      Structures  

         The motivation is multifold. Firstly, as we discussed above, TIs’ surface states spin-

momentum locking feature can probably provide a much more efficient way 
57-59,99

 to generate 

SOT than other mechanisms such as the SHE in heavy metals. The intuitive reason is that the 

surface charge current-induced spin polarization in TIs is protected by the bulk topology, which 

is very robust and immune to nonmagnetic impurity scatterings 
54,100,101

. As a result, it is highly 

worthwhile studying the SOT-related physics in the TI-based magnetic structures, which has 

both fundamental importance and potential technological applications in spintronics. 

         Secondly, compared with heavy metals, the bulk of TI materials can be made very 

insulating by optimizing the material growth technique 
102,103

. This is advantageous because 

when passing a charge current through the TI material with an insulating bulk, most of the 

current will flow on the surface and participate in the spin polarization or SOT generation as the 

transport is governed by the surface states Dirac Hamiltonian 
54,55

. In contrast, the transport in 

heavy metals is usually dominated by the bulk kinetic Hamiltonian which accounts for a major 

portion of the total Hamiltonian 
27

, and the SOC interaction is incorporated in as a perturbation 
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part. In the TIs’ surface Dirac Hamiltonian, on the contrary, the SOC interaction accounts for the 

entire Hamiltonian which couples spins with momentum rigorously 
70,76,82

. This feature 

distinguishes TIs from heavy metals. The above argument provides another perspective to 

suggest that TIs are much more efficient materials in generating SOT than heavy metals. 

         Thirdly, 3D TIs (Bi2Se3, Bi2Te3, Sb2Te3, etc.) are van der Waals materials. This property 

makes them suitable for growing on quite a large range of different substrates, including the 

magnetic substrates. Indeed, the TI/ferromagnet (e.g., CoFeB, NiFe, etc.) 
59,60

, TI/magnetic 

insulator (e.g., YIG, EuS, etc.) 
104-106

 structures have been successfully prepared by different 

groups. Besides, when TIs are doped with magnetic elements (Cr, V, etc.) 
107-114

, pronounced 

ferromagnetic order can be formed in the materials with the surface massless Dirac fermions 

driven to massive ones 
80,115

. This opens up many new opportunities for constructing TI/magnetic 

TI heterostructures or superlattices by MBE in situ growth, which provides the ideal platform for 

studying SOT-related physics in TI-based magnetic structures. Based on the above motivations, 

we have carried out the SOT research in the TI-based magnetic structures (more specifically the 

magnetically doped TI structures 
57,58

), which we will describe in detail in this dissertation. 
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1.4 Dissertation Outline  

         In this dissertation, we will present two closely-related projects on SOT study in TI-based 

magnetic structures. In Chapter 2, we will first present the magnetization switching through giant 

SOT in a TI/Cr-doped TI bilayer heterostructure. Both the effective spin-orbit field to current 

ratio and the spin-torque ratio are found to be three orders of magnitude larger than those 

reported for conventional HMFHs. Then in Chapter 3, we will show the effective electric-field 

control of the giant SOT in a uniformly Cr-doped TI thin film by using a top-gate field-effect 

transistor (FET) structure. We demonstrate that the SOT strength can be modulated by a factor of 

4 within the accessible gate voltage range, which provides strong evidence of topological surface 

states-related spin-torque physics. We furthermore demonstrate the magnetization switching by 

scanning gate voltage with constant current and in-plane magnetic field applied in the Cr-doped 

TI thin film. Finally, a brief discussion and conclusion will be given in Chapter 4, followed by an 

outlook of future research work. 
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Chapter 2 

Magnetization Switching through Giant Spin-Orbit Torque in a Magnetically 

Doped Topological Insulator Heterostructure 

 

2.1 Overview 

         Since TIs are very promising materials for generating giant SOT and enabling efficient 

manipulation of magnetization, they have attracted enormous research interest during the past 

few years for potential applications in ultralow power spintronic devices. As summarized in Fig. 

2-1, there have been various research topics in the field of topological spintronics based on TIs, 

including SOT-induced magnetization switching 
57,58

, electric-field control of SOT 
58

, spin 

torque-ferromagnetic resonance (ST-FMR) measurement 
59,60

 as well as spin pumping and 

inverse spin Hall effect (ISHE) 
61-65

 in TI/ferromagnet structures, electrical detection of surface 

spin-polarized current flowing in TIs 
91,94-98

, and spin-polarized tunneling spectroscopy study of 

the TI surface states 
66

. 

         Among all these research topics, the SOT-induced magnetization switching in TI-based 

magnetic structures provides the direct evidence of current-induced giant SOT and suggests 

tantalizing applications for energy-efficient magnetic memory devices. Switching of a magnet 

using the least possible energy in a scalable structure is one of the most-pursued goals in 

spintronic memory devices. Starting from the theoretical prediction of STT 
10-12

 and the 

experimental demonstration of STT-induced magnetization switching in a Co/Cu/Co sandwich 

structure 
15,16

,  people have put enormous effort in optimizing the STT device structure (e.g., by 

developing MTJ structures using MgO as the tunneling barrier 
21-23

) and searching for more  
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Figure 2-1. Various research topics in TI-based topological spintronics, including SOT-induced 

magnetization switching, electric-field control of SOT, ST-FMR measurement of spin-torque, 

spin pumping and ISHE, electrical detection of surface spin-polarized current, and spin tunneling 

spectroscopy study of TI. 

 

efficient materials for generating the spin-polarized current. Most recently, heavy metals (e.g., Pt) 

with strong SOC have become such materials under extensive study due to their ability to 

generate efficient spin current when passing an in-plane charge current through them 

9,38,41,42,44,45,51,52,116-119
. Different from the traditional STT-based MTJ structures where the 

incident current is polarized by the fixed layer, the spin currents generated by heavy metals are 
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arising from either the SHE 
38,42,45,120,121 

in the bulk or the Rashba-type effect at the interfaces 

26,41,51,118,119,121-126
. The heavy metal-generated spin current can apply efficient spin torques to the 

adjacent ferromagnet layer (e.g., Co, CoFeB), and result in SOT-induced manipulation of 

magnetization 
44,45,51,52,117-119

 and even switching 
38,41,42

. Although the underlying mechanisms of 

the SOTs are still being debated 
9,42,121

, the ability to manipulate magnetic moments with lateral 

current has shown promising applications in miniaturized magnetic memory and logic devices, 

and more appropriate material/structure to generate these SOTs awaits further investigation.  

         Then it comes to TIs 
54-56

. TIs are such materials that the SOC is large enough to invert the 

band structure in the bulk 
69

, and consequently they are expected to be the most promising 

candidate to exploit the SOTs when coupled to magnetic moments 
127-129

. In addition, the 

recently demonstrated magnetism in magnetically doped TIs (e.g., Cr-doped TIs) 

80,107,109,112,115,130,131 
makes it accessible to study the SOTs in the TI/magnetic-TI bilayer 

heterostructures 
109,132

, which we will describe in detail in this chapter. In a pedagogical manner, 

we will first illustrate the material properties of the TI/Cr-doped TI bilayer heterostructure. After 

that, we will provide the experimental demonstration of magnetization switching through giant 

SOT in this bilayer heterostructure and then calibrate the strength of SOT by low-frequency 

second harmonic analysis 
9,116

. Most importantly, we find that the critical current density 

required for switching is below 8.9 × 104 A/cm
2
 at low temperature and the effective spin-orbit 

field to current ratio, as well as the spin-torque ratio, is nearly three orders of magnitude larger 

than those reported in HMFHs. Thirdly, we will analyze the thermal effect and the temperature 

dependence of the SOT in this bilayer heterostructure. Finally, we will examine the multi-

domain switching process (through simulation) and the anisotropic magneto-resistance (AMR) 

and planar Hall effect (PHE) in this bilayer heterostructure and their influence on the SOT.  



26 
 

2.2 Topological Insulator/Cr-doped Topological Insulator Bilayer Heterostructure   

      Magnetic Properties 

         Epitaxial (Bi0.5Sb0.5)2Te3/(Cr0.08Bi0.54Sb0.38)2Te3 bilayer films are first grown on an 

insulating GaAs (111)B substrate using the modulation-doped molecular beam epitaxy (MBE) 

growth method 
109

. The thin film growth was performed using an ultra-high vacuum Perkin 

Elmer MBE system. Semi-insulating ( > 10
6
 ∙cm) GaAs (111)B substrates were pre-annealed 

in the growth chamber at up to 580 C to remove the native oxide. High-purity Bi (99.9999%), 

Te (99.9999%), Cr (99.99%) and Sb (99.999%) were evaporated by conventional effusion cells 

and cracker cells. During the modulation-doped growth, the GaAs (111)B substrate was 

maintained at 200˚C (growth temperature). Bi and Te cells were kept at 470˚C and 320˚C, 

respectively, whereas the Sb and Cr temperatures were varied to adjust the carrier densities and 

the magnetic impurity doping profiles in different layers. Epitaxial growth was monitored by an 

in-situ reflection high-energy electron diffraction (RHEED) technique, and the surface was found 

to be atomically flat as evidenced by streaky RHEED patterns. Digital images of the RHEED 

were captured using a KSA400 system built by K-space Associates, Inc.
† 
(†: company) 

         For the bilayer heterostructure, the top (Bi0.5Sb0.5)2Te3 layer thickness is chosen to be 3 

quintuple layers (QLs) while the bottom (Cr0.08Bi0.54Sb0.38)2Te3 layer is 6 QLs, with atomically 

sharp hetero-interface in between as indicated by the high-resolution scanning transmission 

electron microscopy (HRSTEM). The HRSTEM experiments were performed on a FEI
†
 TITAN 

Cs-corrected scanning transmission electron microscope operating at 200 KV and the high angle 

annular dark field (HAADF) images were acquired using a Fischione
†
 HAADF detector. For 

example, Fig. 2-2a shows the HRSTEM image on one of the bilayer films we have grown with 

composition (Bi0.5Sb0.5)2Te3/(Cr0.04Bi0.57Sb0.39)2Te3, which reveals the atomically sharp TI/Cr-



27 
 

doped TI – GaAs (111)B interface and highly-ordered tetradymite-type QL structure. Such 

epitaxially-ordered lattice configuration also confirms that there is no second phase segregation 

inside the TI/Cr-doped TI bilayer thin film within the resolution of HRSTEM. In addition, the 

Bi/Sb composition ratio as well as the Cr-doping level is determined by an energy-dispersive X-

ray (EDX) spectroscopy as shown in Fig. 2-2b. While the top TI layer shows no obvious Cr peak 

in the EDX spectrum, there is a clear Cr peak in the bottom Cr-doped TI layer EDX spectrum, 

indicating that the top TI layer is free of magnetic impurities and the diffusion of Cr dopants 

from the bottom Cr-doped TI layer into the top TI layer is negligible. (†: companies) 

 

Figure 2-2. HRSTEM and EDX spectrum of the (Bi0.5Sb0.5)2Te3/(Cr0.04Bi0.57Sb0.39)2Te3 bilayer 

thin film. a, High-resolution cross-section HRSTEM image of the bilayer thin film. Typical 

quintuple-layered crystalline structure and sharp TI-GaAs interface can be clearly observed. No 

Cr segregations are detected, which indicates a uniform Cr dopant distribution in the magnetic TI 

In
te

n
s

it
y

 (
a

.u
)

1 nm(111)

GaAs

(Cr0.04Bi0.57Sb0.39)2Te3

(Bi0.5Sb0.5)2Te3

a b

In
te

n
s

it
y

 (
a

.u
)

65432
Energy (keV)

Bi

Te
Sb

Bi Sb
Te

Sb

TeSb

Te

Cr

Bi
Sb

Te
Sb

Te
Sb

Te

Bi
Te

Sb



28 
 

layer matrix. b, EDX spectrum of the (Bi0.5Sb0.5)2Te3 and (Cr0.04Bi0.57Sb0.39)2Te3 layers. Figure is 

adapted with permission from ref.
 109

 (Y. Fan’s publication). 

 

         In the (Bi0.5Sb0.5)2Te3/(Cr0.08Bi0.54Sb0.38)2Te3 bilayer heterostructure where we studied the 

SOT, the Bi/Sb ratio is adjusted to 0.5/0.5 in the top (Bi0.5Sb0.5)2Te3 layer and 0.59/0.41 in the 

bottom (Cr0.08Bi0.54Sb0.38)2Te3 layer so that both layers display similar conductivities (222.7 S/cm 

and 219.5 S/cm, respectively), which guarantees a uniform current distribution inside the entire 

structure (we will discuss the impedance-match in more detail later) 
109

. Pronounced 

ferromagnetism has been reported in the (CrxBiySb1-x-y)2Te3 films 
108,109

, and with an appropriate 

doping concentration, the quantum anomalous Hall phase 
110-112,114,133

 can also be obtained. To 

investigate the SOTs in our TI/Cr-doped TI bilayer heterostructure, micrometer-size Hall bar 

devices 
134

 were prepared, as shown in Fig. 2-3b. The modulation-doped 

(Bi0.5Sb0.5)2Te3/(Cr0.08Bi0.54Sb0.38)2Te3 bilayer thin film was patterned into micron-scale Hall bar 

geometries using conventional optical photolithography with subsequent CHF3 dry etching for 

18s. A 20 nm thick high-𝑘 Al2O3 dielectric layer was deposited by atomic layer deposition (ALD) 

at 250C. The Hall channel contacts were defined by e-beam evaporation after the Al2O3 was 

etched away in the contact areas. A metal stack of Ti/Al (20 nm/100 nm) was directly deposited 

onto the exposed TI top surface to form the contacts. In this Hall bar geometry, as shown in Fig. 

2-3a, when applying a large enough external magnetic field 𝐁𝐞𝐱𝐭 in the 𝑦𝑧 -plane, the 

magnetization 𝐌 becomes polarized, and the relative positions between 𝐁𝐞𝐱𝐭 and 𝐌 are also 

illustrated in Fig. 2-3a, where 𝜃B and 𝜃M are the polar angles of 𝐁𝐞𝐱𝐭 and 𝐌 from the 𝑧-axis, 

respectively. Here, 𝐁𝐊 = 𝐾cos𝜃M�̂�  is the out-of-plane anisotropy field with 𝐾 the anisotropy 

coefficient estimated to be around 0.9T (see Section 2.4). 
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Figure 2-3. Experimental setup and magnetic properties of the (Bi0.5Sb0.5)2Te3 

/(Cr0.08Bi0.54Sb0.38)2Te3 bilayer heterostructure. a, Three-dimensional schematic of the bilayer 

heterostructure. The top layer (light blue) shows the 3QLs (Bi0.5Sb0.5)2Te3 and the bottom layer 

(light red) presents the 6QLs (Cr0.08Bi0.54Sb0.38)2Te3. 𝐁𝐞𝐱𝐭 (red arrow) represents the external 

magnetic field and 𝐌  (blue arrow) denotes the magnetization of the bottom 

(Cr0.08Bi0.54Sb0.38)2Te3 layer. 𝐁𝐊  (green arrow) is the out-of-plane anisotropy field. b, Micro-

graph of the Hall bar device with schematic illustrations of the Hall measurement set-up. The 

width of the Hall bar and the length between two neighboring Hall contacts are both 5µm. c, The 

Hall resistance as a function of the applied external magnetic field for both the out-of-plane 

( 𝜃B = 0 ) and nearly in-plane ( 𝜃B ≈ 𝜋/2 ) directions, respectively, at 1.9K. d, SQUID 
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measurement of the magnetization for both the out-of-plane (𝜃B = 0) and in-plane (𝜃B ≈ 𝜋/2) 

directions, respectively, at 5K for external magnetic fields up to ±500mT. Figure is adapted with 

permission from ref. 
57

 (Y. Fan’s publication). 

 

         In order to examine the magnetic properties of the bilayer heterostructure, four-point Hall 

measurements were conducted using the Quantum Design Physical Property Measurement 

System (PPMS). We were able to systematically alter several experimental variables such as 

temperature, magnetic field and measurement frequency. Multiple lock-in amplifiers and 

Keithley source meters were connected with the PPMS system, enabling comprehensive and 

high-sensitivity transport measurements for the Hall bar devices. Field-dependent Hall resistance 

measurements of the TI/Cr-doped TI bilayer heterostructure for both the out-of-plane (𝜃B = 0) 

and nearly in-plane ( 𝜃B ≈ 𝜋/2 ) directions were carried out at 1.9 K, and the results are 

displayed in Fig. 2-3c. The nearly square-shape magnetic hysteresis loop of 𝑅H  at 𝜃B =

0  clearly suggests that the magnetization easy axis is out-of-plane (i.e., along the 𝑧-direction). In 

addition, superconducting quantum interference device (SQUID) measurements were carried out 

to directly probe the magnetization 𝐌 for both the out-of-plane (𝜃B = 0) and in-plane (𝜃B ≈ 𝜋/2) 

directions, and the results are shown in Fig. 2-3d. The saturation magnetization 𝑀S  is measured 

to be around 16 emu/cm
3
 along the out-of-plane (𝜃B = 0) direction for applied magnetic fields 

greater than 100 mT. In contrast, 𝐌 does not show any saturation behavior even when |𝐁𝐞𝐱𝐭| >

500 mT for fields along the in-plane (𝜃B ≈ 𝜋/2) direction, again indicating the robust out-of-

plane magnetic anisotropy of our TI/Cr-doped TI heterostructure sample. 

         As we have mentioned before, next, we will demonstrate the impedance-match for the top 

(Bi0.5Sb0.5)2Te3 layer and the bottom (Cr0.08Bi0.54Sb0.38)2Te3 layer in the (Bi0.5Sb0.5)2Te3 
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/(Cr0.08Bi0.54Sb0.38)2Te3 bilayer heterostructure thin film. The essential requirement for our 

magnetization switching experiments in the following section is to generate a uniform lateral 

current distribution inside the bilayer thin film. As we show the bilayer-based Hall bar device 

structure in Fig. 2-3b, the electric current is applied laterally from the source contact (S) to the 

drain contact (D) during the transport measurements. This in turn results in the parallel 

conduction configuration between the top undoped TI layer and the bottom Cr-doped TI layer. 

Consequently, we have to match the conductivities (S/m) between these two channels in order to 

make sure we have a uniform current density (A/m
2
) flowing from S to D inside the whole 

bilayer film. By taking this concern into consideration, we deliberately adjust the Bi/Sb ratio in 

both the TI layer and the Cr-doped TI layer during the modulation growth so that the 

conductivities of them are nearly the same. The requirement is finally achieved in the 

(Bi0.5Sb0.5)2Te3/(Cr0.08Bi0.54Sb0.38)2Te3 configuration where the conductivities in these two layers 

are almost the same at 1.9 K. To demonstrate the impedance-match for these two layers, we 

separately grow a 6QL (Bi0.5Sb0.5)2Te3 thin film and a 6QL (Cr0.08Bi0.54Sb0.38)2Te3 thin film, and 

the magneto-transport experiments are carried out to probe their magneto-conductivities. In Fig. 

2-4, we show the obtained data which demonstrate that the two films have nearly the same 

magneto-conductivities within a certain magnetic field region. Besides, the measured 2D carrier 

densities of these two films, as shown in Table 2-1, are low enough to ensure the Fermi level is 

inside the bulk band gap 
108

, as comparable with other reported data 
102,135,136

. The related electric 

properties of these two different films are summarized in Table 2-1. 
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Figure 2-4. Magneto-conductivity data showing similar conductivities for the (a) 6 QL 

(Bi0.5Sb0.5)2Te3 and (b) 6 QL (Cr0.08Bi0.54Sb0.38)2Te3 thin films on GaAs (111)B substrate at 1.9 K. 

The external magnetic field is applied perpendicularly to the samples, and the arrows indicate the 

sweeping directions of the field. Figure is adapted with permission from ref.
109

 (Y. Fan’s 

publication).  

 

Table 2-1. Electric properties of both the 6QL TI and the 6QL Cr-doped TI thin films at 1.9 K 

Sample xx (0 T)  

(S/cm) 

Rsheet (0 T)  

(k
1
) 

n2D 

(×10
12

 cm
-2

) 

µ 

(cm
2
/V∙s) 

(Bi0.5Sb0.5)2Te3 222.7 14.96 0.9 370 

(Cr0.08Bi0.54Sb0.38)2Te3 219.5 15.16 5.1 50.8 

Table is adapted with permission from ref.
109

 (Y. Fan’s publication). 
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2.3 Magnetization Switching through Giant SOT in the Bilayer Heterostructure 

         In the conductive TI/Cr-doped TI bilayer heterostructure, when passing a charge current in 

the 𝑦-direction, due to the spin-momentum locking of the topological surface states 
54,55,82,90,127

, a 

dominant spin accumulation in the Cr-doped TI layer with spin polarized in the 𝑥-direction is 

expected, as shown in Fig. 2-5. There is also possible contribution to the surface spin 

accumulation in the Cr-doped TI layer arising from the SHE in the bulk and the Rashba-type 

interactions at the interfaces. The accumulated spins’ angular momentum can be transferred to 

the Cr dopants magnetization 𝐌 and therefore apply SOTs to control its dynamics. Based on the 

symmetry argument 
9
 and the bilayer heterostructure Hall bar geometry, the accumulated spins 

can give rise to two types of SOTs, the antidamping-like SOT 𝝉𝐒𝐎 and the field-like SOT 𝝉𝐅, as 

illustrated in Fig. 2-5. To the leading orders, they can be written in the following forms in the 

extended Landau-Lifshitz-Gilbert (LLG) equation, 

𝜕𝐌

𝜕𝑡
= −𝛾𝐌 × 𝐁𝐞𝐟𝐟 +

𝛼

𝑀S
𝐌 ×

𝜕𝐌

𝜕𝑡
− 𝛾𝐼𝜆SO𝐌 × (�̂� × 𝐦) − 𝛾𝐼𝜆F𝐌 × �̂�        (2 − 1) 

Here, 𝐁𝐞𝐟𝐟 stands for the sum of the external magnetic field 𝐁𝐞𝐱𝐭 and the anisotropy field 𝐁𝐊; 

𝝉𝐒𝐎 = −𝛾𝐼𝜆SO𝐌 × (�̂� × 𝐦)  and 𝝉𝐅 = −𝛾𝐼𝜆F𝐌 × �̂�  are the two-type SOTs; 𝛾 is the 

gyromagnetic ratio, 𝛼 is the damping constant, 𝜆SO  and 𝜆F are the coefficients characterizing the 

SOC strength in the system, 𝐼 is the charge current conducting along the longitudinal direction 

and 𝐦  is the unit vector denotes the magnetization direction. For convenience in analyzing the 

results, the two SOTs can be further formulated as, 𝝉𝐒𝐎 = −𝛾𝐌 × 𝐁𝐒𝐎 and 𝝉𝐅 = −𝛾𝐌 × 𝐁𝐅 , 

where 𝐁𝐒𝐎 = 𝐼𝜆SO�̂� × 𝐦 and 𝐁𝐅 = 𝐼𝜆F�̂� are the effective spin-orbit fields corresponding to these 

two SOTs, as displayed in Fig. 2-5. We found that the field-like SOT is an order of magnitude 
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smaller than the antidamping-like SOT in our structure (see Sections 2.4 and 2.6). As a result, we 

will focus mainly on analyzing the antidamping-like SOT in the following.  

 

Figure 2-5. Illustration of the spin accumulation (denoted by dark gray arrows) in the Cr-doped 

TI layer and the resulted SOTs, namely the antidamping-like SOT 𝝉𝐒𝐎 and the field-like SOT 𝝉𝐅, 

as well as the corresponding effective spin-orbit fields (𝐁𝐒𝐎  and 𝐁𝐅) when passing a lateral 

charge current I through the TI/Cr-doped TI bilayer heterostructure thin film. 

 

         Now we analyze the mechanism of the SOT-induced magnetization switching in the bilayer 

heterostructure. First, we illustrate the four stable states in Fig. 2-6a where the applied DC 

current, 𝐼dc, conducts along the longitudinal direction (i.e., ±𝑦-axis), and the external magnetic 

field is also applied along the ±𝑦-axis. In panel 1 of Fig. 2-6a, for example, we show the case 

where the DC current, 𝐼dc, and the in-plane external magnetic field, 𝐁𝒚, are both applied along 

the +𝑦-axis. The effective spin-orbit field, 𝐁𝐒𝐎, induced by 𝐼dc is pointing along the tangential 

−�̂� direction of 𝐌, which tilts 𝐌 up to obtain a positive 𝑧-component, 𝑀𝑧, when in equilibrium. 

The other three cases for different configurations of the applied  𝐼dc  and  𝐁𝒚 are illustrated in 
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panels 2-4 of Fig. 2-6a, correspondingly. To summarize, in the presence of a constant external 

magnetic field in the 𝑦-direction, the 𝑧-component magnetization 𝑀𝑧 can be switched, depending 

on the DC current conduction direction 
38,41,42

; likewise, when the applied DC current is fixed, 

𝑀𝑧 can also be switched by changing the in-plane external magnetic field. 

         Based on such a scenario, we carried out the (𝐼dc-fixed, 𝐁𝒚-dependent) and the (𝐁𝒚-fixed, 

𝐼dc-dependent) experiments at 1.9K; the results are shown in Fig. 2-6b and 2-6c, respectively. 

Specifically, when 𝐼dc = +10𝜇A (blue squares in Fig. 2-6b), the anomalous Hall effect (AHE) 

resistance 𝑅AHE  goes from negative to positive as the applied in-plane magnetic 

field   𝐁𝒚  gradually changes from −3T  to 3T , indicating the 𝑧 -component magnetization 𝑀𝑧 

switches from −𝑧 to +𝑧. In contrast, when 𝐼dc = −10𝜇A, the AHE resistance reverses sign (red 

circles in Fig. 2-6b) and 𝑀𝑧 varies from +𝑧 to – 𝑧 as  𝐁𝒚  is swept from −3T to 3T. It should be 

noted that in both cases the AHE resistance hysteresis loops agree well with our proposed 

scenario. At the same time, when we scan the DC current 𝐼dc at a given fixed magnetic field, we 

also observe similar magnetization switching behavior: the AHE resistance 𝑅AHE changes from 

negative to positive for  𝐵𝑦 = +0.6T (blue squares in Fig. 2-6c), but reverses its evolution trend, 

i.e., changes from positive to negative, for  𝐵𝑦 = −0.6T (red circles in Fig. 2-6c). For this case, 

the small hysteresis window in  𝑅AHE  is clearly visible on expanded scale as shown in the inset 

of Fig. 2-6c. Consequently, both the ( 𝐼dc -fixed,  𝐁𝒚 -driven) and the ( 𝐁𝒚 -fixed, 𝐼dc -driven) 

magnetization switching behaviors clearly demonstrate that the magnetization can be effectively 

manipulated by the current-induced SOT in our TI/Cr-doped TI bilayer heterostructure. We 

summarize these switching behaviors in the phase diagram in Fig. 2-6d. For the four corner 

panels in Fig. 2-6d where the field value 𝐵𝑦 and 𝐼dc are large, the magnetization state is 
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deterministic; however, in the central panel where 𝐵𝑦 and 𝐼dc are small, both magnetization states, 

up and down, are possible; this behavior agrees with the hysteresis windows, as shown in Fig. 2-

6b and 2-6c, where in the low 𝐵𝑦 and small 𝐼dc region the two magnetization states are both 

allowed. Based on this phase diagram, it can be clearly seen that the magnetization can be easily 

switched with only tens of µA DC current (i.e., below 8.9 × 104 A/cm
2
 in current density 𝐽dc), 

suggesting that the current-induced SOT in our TI/Cr-doped TI bilayer heterostructure is quite 

efficient. The temperature dependence of the critical switching current density and the anisotropy 

field can be found in Section 2.5. 
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Figure 2-6. Magnetization switching due to the SOT induced by an in-plane DC current in the 

TI/Cr-doped TI bilayer heterostructure. a, Schematic of the four stable magnetization states 

(panels 1-4) when passing a large DC current, 𝐼dc, and applying an in-plane external magnetic 

field, 𝐁𝒚, in the ±𝑦 directions. The effective spin-orbit field 𝐁𝐒𝐎 induced by the DC current and 

the anisotropy field 𝐁𝐊 are both considered. b, The AHE resistance 𝑅AHE as a function of the in-

plane external magnetic field when passing a constant DC current with 𝐼dc = +10𝜇A (blue 

squares) and 𝐼dc = −10𝜇A  (red circles) along the Hall bar, respectively, at 1.9K. c, Current-

induced magnetization switching in the Hall bar device at 1.9K in the presence of a constant in-
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plane magnetic field with 𝐵𝑦 = +0.6T (blue squares) and 𝐵𝑦 = −0.6T (red circles), respectively. 

Inset: expanded scale to show the hysteresis windows. d, Phase diagram of the magnetization 

state in the presence of an in-plane external magnetic field 𝐁𝒚 and a DC current 𝐼dc. The dashed 

lines and symbols (obtained from experiments) represent switching boundaries between the 

different states. Green arrow indicates the critical switching current density of  8.9 × 104 A/cm
2
 

when the required in-plane magnetic field is almost zero. In all panels, the symbol ↑ means 

𝑀𝑧 > 0 and ↓ means 𝑀𝑧 < 0, not 𝑀𝑧 = ±𝑀S. Figure is adapted with permission from ref. 
57

 (Y. 

Fan’s publication). 
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2.4 Second Harmonic Method to Evaluate the Current-induced Spin-Orbit Torques 

         In order to quantitatively analyze the current-induced SOT in the TI/Cr-doped TI bilayer 

system, we carried out harmonic measurements of the AHE resistance to calibrate the effective 

spin-orbit field 𝐁𝐒𝐎 arising from the SOT. By sending an AC current, 𝐼ac(𝑡) = 𝐼0sin(𝜔𝑡), into 

the Hall bar device, the alternating effective field, 𝐁𝐞𝐟𝐟(𝑡) = 𝐁𝐒𝐎sin (𝜔𝑡) , causes the 

magnetization 𝐌  to oscillate around its equilibrium position, which gives rise to a second 

harmonic AHE resistance (as described in detail in the following): 𝑅AHE
2ω = −

1

2

𝑑𝑅AHE

𝑑𝐼
𝐼0 . The 

second harmonic AHE resistance 𝑅AHE
2ω  contains information of the effective field 𝐁𝐒𝐎 and has 

been utilized as an effective method to quantify it 
9,116

, as to be explained later. Here we 

introduce two different ways to measure this effective field by the second harmonic method 
9
, 

namely, one is to sweep the external magnetic field to large values, and the other one is to rotate 

the external magnetic field direction while keeping its magnitude fixed. Both ways give 

quantitatively the same effective field 𝐁𝐒𝐎 for a given AC current as discussed in details below. 

         The expression for extracting the effective spin-orbit field from the second harmonic signal 

is derived in refs 
9,116

 for the case of varying the magnitude of the external magnetic field while 

keeping its orientation fixed. Based on these references, we will first derive the formula for the 

second harmonic AHE resistance 𝑅AHE
2ω   and then apply to the case of sweeping the in-plane 

external magnetic field for extracting the effective spin-orbit field.          

         For the Hall bar geometry used in this work (Fig. 2-3b), the external magnetic field is 

applied in the 𝑦𝑧-plane making a polar angle 𝜃B with the 𝑧-axis (see Fig. 2-3a). For the harmonic 

measurements the device is excited by a small AC current, 𝐼ac, flowing along the 𝑦-axis, while 

the Hall voltage, 𝑉H, at first and second harmonics are simultaneously measured. The AC current 

takes the form, 𝐼ac = 𝐼0sin(𝜔𝑡), and the Hall resistance 𝑅H can be Taylor expanded up to linear 
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order in  𝐼 ,  𝑅H(𝐼) = 𝑅H(0) + 𝐼(𝑑𝑅H 𝑑𝐼⁄ |𝐼=0) , giving rise to the Hall voltage at different 

harmonics: 

                                                    𝑉1ω(𝑡) = 𝑉1ω sin(𝜔𝑡) ; 𝑉1ω = 𝐼0𝑅H(0) 

               𝑉2ω(𝑡) = 𝑉2ωcos(2𝜔𝑡); 𝑉2ω = − (
𝐼0

2

2
) (

𝑑𝑅H

𝑑𝐼
|𝐼=0).                               (2 − 2) 

𝑉1ω and  𝑉2ω can be directly measured by the standard lock-in technique 
9,116

. In the 𝑦𝑧-plane or 

𝑥𝑧-plane, as shown in Fig. 2-3a and Fig. 2-3b, the first harmonic Hall resistance is given by, 

𝑅H
1ω = 𝑉1ω 𝐼0⁄ = 𝑅H(0) = 𝛽𝐵extcos𝜃B + 𝑅Acos𝜃M, where 𝛽 is the ordinary Hall coefficient and 

 𝑅A  is the AHE coefficient; 𝜃M is the polar angle between the magnetization 𝐌 and the 𝑧-axis. 

For clarity, we define the latter part as the first harmonic AHE resistance, 𝑅AHE
1ω = 𝑅Acos𝜃M. The 

second harmonic Hall resistance is given by, 𝑅H
2ω = 𝑉2ω 𝐼0⁄ = −

1

2
(𝑑𝑅H 𝑑𝐼⁄ |𝐼=0)𝐼0. Since the 

ordinary Hall coefficient 𝛽 experimentally does not show any obvious dependence on the current 

around  𝐼 = 0 , i.e.,   𝑑𝛽 𝑑𝐼⁄ |𝐼=0 = 0 , the second harmonic Hall resistance is therefore also 

referred to as the second harmonic AHE resistance, 𝑅AHE
2ω = 𝑉2ω 𝐼0⁄ = −

1

2
(𝑑𝑅AHE 𝑑𝐼⁄ |𝐼=0)𝐼0. 

At this point we note that a full quantitative characterization of the Hall resistance would require 

inclusion of the planar Hall effect (PHE) resistance. However, in the 𝑦𝑧-plane or 𝑥𝑧-plane the 

PHE does not contribute to the first harmonic Hall resistance since 𝑀𝑥 = 0 or 𝑀𝑦 = 0 , 

respectively. Furthermore, in Section 2.6 we will show that in the 𝑦𝑧-plane the PHE contribution 

to the second harmonic Hall resistance is actually negligible for the device studied here. As a 

result, in the following we will focus mainly on the first and second harmonic signals from the 

AHE resistance. 

         Before introducing the low-frequency harmonic measurement, we first analyze the 

equilibrium orientation of the magnetization 𝐌 in the presence of a large external magnetic field 
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in the 𝑦𝑧-plane and without applying any current through the system. The equilibrium position 

can be obtained by balancing the torques due to the external magnetic field and the perpendicular 

anisotropy field, i.e., the total torque 𝝉𝐭𝐨𝐭 = −𝛾𝐌 × (𝐁𝐞𝐱𝐭 + 𝐁𝐊) = 0 ,  which leads to the 

following equation (see Fig. 2-7a): 

𝐾cos𝜃Msin𝜃M = 𝐵ext(sin𝜃Bcos𝜃M − cos𝜃Bsin𝜃M),                              (2 − 3) 

where 𝐾 is the anisotropy coefficient. Note that the first harmonic AHE resistance reads, 𝑅AHE
1ω =

𝑅Acos𝜃M.  We performed the rotation experiment by fixing the external magnetic field to 2T and 

measured the  𝑅AHE
1ω  as a function of 𝜃B in the 𝑦𝑧-plane, as shown in Fig. 2-8. Then the numerical 

solution of equation (2-3) is fitted to the experimental data of  𝑅AHE
1ω   to obtain the anisotropy 

coefficient 𝐾 = 0.9T, as also illustrated in Fig. 2-8. Consequently, the relation between  𝜃M  and 

𝜃B is established. From the rotation experiment, 𝑅A can also be determined to be 36 Ω. Note: the 

anisotropy field is written as 𝐁𝐊 = 𝐾cos𝜃M�̂� because the anisotropy energy has the form 𝐸𝑎𝑛𝑖𝑠 =

−𝐾𝑀cos2𝜃M = −𝐁𝐊 ∙ 𝐌 . Knowing the 𝐌  direction and that 𝐁𝐊 is out-of-plane, it is 

straightforward to derive the formula for 𝐁𝐊. 
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Figure 2-7. Equilibrium orientation of the magnetization in the presence of the external magnetic 

field and with/without the longitudinal current. a, The equilibrium orientation of the 

magnetization 𝐌 in the presence of an external magnetic field 𝐁𝐞𝐱𝐭 with a constant magnitude of 

2T. 𝐁𝐊 = 𝐾cos𝜃M�̂� is the perpendicular anisotropy field. 𝜃M and 𝜃B are the polar angles of  𝐌 

and 𝐁𝐞𝐱𝐭 from the 𝑧-axis, respectively. b, The orientation of the magnetization 𝐌 in the presence 

of current-induced effective spin-orbit field 𝐁𝛉  which is transverse to the magnetization 𝐌 . 

Figure is adapted with permission from ref. 
57

 (Y. Fan’s publication). 
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Figure 2-8. Fitting to obtain the anisotropy coefficient and the saturation AHE resistance. The 

normalized 𝑧-component of the magnetization, 𝑚𝑧 (black squares), obtained from the rotation 

experiment ( 𝑚𝑧 = cos𝜃M = 𝑅AHE
1ω /𝑅A ) and from the fitting by solving equation (2-3) (red 

circles), respectively, as a function of the field angle 𝜃B. In the fitting, we used 𝐾 = 0.9T. Figure 

is adapted with permission from ref. 
57

 (Y. Fan’s publication). 
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external magnetic field, |𝐁𝒚|, is larger than 𝐾 (so the magnetization is in a single domain state). 

In this case, the equilibrium condition of the magnetization, equation (2-3), gives 𝜃𝑀 =  𝜋/2, i.e., 

the equilibrium magnetization in the absence of current-induced effective spin-orbit field is 

pointing along the 𝑦 -axis. However, when an AC current,  𝐼ac = 𝐼0sin(𝜔𝑡) , is applied, the 

corresponding effective spin-orbit field, 𝐁𝐒𝐎 = 𝐼ac𝜆SO�̂� × 𝐦, transverse to the magnetization, as 

shown in Fig. 2-9, will cause the orientation of the magnetization to oscillate with an amplitude 

𝛿𝜃M, whose magnitude depends on the strength of the external magnetic field. This 𝛿𝜃M gives 

rise to a second harmonic AHE resistance as explained in ref. 
9
.  The amplitude 𝛿𝜃𝑀, for the 

given  𝐼0 and  𝐁𝐲, can be obtained by balancing the torques due to the external magnetic field, the 

anisotropy field and the current-induced effective spin-orbit field (see Fig. 2-9), resulting in the 

following equation: 

𝐵SO − 𝐾sin(𝛿𝜃M) cos(𝛿𝜃M) = −|𝐵𝑦|sin(𝛿𝜃M).                              (2 − 4) 

We are interested in the case when the transverse fluctuation 𝛿𝜃M ≪ 1. To this end, expanding 

equation (2-4) up to first order in 𝛿𝜃M gives the solution, 𝛿𝜃M = −𝐵SO/(|𝐵𝑦| − 𝐾). Using this 

solution in conjunction with equation (2-2) gives the following equation for the second harmonic 

AHE resistance: 

𝑅AHE
2ω = −

1

2

𝑅A𝐵SO

(|𝐵𝑦| − 𝐾)
.                                                    (2 − 5) 

As we will show below, within the current-induced SOT model we can well obtain and verify the 

1/(|𝐵𝑦| − 𝐾) dependence of the second harmonic AHE signal. 
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Figure 2-9. The orientation of the magnetization in the presence of a large in-plane external 

magnetic field  𝐁𝐲  along the 𝑦 -axis and an AC current, 𝐼ac = 𝐼0sin(𝜔𝑡) . 𝐁𝐒𝐎  is the current-

induced effective spin-orbit field; 𝛿𝜃M is the small transverse deflection caused by 𝐁𝐒𝐎. 𝐁𝐊 =

𝐾cos𝜃M𝒛 ̂ is the perpendicular anisotropy field. 𝜃M ≈ π 2⁄ . Figure is adapted with permission 

from ref. 
57

 (Y. Fan’s publication). 

 

         In Fig. 2-10, we show the measured second harmonic AHE resistance  𝑅AHE
2ω   as a function 

of the in-plane external magnetic field when the input AC current is, 𝐼ac(𝑡) = 𝐼0sin(𝜔𝑡), where 

𝐼0 = 2µA and 𝜔 = 15.8Hz. Indeed, when the in-plane external magnetic field is larger than the 
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±26.2 mT, pointing along +𝑧 or – 𝑧 depending on the direction of 𝐁𝐲, which is consistent with 

the definition of  𝐁𝐒𝐎  in equation (2-1). Consequently, the 1/(|𝐵𝑦| − 𝐾)  scaling behavior 

of  𝑅AHE
2ω   in the large field region confirms that the measured second harmonic signal indeed 

comes from the SOT-induced magnetization oscillation around its equilibrium position.  

 

Figure 2-10. Second harmonic AHE resistance as a function of the in-plane external magnetic 

field. The shaded regions I, II, and III represent a single domain state pointing in the – 𝑦 

direction, magnetization reversal, and a single domain state pointing in the 𝑦  direction, 

respectively. The solid black line is the experimental raw data. The dashed lines denote the 

fitting proportional to 1/(|𝐵𝑦| − 𝐾) in the negative field region (red dashed line) and in the 
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positive field region (blue dashed line), respectively. Inset figures in regions I and III show the 

magnetization oscillation around its equilibrium position when passing an AC current. The AC 

current amplitude is 2µA and the frequency is 15.8Hz. Figure is adapted with permission from 

ref. 
57 

(Y. Fan’s publication). 

 

         Besides second harmonic measurement by sweeping the in-plane external magnetic field, 

we also carried out the rotation experiment to find the angle dependence of the effective spin-

orbit field. During the rotation experiment, we apply a large external magnetic field of constant 

magnitude, 𝐵ext = |𝐁𝐞𝐱𝐭| = 2T, to ensure single domain behavior, and extract the effective spin-

orbit field by varying the orientation of 𝐁𝐞𝐱𝐭. Here, following ref. 
9
, we first derive the modified 

expression employed to extract the effective spin-orbit field. 

         In the rotation experiment the external magnetic field, 𝐁𝐞𝐱𝐭, can rotate continuously in the 

𝑦𝑧-plane, which allows us to probe the effective spin-orbit field, 𝐁𝐒𝐎, which is also lying in the 

𝑦𝑧-plane, as shown in Fig. 2-3a and Fig. 2-5. 𝐁𝐒𝐎 arises from the antidamping-like SOT 
9
. We 

want to mention that the equally important field-like SOT term is shown to be an order of 

magnitude smaller, and its contribution to the second harmonic signal is negligible (see Section 

2.6) when we do the rotation experiment in the 𝑦𝑧-plane. With such a consideration in mind, 

using the form of the AHE  resistance  𝑅AHE = 𝑅Acos𝜃M we get:  

𝑑𝑅AHE

𝑑𝐼
= 𝑅A

𝑑cos𝜃M

𝑑𝐼
= 𝑅A

𝑑cos𝜃M

𝑑𝐵θ
𝑏θ.                                         (2 − 6) 

Here, 𝐁𝐒𝐎 = 𝐵θ�̂� = 𝑏θ𝐼�̂�
 
represents the current-induced effective spin-orbit field, expanded up 

to first order in I , with its orientation shown in Fig. 2-7b. We define the clockwise-direction as 

the positive rotation direction and �̂� is the unit polar angle tangential vector. Next, similar to ref. 
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9
, noting that the change in 𝜃M caused by 𝐁𝐒𝐎 can be replaced by that due to the change in the 

component of the external magnetic field transverse to the magnetization, we write: 

𝑑cos𝜃M

𝑑𝐵θ
=

𝑑cos𝜃M

𝑑(𝐵ext sin(𝜃B − 𝜃M))
=

1

𝐵ext cos(𝜃B − 𝜃M)

𝑑cos𝜃M

𝑑𝜃B
.                 (2 − 7) 

Here, the essential difference from ref. 
9
 is that instead of the magnitude, 𝐵ext, the orientation, 𝜃B, 

is varied. Using equations (2-2), (2-6) and (2-7), we immediately arrive at the formula for 

extracting 𝐵θ: 

𝑅AHE
2ω = −

𝑅A

2𝐵extcos(𝜃B − 𝜃M)

𝑑(cos𝜃M)

𝑑𝜃B
𝐵θ                                     (2 − 8) 

𝑖. 𝑒. ,                                       𝐵θ = −2𝐵extcos(𝜃B − 𝜃M)
𝑅AHE

2ω

(𝑑𝑅AHE
1ω 𝑑𝜃B)⁄

.                                    (2 − 9) 

         Following the above scenario, we performed the rotation experiment and the first and 

second harmonic AHE resistances, 𝑅AHE
1ω  and 𝑅AHE

2ω , were measured simultaneously 
9,116

, as a 

function of the field angle  𝜃B from – 𝜋 to 𝜋 in the 𝑦𝑧-plane. The results are displayed in Fig. 2-

11a and Fig. 2-11b, respectively (in order to get the correct 𝑅AHE
1ω , the ordinary Hall resistance 

component has been subtracted from the total first harmonic Hall resistance). As we know, the 

relation between 𝜃M and 𝜃B can be established by solving equation (2-3). Applying formula (2-9) 

to the measured 𝑅AHE
1ω  and 𝑅AHE

2ω , we immediately get the effective spin-orbit field 𝐵θ. Shown in 

Fig. 2-11c is the obtained effective field value 𝐵θ as a function of the rotation angle 𝜃B for 

different amplitudes of the AC current, 𝐼ac, ranging from 1µA  to  5µA. Note that we get strictly 

negative values for 𝐵θ, which means the effective field 𝐁𝐒𝐎 is pointing towards the – �̂� tangential 

direction (i.e., counterclockwise). This is consistent with the magnetic field sweeping 

experiments displayed in Fig. 2-10 and the current-induced switching data in Fig. 2-6c. Equally 

important, we observe that the effective field 𝐵θ is highly anisotropic, reaching the highest value 
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at  𝜃B = 0, ±𝜋 (out-of-plane) and lowest at  𝜃B = ±
𝜋

2
 (in-plane). The   𝜃B dependence of the 

effective spin-orbit field reveals that the SOT anisotropy is stronger than those reported for the 

AlOx/Co/Pt and MgO/CoFeB/Ta systems 
9
, possibly due to the emergence of higher order terms 

in the SOT expression 
9
 when considering the strong SOC in TIs. 

 

Figure 2-11. Harmonic signals and effective spin-orbit fields obtained from the rotation 

experiment. a-b, First and second harmonic AHE resistances, 𝑅AHE
1ω  and 𝑅AHE

2ω , as a function of 

the field angle 𝜃B for the applied AC current 𝐼ac with different amplitudes ranging from 1 µA to 

5 µA, when 𝜃B varies from – 𝜋 to 𝜋 in the 𝑦𝑧-plane as shown in the inset figures. c, The effective 

spin-orbit field as a function of 𝜃B for the applied AC current 𝐼ac  with different amplitudes 
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ranging from 1 µA to 5 µA. d, The effective spin-orbit field as a function of the AC current 

amplitude  𝐼ac  for three different 𝜃B angles,  𝜃B = 0, 𝜋/4 and 𝜋/2, respectively. Straight lines 

are the linear fittings. Error bars represent standard errors. In all the rotation experiments, the 

𝐁𝐞𝐱𝐭 field magnitude is fixed at 2 T and the temperature is kept at 1.9 K. Figure is adapted with 

permission from ref. 
57

 (Y. Fan’s publication). 

 

         Furthermore, we also plot the effective field value 𝐵θ as a function of the AC current 

amplitude for three different 𝜃B angles, 𝜃B = 0, 𝜋/4 and 𝜋/2, in Fig. 2-11d, respectively. The 

effective field  𝐵θ has a linear dependence on the AC current amplitude (or AC current density 

amplitude 𝐽ac), and the |𝐵θ|/𝐽ac ratio ranges from 0.0048 mT/(A/cm
2
) to 0.0146 mT/(A/cm

2
), 

which is nearly three orders of magnitude larger than those reported in HMFHs 
9,116

. Using the 

spin-torque ratio (in heavy metals, it evolves to the spin-Hall angle) 
9,38

, defined as  𝜗ST =

2𝑒𝑀S𝐵θ𝑡Cr−TI

ħ𝐽ac
, where  𝑒 is the electron charge, ħ is the Planck’s constant divided by 2𝜋 

and   𝑡Cr−TI is the Cr-doped TI layer thickness, to quantify the antidumping-like SOT, we 

find   𝜗ST value ranges from 140 to 425, depending on  𝜃B , which is almost three orders of 

magnitude larger than those reported in HMFHs. Here,  𝜗ST has the same sign with the one 

revealed in Pt 
42

. The sign of the current-induced SOT agrees with the spin-momentum locking 

induced surface spin polarization in TIs, which suggests that the topological surface states can 

provide a much more efficient way to generate SOT compared with heavy metals 
127

. Besides the 

topological surface states, the possible contribution from the bulk of TI and the interfacial 

Rashba-type SOC interaction as discussed in refs. 
127,129,137,138

 warrant further theoretical and 

experimental work. 
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         Now we turn to the field-like SOT and see how much it contributes to the second harmonic 

signal. As described in equation (2-1), the field-like SOT reads, 𝝉𝐅 = −𝛾𝐌 × 𝐁𝐅 , where the 

effective spin-orbit field is, 𝐁𝐅 = 𝐼𝜆F�̂�. This effective field is pointing along 𝑥 (or – 𝑥) direction 

(i.e., transverse to the Hall bar structure). In order to measure this effective field by the second 

harmonic method, the external magnetic field 𝐁𝐞𝐱𝐭  needs to rotate in the 𝑥𝑧 -plane (detailed 

explanation can be found in ref. 
9
). We managed to reconstruct our measurement setup such that 

𝐁𝐞𝐱𝐭 can rotate locally in the 𝑥𝑧-plane near the 𝜃B = 0 and 𝜃B = 𝜋 points, as shown in the insets 

of Fig. 2-12a-b. Similar to the rotation experiment we already discussed before, now we rotate 

𝐁𝐞𝐱𝐭 near the 𝜃B = 0 and 𝜃B = 𝜋 points in the 𝑥𝑧-plane while keeping its magnitude fixed at 2T. 

Meanwhile an in-plane AC current is sent in the Hall bar device along the 𝑦-direction. The first 

and second harmonic AHE resistances, 𝑅AHE
1ω  and 𝑅AHE

2ω , are measured simultaneously. The first 

harmonic AHE resistance is similar to the one as shown in Fig. 2-11a. The second harmonic 

AHE resistance, 𝑅AHE
2ω , which is caused by the alternating effective field arising from the field-

like SOT, is displayed in Fig. 2-12a-b, for near the 𝜃B = 0 and 𝜃B = 𝜋 regions, respectively.  

Since at the 𝜃B = 0 and 𝜃B = 𝜋  points, 𝑅AHE
2ω  and 𝑑𝑅AHE

1ω /𝑑𝜃B  all approach zero, using the 

L’Hopital’s rule, the formula employed to extract the effective spin-orbit field can be modified 

as, 𝐵θ = −2𝐵ext cos(𝜃B − 𝜃M) (
𝑑𝑅AHE

2ω

𝑑𝜃B
)/(𝑑2 𝑅AHE

1ω /𝑑𝜃B
2) . The obtained results are plotted in 

Fig. 2-12c. It can be seen that the effective field, 𝐵F = 𝐵θ, is negative at 𝜃B = 0 and changes to 

positive at 𝜃B = 𝜋, which means the effective field is pointing along the – 𝑥 direction for both 

cases. From Fig. 2-12c we can get the effective field versus current density ratio is  
|𝐵F|

𝐽ac
= 5 ×

10−4 mT/(A/cm
2
), which is 30 times smaller than the one revealed from the antidamping-like 

SOT (1.46 × 10−2 mT/(A/cm
2
)) at 𝜃B = 0 as discussed before. 
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         The above analysis is valid if we assume the PHE coefficient is zero. If we don’t neglect 

the PHE contribution (the PHE coefficient is measured to be around -3Ω), by combining the 

second harmonic measurements in the 𝑦𝑧-plane and 𝑥𝑧-plane and using the iteration method as 

introduced in ref. 
9
, we can get the corrected effective field vs. current density ratio is 9 × 10−4 

mT/(A/cm
2
) for the field-like SOT and 1.47 × 10−2 mT/(A/cm

2
) for the antidamping-like SOT 

at 𝜃B = 0. The field-like SOT is thus still much smaller than the antidamping-like SOT. 

         When we carry out the second harmonic measurement by rotating the 𝐁𝐞𝐱𝐭 field in the 𝑦𝑧-

plane, the effective spin-orbit field from the field-like SOT mainly affects the second harmonic 

signal through the modulation of the PHE resistance 
9
. Since the PHE resistance is very small 

compared with the AHE resistance (Section 2.6), the total effect from the field-like SOT to the 

second harmonic signal is almost negligible when we do the rotation experiment in the 𝑦𝑧-plane, 

and the major contribution to the second harmonic signal (Fig. 2-11b) is thus from the 

antidamping-like SOT. 
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Figure 2-12. Second harmonic measurement to evaluate the field-like SOT. a-b, Second 

harmonic AHE resistance, 𝑅AHE
2ω , as a function of the field angle 𝜃B for the applied AC current 

𝐼ac with different amplitudes ranging from 2 µA to 10 µA, when 𝜃B varies locally near  𝜃B = 0  

and 𝜋  in the 𝑥𝑧-plane, respectively. c, The transverse effective spin-orbit field as a function of 

the AC current amplitude  𝐼ac  for two different 𝜃B angles,  𝜃B = 0 and 𝜋, respectively. In the 

experiments, the 𝐁𝐞𝐱𝐭 field magnitude is fixed at 2 T and the temperature is kept at 1.9 K. 

Straight lines in the figures are linear fittings. Figure is adapted with permission from ref. 
57

 (Y. 

Fan’s publication). 
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         We conclude this section by comparing the revealed antidamping-like SOT in the TI/Cr-

doped TI bilayer heterostructure with the one reported in the HMFHs (e.g., MgO/CoFeB/Ta 

heterostructure). In the TI/Cr-doped TI bilayer heterostructure, we demonstrated the 

magnetization switching by the (𝐼dc-fixed, 𝐁𝒚-driven) and the (𝐁𝒚-fixed, 𝐼dc-driven) experiments 

which reveal that the SOT induced by the in-plane current is very large. The critical switching 

current density is below 8.9 × 104 A/cm
2
 at 1.9K, which is almost two orders of magnitude 

smaller than the one required in HMFHs. Then we analyzed the current-induced SOT by 

extracting the effective spin-orbit field using second harmonic measurement of the AHE 

resistance. We found the |𝐵SO|/𝐽ac ratio, as well as the spin-torque ratio  𝜗ST , is nearly three 

orders of magnitude larger than the ones reported in HMFMs. The comparison of these quantities 

is summarized in Table 2-2. Our measured results in the TI/Cr-doped TI bilayer heterostructure 

suggest that TIs are potentially much more efficient materials for generating SOT than heavy 

metals, and when integrated with magnetic materials, the TI-based magnetic structures may lead 

to the innovation of new SOT memory and logic devices with much lower power consumption. 

 

Table 2-2. Comparison of the SOTs generated by TIs and heavy metals 

Structures TI/Cr-doped TI, ref.
57

 Ta/CoFeB/MgO stack, ref.
9,59

  

Switching current density ~10
4
 (A/cm

2
) ~10

6
 (A/cm

2
) 

𝐵SO vs. current density ratio ~10
-3

 mT/(A/cm
2
)

 
 ~10

-6
 mT/(A/cm

2
) 

𝑀S 𝑀S (Cr-(Bi, Sb)2Te3) : 𝑀S (CoFeB) ≈ 1:100 

Spin-torque ratio 𝜗ST 140~425 (at 1.9K) ~0.15 (at 300K) 
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2.5 Thermal Effect and Temperature Dependence of the Switching Current Density  

         In this section, we analyze the thermal effect and the temperature dependence of the 

switching behavior in the TI/Cr-doped TI bilayer heterostructure, which are important for 

practical applications. First, we will determine the Curie temperature in the TI/Cr-doped TI 

bilayer heterostructure. In order to do that, we carried out the out-of-plane Hall measurement at 

different temperatures to determine the trend in the coercivity field, 𝐵C, as a function of the 

temperature. The result is shown in Fig. 2-13. We observe that the 𝐵C changes dramatically as 

the temperature increases, indicating a decrease in the magnetization magnitude. The 𝐵C 

approaches zero when the temperature is around 8.5K, and consequently we can estimate the 

Curie temperature is about 8.5K in the Cr-doped TI layer. From the trend in 𝐵C  we may 

underestimate the Curie temperature and a more accurate estimation can be provided by the 

Arrott-Noakes method 
107

. Nevertheless, our estimation here is good enough to demonstrate the 

pronounced ferromagnetic ordering in the TI/Cr-doped TI bilayer heterostructure in the SOT 

experiments performed before. 
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Figure 2-13. The coercivity field 𝐵C as a function of the temperature. 𝐵C approaches zero at 

around 8.5K. Inset: the out-of-plane Hall resistance hysteresis loops for two different 

temperatures, 𝑇 = 2K and 𝑇 = 5K. Figure is adapted with permission from ref. 
57

 (Y. Fan’s 

publication). 
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obtained from the phase diagram. The anisotropy field coefficient, which is also a function of 

temperature, can be obtained using the method introduced in Section 2.4. In Fig. 2-14, we plot 

both the critical switching current density  𝐽switch  and the anisotropy field coefficient 𝐾  as a 

function of temperature. We can observe that both  𝐽switch  and 𝐾 decrease as the temperature 

increases. Interestingly, the critical switching current density approaches zero at around 8K, 

while the anisotropy field coefficient still displays some remnant value even at 9K, possibly due 

to the fact that the in-plane DC current induced magnetization switching is likely multi-domain 

switching while the anisotropy field coefficient obtained here is for the single domain case. 

 

Figure 2-14. The critical switching current density and the anisotropy field coefficient as a 

function of temperature. The anisotropy field coefficient is determined using the method 

introduced in Section 2.4. Figure is adapted with permission from ref. 
57

 (Y. Fan’s publication). 
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         The temperature dependence of the critical switching current density indicates that the 

thermal effect is very crucial when determining the strength of the current-induced SOT in the 

bilayer heterostructure. Therefore, it is important to estimate the temperature change on the 

device due to the Joule heating. This is done by measuring the longitudinal resistance 𝑅𝑥𝑥, as a 

function of temperature (𝑇) and comparing it with the measurement of 𝑅𝑥𝑥  as a function of 

current (𝐼). First, the longitudinal resistance 𝑅𝑥𝑥 was measured as a function of temperature 𝑇 in 

the presence of a constant out-of-plane external magnetic field of 2T. The corresponding 

percentage change in  𝑅𝑥𝑥 , defined as  ∆𝑅𝑥𝑥% = 100 × [𝑅𝑥𝑥(𝑇) − 𝑅𝑥𝑥(1.9K)] 𝑅𝑥𝑥(1.9K)⁄ , is 

plotted in Fig. 2-15 (black solid circles). Next, 𝑅𝑥𝑥 was measured at  𝑇 = 1.9K (the temperature 

provided surrounding the device) as a function of the current in the presence of the same out-of-

plane external magnetic field of 2T (this field is large enough so that the current induced SOT 

cannot tilt the magnetization too much). The measured percentage change in 𝑅𝑥𝑥 for this case, 

defined as ∆𝑅𝑥𝑥% = 100 × [𝑅𝑥𝑥(𝐼) − 𝑅𝑥𝑥(𝐼 = 0)] 𝑅𝑥𝑥(𝐼 = 0)⁄ , is also plotted in Fig. 2-15 

(blue open circles). Comparing the two cases we can see that for a current of  𝐼 = 15𝜇A, the 

temperature rises by ~ 2.5 K. In the current-induced magnetization switching experiments (Fig. 

2-6b and Fig. 2-6c), this is in agreement with the fact that for this range of currents the sample is 

still below the Curie temperature 𝑇C = 8.5K and shows hysteretic switching (see Fig. 2-6b and 

Fig. 2-6c inset). However, this Joule heating might assist the current-induced magnetization 

switching by lowering the anisotropy field (Fig. 2-14). On the other hand, for the maximum AC 

current amplitude of  𝐼0 = 5µA (root mean square value is 3.54 𝜇A) in the second harmonic 

experiments (Fig. 2-11), the corresponding rise in temperature is ~ 1 K and thus is not expected 

to affect the strength of the extracted effective spin-orbit field. We also note that the modulation 

of the Hall resistance due to a modulating temperature via Joule heating will lead to the 
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generation of only a third harmonic Hall voltage signal 
9
 and thus will not affect the second 

harmonic measurements. 

 

Figure 2-15. The percentage change in 𝑅𝑥𝑥 as a function of the temperature (bottom abscissa) 

and the current (upper abscissa), respectively. The corresponding rise in temperature due to 

current-induced Joule heating can be obtained by comparison. For example, when the current is 

15 µA , the corresponding ∆𝑅𝑥𝑥% is ~ -2.2, and the corresponding temperature is ~4.4 K, 

meaning the rise in temperature is around 2.5 K. A constant out-of-plane external magnetic field 

of 2T is applied in the measurements. Figure is adapted with permission from ref. 
57

 (Y. Fan’s 

publication). 
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2.6 Discussion on the Switching Process, the Anisotropic Magneto-Resistance (AMR) Effect  

      and the Planar Hall Effect (PHE) in the Bilayer Heterostructure 

         In this section, we analyze the current-induced switching process in the bilayer 

heterostructure and reveal that the switching is most likely multi-domain switching. The multi-

domain switching process is partially the reason why the critical switching current density is so 

small (~10
4
 (A/cm

2
)) in this bilayer. In order to do that, we compare the switching phase diagram 

revealed in the experiments (Fig. 2-6d) with the one obtained from the single domain simulations. 

We find that the switching current density exhibited in the experiment is nearly one order of 

magnitude smaller than the one required for single domain switching. As a result, the current-

induced magnetization switching in our experiment occurs most likely via a multi-domain 

switching process (Fig. 2-6c). The single domain simulations were performed by solving the 

extended LLG equation, where we only added the antidamping-like SOT since it is much larger 

than the field-like SOT in our device: 

𝜕𝐌

𝜕𝑡
= −𝛾𝐌 × 𝐁𝐞𝐟𝐟 +

𝛼

𝑀S
𝐌 ×

𝜕𝐌

𝜕𝑡
− 𝛾𝐌 × 𝐁𝐒𝐎                             (2 − 10) 

Here, 𝐁𝐞𝐟𝐟 = 𝐁𝐞𝐱𝐭 + 𝐾cos𝜃M�̂�  stands for the sum of the external magnetic field and the 

anisotropy field; 𝝉𝐒𝐎 = −𝛾𝐌 × 𝐁𝐒𝐎 is the antidamping-like SOT induced by the in-plane 

current 𝐼dc; the corresponding effective spin-orbit field is 𝐁𝐒𝐎 = 𝐼dc𝜆SO�̂� × 𝐦, as described in 

detail in Section 2.3. For a certain in-plane current density  𝐽dc, 𝐁𝐒𝐎  can be obtained via the 

second harmonic measurements (Fig. 2-11d), from which the |𝐵SO|/𝐽dc  ratio is known to be 

between 0.0048 mT/(A/cm
2
) and 0.0146 mT/(A/cm

2
). For simplicity, using the parameters, 

𝛾 = 1.8 × 1011 rad ∙ s−1 ∙ T−1,  𝛼 = 0.1  (it turns out that the choices of  𝛾 and  𝛼 do not affect 

the simulation results of the phase diagram),  𝑀S = 16 emu/cm3  and |𝐵SO|/𝐽dc =0.0146 
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mT/(A/cm
2
), the phase diagram can be readily obtained by initializing the magnetization to point 

both up (+𝑧 direction) and down (−𝑧  direction) and allowing it to relax to the equilibrium 

positions according to equation (2-10). The resulting phase diagram for the case of positive in-

plane current  𝐼dc and positive in-plane external magnetic field in the 𝑦-direction is shown in Fig. 

2-16. For comparison with the experiments, the corresponding phase diagram measured 

experimentally, namely Fig. 2-6d, is superimposed in Fig. 2-16. As can be seen, the critical 

current for magnetization switching within the single domain model is approximately one order 

of magnitude larger than the one we measured experimentally. This one order of magnitude 

difference could be attributed to multi-domain switching, possibly in conjunction with current-

induced heating effect, as has also been seen for HMFHs 
42

.  
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Figure 2-16. Comparison of the phase diagrams obtained from the experiments (blue triangles) 

and from the single domain simulations (red squares), for the case of positive in-plane 

current  𝐼dc and positive in-plane external magnetic field applied in the 𝑦-direction. The symbol ↑ 

means 𝑀𝑧 > 0 and ↓ means 𝑀𝑧 < 0, not 𝑀𝑧 = ±𝑀S. Figure is adapted with permission from ref. 

57
 (Y. Fan’s publication). 
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Section 2.4), which suggests that the magnetization switching in our micrometer scale Hall bar 

device most likely favors multi-domain switching in the low field region. 

         Besides the detailed switching process, the anisotropic magneto-resistance (AMR) effect 

and the planar Hall effect (PHE) in the bilayer heterostructure are also very important for 

determining the current-induced SOT. AMR effect depends on the angle between the 

magnetization 𝐌 and the electric current direction (i.e., 𝑦-direction). In order to measure the 

AMR effect and the associated PHE in our Hall bar device, we reconstruct our experiment setup 

such that the external magnetic field  𝐁𝐞𝐱𝐭  with constant magnitude (2T) can rotate in the 𝑥𝑦-

plane, as illustrated in the insets of Fig. 2-17a-b. A small probing AC current (1μA) is applied 

along the 𝑦-direction. The external magnetic field 𝐁𝐞𝐱𝐭  is large enough to ensure single domain 

state of the magnetization and when we rotate 𝐁𝐞𝐱𝐭, the magnetization 𝐌 follows 𝐁𝐞𝐱𝐭  . Both the 

longitudinal sheet resistance and the transverse Hall resistance are measured simultaneously. The 

results are shown in Fig. 2-17a and Fig. 2-17b, respectively. In Fig. 2-17a, we plot the percentage 

change in the sheet resistance, ∆𝑅sheet%, as a function of the azimuthal angle 𝜑. ∆𝑅sheet% is 

defined as ∆𝑅sheet% = 100 × (𝑅sheet − 𝑅┴)/𝑅┴ , where 𝑅┴  is the sheet resistance when 𝐌 is 

perpendicular to the current direction. From Fig. 2-17a we can observe that the sheet resistance 

has a maximum value when 𝐌 is parallel to the current direction and approaches the minimum 

value when 𝐌 is perpendicular to the current direction. This agrees with the general formula for 

the AMR effect, 𝑅𝑠heet(𝜑) = 𝑅┴ + (𝑅‖ − 𝑅┴)cos2(𝜋/2 − 𝜑) , where 𝜋/2 − 𝜑  is the angle 

between 𝐌 and the current direction (𝑦-axis) and 𝑅‖ is the sheet resistance in the special case 

when 𝐌 is parallel to the current direction. In Fig. 2-17a we can see that  ∆𝑅sheet%  is very small 

in the whole range of  𝜑, indicating that 𝑅‖ does not differ from 𝑅┴ too much.  
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         The transverse PHE resistance, 𝑅PHE, is plotted in Fig. 2-17b as a function of the azimuthal 

angle 𝜑 . The PHE resistance depends on the product 𝑀𝑥𝑀𝑦 where 𝑀𝑥  and  𝑀𝑦  are the 

magnetization components along the 𝑥 and 𝑦 axes 
9
, respectively. As a result, the PHE resistance 

is simply zero in the 𝑦𝑧-plane or 𝑥𝑧-plane. In the 𝑥𝑦-plane, the PHE resistance has a simple 

formula 
9
, 𝑅PHE = 𝑅P𝑠in (2𝜑), where 𝑅P is the PHE coefficient. In Fig. 2-17b we can clearly see 

the double periods for 𝜑 from 0 to 2𝜋, and the coefficient 𝑅P can be obtained as 𝑅P ≅ −3Ω, 

which is much smaller than the AHE coefficient, 𝑅A = 36Ω. Next, we will estimate how much 

the PHE resistance affects the determination of the effective spin-orbit field when we perform 

the second harmonic measurements in the 𝑦𝑧-plane. In the 𝑦𝑧-plane, the general formula for the 

second harmonic Hall resistance is (see ref. 
9
),  

𝑅H
2ω = −

𝑅A

2𝐵ext cos(𝜃B − 𝜃M)

𝑑(cos𝜃M)

𝑑𝜃B
𝐵θ +

𝑅Psin2𝜃M

𝐵extsin𝜃B
𝐵𝜑 ,                 (2 − 11) 

where 𝐵θ is the effective field along the polar angle direction and  𝐵𝜑 is the effective field along 

the azimuthal angle direction. When we perform the rotation experiments in the 𝑦𝑧-plane, 𝐵θ 

stands for the effective field arising from the antidamping-like SOT and  𝐵𝜑 the effective field 

from the field-like SOT. Now let us show that in the 𝑦𝑧-plane, the PHE contribution to the 

second harmonic signal is indeed negligible. Suppose we use an AC current with amplitude of 

1µA, so 𝐵𝜑 ≈ 2mT and 𝐵θ = −32.67mT (see Section 2.4). In the 𝜃B ≈ 0 region, the latter part 

in equation (2-11) stands for ~ 𝑅P𝐵𝜑 (
𝑅A𝐵θ

2
+⁄ 𝑅P𝐵𝜑) ≈ 1% of the total signal; when  𝜃B ≠ 0, 

e.g., at 𝜃B = 𝜋/2, the latter part in equation (2-11) can be estimated to be -0.003 Ω, while the 

total measured second harmonic resistance is -0.167 Ω at 𝜃B = 𝜋/2 (see Fig. 2-11b). In other 

words, the latter part in equation (2-11) only accounts for 1.8% of the total signal. In conclusion, 

the field-like SOT induced second harmonic resistance is indeed negligible when we perform the 
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rotation experiments in the 𝑦𝑧-plane, and to a good approximation, we have attributed all of the 

measured second harmonic signals to the antidamping-like SOT induced signal in the 

experiments. 

 

Figure 2-17. Rotation experiment to obtain the AMR and PHE resistances. a, The percentage 

change in the sheet resistance (see the text), ∆𝑅sheet%, as a function of the field azimuthal angle 

𝜑 when the external magnetic field  𝐁𝐞𝐱𝐭  rotates in the 𝑥𝑦-plane, as shown in the inset. b, The 

transverse PHE resistance, 𝑅PHE, as a function of the field azimuthal angle 𝜑 when the external 

magnetic field 𝐁𝐞𝐱𝐭  rotates in the 𝑥𝑦 -plane, as shown in the inset. In the experiments, the 

𝐁𝐞𝐱𝐭 field magnitude is fixed at 2 T and the temperature is kept at 1.9 K. Figure is adapted with 

permission from ref. 
57

 (Y. Fan’s publication). 
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Chapter 3 

Electric-Field Control of Spin-Orbit Torque in a Magnetically Doped 

Topological Insulator 

 

3.1 Overview 

         Electric-field control of magnetization dynamics is essential for realizing high-performance, 

low-power spintronic memory and logic devices. During recent years, enormous progress has 

been made in this regard. As listed in Fig. 3-1, the notable achievements are the electric-field 

control of ferromagnetism in magnetic semiconductors (e.g., Mn-doped InAs, GaAs) through 

modulation of the carrier (hole) concentration 
139-141

, electric-field control of magnetization 

vector orientation through manipulation of the in-plane magnetic anisotropy 
142

, electric-field 

manipulation of magnetization direction and/or reversal by use of multiferroics 
143-145

, and 

significant voltage-controlled magnetic anisotropy change in ultrathin ferromagnet/oxide 

junctions (e.g., Fe/MgO) 
146,147

. On the other hand, for another method of manipulating magnetic 

moment---current-induced SOT 
8,9,27

, which is important in practical devices, the electric gate 

control is just beginning to be probed 
148,149

. Thus, it becomes highly desirable to study the 

efficient electric-field control of SOT in novel magnetic structures, which may allow for the 

manipulation of magnetization in a fashion compatible with modern field-effect semiconductor 

devices. As elaborated in the last chapter, TI 
54-56 

-based magnetic structures have drawn much 

attention due to the giant spin-torque efficiency potentially applicable for spintronic devices 

57,59,60
. Compared with conventional HMFHs where the SHE in the heavy metals and/or the 

Rashba-Edelstein effect at the interface are crucial for generating the spin torque 
38,41,42,45,118

, TIs 
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exhibit surface spin-momentum locked Dirac fermions 
66,69,82,90,91,94-96

 which are expected to be 

more efficient 
127,150

. Indeed, as we have shown in the last chapter, the TI/Cr-doped TI bilayer 

heterostructure can produce a giant SOT which is almost three orders of magnitude larger than 

those reported in HMFHs 
57

.  Besides our work, current-induced SOT in TI/ferromagnet metal 

heterostructures has also been studied in several recent experiments 
59,60

. Furthermore, related 

spin pumping/ISHE 
61-65

 and the spin-polarized tunneling spectroscopy 
66

 were also investigated 

in these structures. 

 

 

Figure 3-1. Various research topics in the field of electric-field control of magnetic properties in 

spintronics, including electric-field control of ferromagnetism, electric-field control of 

Magnetism
Nature 408, 944 (2000)

H. Ohno et al.  

Electric-Field 

Control

Magnetization Vector
Nature 455, 515 (2008)

D. Chiba et al.  

Multiferroic Properties
Nature 516, 370 (2014)

J. T. Heron et al.  

Spin-Orbit Torque
Nature Nanotech. 11, 352 (2016)

Y. Fan et al.  

Magnetic Anisotropy
Nature Nanotech. 4, 158 (2009)

T. Maruyama et al.  
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magnetization vector orientation, electric-field control of multiferroic material properties, 

voltage-controlled interfacial magnetic anisotropy and electric-field control of spin-orbit torque. 

          

         Another important feature of TI is its bulk behavior as a semiconductor which allows 

effective electric-field manipulation of the surface carrier density and type 
108,109,151

, as opposed 

to heavy metals. Thus, the long-sought-after electric-field control of SOT may be potentially 

realized in TI-based magnetic structures. In this chapter, we will explore the gate electric-field 

control of SOT in the nominally uniformly Cr-doped TI (Cr-TI, for short) thin film in the 

Au(electrode)/Al2O3/Cr-TI/GaAs(substrate) structure 
58

. Using the low-frequency harmonic 

method 
9,57,116

, we show that the SOT strength can be modulated by a factor of 4 by gate tuning 

within the accessible voltage range, which is almost two orders of magnitude larger than that 

reported in HMFHs 
148

. The effective gate control, as discussed later in this chapter, also shows 

strong correlation with the net spin-polarized surface current originating from the topological 

surface states in the film. Furthermore, we demonstrate that the magnetization can be switched 

by scanning gate voltage with a constant current and an in-plane magnetic field applied in the Cr-

doped TI film, pointing towards device applications such as electric-field controlled magnetic 

memory switch compatible with modern field-effect semiconductor technologies. Thus, the 

electric-field control is promising as another approach besides the lateral current to harness the 

giant SOT in the TI-based magnetic structures, which can potentially add new functionalities to 

spin-torque devices such as simultaneous memory and logic functions, and lead to ultralow 

power dissipation nonvolatile green electronics. 
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3.2 Magnetization Switching through Current-induced Spin-Orbit Torque in the Al2O3/Cr-  

      doped TI/GaAs (substrate) Structure 

         Before introducing the top gate, we first briefly examine an Al2O3/Cr-TI/GaAs(substrate) 

structure to investigate the basic material properties and the intrinsic current-induced SOT. As 

shown in Fig. 3-2a, a 7 QL uniformly Cr-doped Cr0.16(Bi0.50Sb0.42)2Te3 thin film was epitaxially 

grown on an insulating GaAs (111)B substrate using MBE 
109

. The blue arrows in Fig. 3-2a 

indicate the Cr dopant elements inside the TI matrix; the right panel of Fig. 3-2a shows the 

HRSTEM image of the Cr-doped TI film and the EDX mapping of the Cr dopant elements in the 

Cr-doped TI layer which are uniformly distributed 
108,109

. The HRSTEM image demonstrates the 

nice crystallinity of the film and the atomically sharp interface between the Cr-doped TI layer 

and the substrate. As for the MBE growth, the semi-insulating ( > 10
6
 ∙cm) GaAs (111)B 

substrate has been cleaned by acetone with ultrasonic for 10 minutes before loaded to the MBE 

chamber. Then the atomically flat substrate was annealed to 580˚C and cooled down to growth 

temperature, under Se rich environment. After that, the Cr-doped TI film was grown using the 

similar procedure as employed in the Cr-doped TI layer preparation in the TI/Cr-doped TI 

bilayer heterostructure (see Chapter 2). The 2D growth mode was confirmed by the streaky 

RHEED patterns. After the Cr-doped TI film growth, a 1nm thick Al2O3 capping layer was 

immediately grown in-situ on top to protect the film 
134

. Another layer of 19 nm thick high-

𝑘 Al2O3 was deposited ex-situ on top by ALD at 200C, which will serve as the dielectric layer 

in the afterward top-gate device (see Section 3.3). The thin film was patterned into micrometer 

scale Hall bar structures 
134,151

, as shown in Fig. 3-2b with illustrations of the Hall measurement 

set-up. In this Hall bar configuration, we define the current flowing from the left to the right (i.e., 

along 𝑦–direction) as the positive current. 



70 
 

         To examine the quality of the Cr-doped TI thin film, temperature-dependent longitudinal 

resistance  𝑅L at zero magnetic field was measured and it shows monotonic decrease when 

increasing temperature from 1.9K to 300K, as plotted in Fig. 3-2c, which indicates the 

semiconducting feature of the film and suggests the Fermi level is located inside the bulk band 

gap 
132

. Also shown in Fig. 3-2c is the coercive field  𝐵C versus temperature, from which the 

Curie temperature 𝑇C of the film is estimated to be around 11K where  𝐵C  almost vanishes. 

         It is known that in the uniformly Cr-doped TI film, ferromagnetism can be developed 

through bulk van-Vleck mechanism 
108

 and/or surface carrier mediated magnetism 
108,109,130

 at 

low temperature. To probe the magnetic properties, both the out-of-plane Hall resistance 𝑅H  and 

the longitudinal magneto-resistance 𝑅L measured at 1.9K are plotted in Fig. 3-2d, as functions of 

the out-of-plane magnetic field. The nearly square-shape 𝑅H  hysteresis loop together with the 

butterfly-shape 𝑅L demonstrate the pronounced magnetism 
108,109 

in the Cr-doped TI film with a 

magnetic easy axis along the out-of-plane direction (i.e., along 𝑧-axis). Given the low Curie 

temperature of the film (𝑇C = 11K), in the following, all the transport experiments are performed 

at 1.9K unless otherwise stated. 
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Figure 3-2. Material properties and measurement set-up of the Al2O3(20nm)/Cr-

TI(7nm)/GaAs(substrate) structure device. a, 3D schematic of the Al2O3/Cr-TI/GaAs structure. 

The blue arrows denote the Cr dopants. Right: HRSTEM image of the Cr-doped TI film and 

EDX mapping of the Cr dopant elements inside the Cr-doped TI layer. b, microscopic image of 

the Hall bar device with illustrations of the Hall measurement set-up: current flowing from the 

left to the right (along 𝑦-direction) is defined as the positive current; 𝑉H measures the Hall 

voltage and 𝑉L measures the longitudinal voltage. The width of the Hall bar and the length 

between two neighboring Hall contacts are both 10 μm. c, Longitudinal resistance 𝑅L versus 

temperature when the external magnetic field is set to 0T. Inset: the coercive field 𝐵C as a 

function of temperature. d, Transverse Hall resistance 𝑅H  and longitudinal magneto-resistance 
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𝑅L as functions of the out-of-plane magnetic field measured at 1.9 K. Figures are adapted with 

permission from ref. 
58

 (Y. Fan’s publication). 

 

         In this Al2O3/Cr-TI/GaAs structure, even though the uniform doping inside the Cr-doped TI 

layer respects the inversion symmetry along the 𝑧-direction, the structural asymmetry due to 

Al2O3 and GaAs can induce different interfacial properties with the Cr-doped TI layer, as 

illustrated in Fig. 3-4a, where the bottom surface states carrier density is estimated to be higher 

than that of the top surface states (more evidences are provided in Section 3.4 and Section 3.6). 

By passing a charge current through the Cr-doped TI layer, the spin-momentum locked surface 

states carriers on the two interfaces can produce non-equal amount of torques to the Cr dopant 

magnetization, and thus a non-zero net SOT is expected. In Fig. 3-4a, on top of the Al2O3/Cr-

TI/GaAs structure we depict the total magnetization 𝐌, the external magnetic field 𝐁𝐞𝐱𝐭  and 

various torques: 𝝉𝐞𝐱𝐭 exerted by 𝐁𝐞𝐱𝐭, 𝝉𝐊 exerted by the perpendicular anisotropy field 𝐁𝐊, and 

the net current-induced SOT, 𝝉𝐒𝐎, for a DC current 𝐼dc flowing along the −𝑦 direction in the film. 

Here, 𝐌 and 𝐁𝐞𝐱𝐭  are both in the 𝑦𝑧-plane, with  𝜃M and 𝜃B being the respective polar angles 

relative to the 𝑧-axis; 𝐁𝐊 = 𝐾cos𝜃M�̂�, and 𝐾 is the out-of-plane anisotropy coefficient (𝐾 =

0.6T  as determined from the fitting, see Fig. 3-3); 𝝉𝐒𝐎 = −𝛾𝐌 × 𝐁𝐒𝐎 , where 𝛾 is the 

gyromagnetic ratio and  𝐁𝐒𝐎 = 𝐼dc𝜆SO�̂� × 𝐦 is the current-induced effective spin-orbit field 
57

; 

𝜆SO is the coefficient characterizing the SOC strength in the system and  𝐦 is the unit vector 

denoting the magnetization direction. In this structure, 𝝉𝐒𝐎 is the antidamping-like SOT which is 

the dominant term 
57

 and consistent with the bottom surface states spin-polarized current 

66,69,82,90,91,94-96
. Thus, the equilibrium state of 𝐌  can be achieved by balancing the torques: 

𝝉𝐞𝐱𝐭 + 𝝉𝐊 + 𝝉𝐒𝐎 = 0. In order to demonstrate the current-induced 𝝉𝐒𝐎 in the structure, we carried 
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out the (𝐵𝑦-fixed, 𝐼dc-dependent) magnetization switching experiment. Indeed, the out-of-plane 

component of the magnetization, 𝑀𝑧  (manifested by the AHE resistance 𝑅AHE ), can be 

successfully switched by scanning the DC current in the presence of the fixed in-plane magnetic 

fields 𝐁𝒚 = 𝐵𝑦�̂� with 𝐵𝑦 = ±2T, as shown in Fig. 3-4c. The switching is hysteretic and agrees 

with the definitions of  𝝉𝐒𝐎  and 𝐁𝐒𝐎  in Fig. 3-4a. Furthermore, we also carried out the (𝐼dc-

fixed,  𝐵𝑦-dependent) magnetization switching experiment. As shown in Fig. 3-4b, 𝑀𝑧  can be 

successfully switched by sweeping the in-plane magnetic field in the presence of the fixed DC 

currents 𝐼dc = ±20µA. The switching is also hysteretic and agrees with the definitions of  𝝉𝐒𝐎 

and 𝐁𝐒𝐎. We summarize the switching behaviors as a phase diagram in Fig. 3-4d, from which we 

see that 𝑀𝑧 can be switched using only tens of micro-amperes of DC current, indicating that even 

in this uniformly doped Al2O3/Cr-TI/GaAs structure, the current-induced SOT can be significant. 

         We furthermore carried out the low-frequency second harmonic experiment 
9,57,116

 to 

quantitatively measure the current-induced SOT. By sending an AC current into the Cr-TI layer, 

the current-induced alternating  𝐁𝐒𝐎  field causes 𝐌 to oscillate around its equilibrium position, 

which gives rise to the second harmonic AHE resistance, 𝑅AHE
2ω . In Fig. 3-4e, we plot the 

measured 𝑅AHE
2ω  as a function of the in-plane field 𝐵𝑦 for input AC current with different root-

mean-square (rms) values. The low frequency 𝜔 utilized is 15.8 Hz. In this case, the effective 

 𝐁𝐒𝐎  field is pointing along �̂�  or −�̂�  direction, and for convenience we label it as  𝐁𝐒𝐎 =

 𝐵SO sin(𝜔𝑡) �̂�. In the large field region (|𝐵𝑦| ≫ 𝐾), as shown in Fig. 3-4e, 𝑅AHE
2ω  can be fitted 

using equation (2-5) 
57

, where the out-of-plane saturation AHE resistance 𝑅A is determined to be 

2.4 KΩ (see Section 3.3). In Fig. 3-4f, we plot the obtained effective spin-orbit field 𝐵SO as a 

function of  𝐼ac  (rms value) for both the 𝐵𝑦 > 0 and the 𝐵𝑦 < 0 cases. The directions of the 
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obtained  𝐁𝐒𝐎  are consistent with the switching experiments and the effective field versus 

current ratio is  
|𝐵SO|

𝐼ac
peak = 6.7  mT/µA by linear fitting. If we tentatively assume the current 

distribution inside the Cr-doped TI layer is uniform, then the corresponding spin-torque ratio 

9,38,57,59
 can be estimated as,  𝜗ST =

2𝑒𝑀S𝐵SO𝑤𝑡Cr−TI
2

ħ𝐼ac
peak = 81  ( 𝑒 is the electron charge, ħ is the 

reduced Planck constant, 𝑀S = 8.5 emu/cm3 is the magnetization magnitude, 𝑤 and  𝑡Cr−TI are 

the width and thickness of the Cr-doped TI layer), which again demonstrates that even in the 

uniformly doped Al2O3/Cr-TI/GaAs structure, due to the two non-balanced interfaces, the 

current-induced SOT can be large with the corresponding spin-torque efficiency much higher 

than that observed in HMFHs 
9,116

 (Note: a more accurate  𝜗ST will be provided by considering 

the more realistic current distribution inside the Cr-doped TI layer in Section 3.6). We 

summarize the SOTs evaluated from the TI/Cr-doped TI bilayer heterostructure (Chapter 2) 
57 

and the uniformly doped Al2O3/Cr-TI/GaAs structure 
58

 in Table 3-1. In the uniformly doped 

Al2O3/Cr-TI/GaAs structure, since the top surface spin-polarized current will compensate the 

bottom surface spin-polarized current when generating the SOT, the measured spin-torque ratio  

 𝜗ST is smaller than the one revealed in the TI/Cr-doped TI bilayer heterostructure 
57

. 
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Figure 3-3. Determination of the out-of-plane anisotropy coefficient  𝐾 and the saturation AHE 

resistance 𝑅AHE.  𝑅AHE, obtained from the rotation experiment (open squares) in the 𝑦𝑧-plane 

and from the numerical fitting by solving equation (2-3) (solid circles), as functions of the field 

angle 𝜃B, respectively. In the fitting, we used 𝐾 = 0.6T. Inset: the equilibrium orientation of the 

magnetization 𝐌 in the presence of an external magnetic field 𝐁𝐞𝐱𝐭 with a constant magnitude of 

2T. 𝐁𝐊 = 𝐾cos𝜃M�̂� is the perpendicular anisotropy field. 𝜃M and 𝜃B are the polar angles of 𝐌 

and 𝐁𝐞𝐱𝐭 from the 𝑧-axis, respectively. This experiment is performed at 1.9 K. Figure is adapted 

with permission from ref. 
58

 (Y. Fan’s publication). 
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Figure 3-4. Current-induced magnetization switching and second harmonic measurements in the 

Al2O3(20nm)/Cr-TI(7nm)/GaAs(substrate) structure device. a, 3D schematic of the Al2O3/Cr-
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TI/GaAs structure. Inside the Cr-doped TI layer, the blue arrows denote the Cr dopants and the 

red arrows indicate the spin directions of the conducting surface states (SS) carriers at the two 

interfaces when passing a negative DC current (i.e., along −𝑦 direction) through the film. Shown 

on top of the structure are the torques exerted by the external magnetic field 𝐁𝐞𝐱𝐭, the anisotropy 

field 𝐁𝐊, and the net current-induced SOT 𝝉𝐒𝐎. 𝐁𝐞𝐱𝐭 and magnetization 𝐌 are both in the 𝑦𝑧-

plane. Right: the top and bottom surface band structures. “BC”, “BV” and “SS” stand for bulk 

conduction band, bulk valence band and surface states, respectively. 𝐸F is the Fermi level. b, 

(𝐼dc-fixed,  𝐵𝑦-dependent) magnetization switching experiment. The AHE resistance is measured 

while sweeping 𝐵𝑦  in the presence of a constant DC current with 𝐼dc = +20µA and 𝐼dc =

−20µA along the Hall bar, respectively. c, (𝐵𝑦-fixed,  𝐼dc-dependent) magnetization switching 

experiment. The current-induced magnetization switching is measured in the presence of a 

constant in-plane magnetic field with  𝐵𝑦 = +2 T and 𝐵𝑦 = −2 T , respectively. d, Switching 

phase diagram of the magnetization in the presence of both 𝐵𝑦 and  𝐼dc. The dashed lines and 

symbols (extracted from experiments) denote the boundaries between different states. e, Second 

harmonic AHE resistance as a function of the in-plane magnetic field for AC current with 

different rms values. The frequency used is 15.8 Hz. Solid lines indicate the fittings proportional 

to 1/(|𝐵𝑦| − 𝐾) in the large field regions. f, Effective spin-orbit field 𝐵SO as a function of the 

AC current  𝐼ac (rms value) for both the 𝐵𝑦 > 0 and 𝐵𝑦 < 0 cases as extracted from e. Straight 

lines are the linear fittings. Error bars represent standard errors. All the measurements are 

performed at 1.9K. Figures are adapted with permission from ref. 
58

 (Y. Fan’s publication). 
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Table 3-1. Comparison of the SOTs in TI/Cr-doped TI bilayer and uniformly Cr-doped TI 

Structures TI/Cr-doped TI, ref. 
57

 Al2O3/Cr-doped TI/GaAs, ref. 
58

 

Surface contribution to SOT Bottom surface Both top and bottom surfaces 

Spin-torque ratio 𝜗ST 140~425 (at 1.9K) 81 (at 1.9K) 
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3.3 Electric-Field Effect on Material Properties of the Cr-doped Topological Insulator 

         The current-induced SOT arising from the non-balanced surface states carrier distributions 

at the two interfaces in the Al2O3/Cr-TI/GaAs structure inspires us to pursue the gate electric-

field control of SOT since the gate can effectively tune the surface carrier density and type in the 

Cr-doped TI layer 
108,109

. Following this idea, we deposited an Au electrode as a top gate on the 

Al2O3/Cr-TI/GaAs structure to form a gate controllable Hall bar device, as shown in Fig. 3-5a. A 

gate voltage of  𝑉𝑔 can be applied between the top gate and the source contact. Before measuring 

the SOT under different 𝑉𝑔, we first examine the gate electric-field effect on the characteristics of 

the Cr-doped TI film. Figure 3-5b shows the longitudinal resistance  𝑅L  (at 𝐵ext = 0T) and the 

effective Hall carrier density (sheet density, see Section 3.4), 𝑐eff = 1/(𝑒𝛼), as functions of  𝑉𝑔 

from -10V to +10V. Here, 𝛼 is the out-of-plane ordinary Hall slope. Remarkably, the overall 

carrier type can be tuned from p-type to n-type, with 𝑐eff  changing from 6.2 × 1012  cm
-2

 to 

−3.5 × 1012 cm
-2

 (− sign means n-type) when 𝑉𝑔 scans from -10V to +10V, and near  𝑉𝑔 = +3V, 

𝑅L develops a peak while 𝑐eff diverges. In the following, we analyze the carrier distributions and 

the transport process in more detail. 

         First, the ambipolar field effect (Fig. 3-5b) and  𝑅L versus temperature behavior (Fig. 3-2c) 

observed in our Cr-doped TI film suggest that the Fermi level is located inside the bulk band gap. 

However, due to the Cr-doping 
108,109

, along with the presence of defects and random potential 

fluctuations 
152

 in the film, there are a considerable amount of hole carriers in the bulk, which 

makes the transport analysis quite difficult. Nevertheless, from the gate-controlled two surface 

Shubnikov-de Haas (SdH) quantum oscillations observed in a non-doped control sample (see 

Section 3.4), we learn that the top gate can majorly control the top surface carrier density in the 

Cr-doped TI film 
108,109,153

, while the bottom surface carrier density remains almost unchanged 
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through the whole voltage range with the Fermi level located in the surface states conduction 

band 
153

. For convenience, in Fig. 3-5b we divide 𝑉𝑔 from -10V to +10V into three regions: I, II 

and III. In region I, the top surface is biased to the p-type regime with 𝑐eff  changes by a rate of 

9 × 1010cm
-2

/V and meanwhile  𝑅L changes monotonically. The top surface accumulated hole 

mobility is 𝜇h = 85 cm
2
/(V·S) (see Section 3.4), and since the surface states Dirac point is 

located close to the bulk valence (BV) band edge 
102,153,154

 in the band structure, a large amount 

of these holes are ordinary. In region III, the top surface is biased to the surface states n-type 

regime and since 𝑐eff  almost reaches the linear region, the overall surface states electrons (from 

both top and bottom surfaces) dominate the transport. Considering both 𝑐eff  and  𝑅L, the surface 

states Dirac electron mobility can be estimated as 𝜇D = 100 cm
2
/(V·S). In the intriguing region 

II,  𝑅L  reaches a peak at around   𝑉𝑔 = +3V which means the top surface carriers are mostly 

depleted, and at the same time 𝑐eff diverges. Solving the equations set by the divergence of 𝑐eff  

and the maximum of 𝑅L (see Section 3.4), we find that the bottom surface states electron density 

is  𝑛SS,b = 1.02 × 1012cm
-2

 and the bulk hole density (sheet density) is 𝑝bulk = 1.4 × 1012 cm
-2

 

at  𝑉𝑔 = +3V. 

         Due to the randomness of defects and potential fluctuations in the Cr-doped TI film 
152

, the 

bulk carriers are assumed to be uniformly distributed inside the bulk and consequently cannot 

produce much SOT when passing a charge current through the film. As a result, we will focus 

mainly on the carriers at the two surfaces which are the dominant origins of the current-induced 

SOT. In Fig. 3-5c, we depict both the top and bottom surface band structures for the 

corresponding three regions: I, II and III. While the bottom surface Fermi level 𝐸𝐹 always 

remains inside the surface states conduction band, the top surface Fermi level 𝐸𝐹 can be tuned 

near the bulk valence band edge (region I), across the surface gap near the Dirac point (region II), 
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and into the surface states conduction band (region III). In region III, the top surface states 

electron density 𝑛SS,t is estimated to be smaller than the bottom surface states electron density 

 𝑛SS,b (more evidences can be found in Section 3.6). 

         In addition, the out-of-plane anisotropy coefficient 𝐾 and the saturation AHE resistance 𝑅A 

of the Cr-doped TI film can also be significantly modified by 𝑉𝑔. Figure 3-5d shows  𝐾 and 𝑅A as 

functions of  𝑉𝑔 from -10V to +10V. It should be noted that the 𝑅A  versus 𝑉𝑔  curve shows a 

similar shape to the  𝑅L versus 𝑉𝑔 curve as displayed in Fig. 3-5b, which is in accordance with the 

intrinsic correlation between 𝑅A  and 𝑅L due to different scattering mechanisms 
34

. Equally 

important, the anisotropy coefficient 𝐾 shows almost a monotonic decrease as 𝑉𝑔 tunes the top 

surface carriers from holes to electrons, and the  𝐾 value is modulated from 719.5 mT (𝑉𝑔 =

−10V) to 471.2 mT (𝑉𝑔 = +6V), which has changed by 35% and suggests that electric field can 

have a crucial modulation of the magnetism in the Cr-doped TI film 
108,109,130,155

.  
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Figure 3-5. Top-gate Hall bar configuration and gate electric-field effect on material properties 

in the Au(electrode)/Al2O3(20nm)/Cr-TI(7nm)/GaAs(substrate) structure device. a, 3D 

schematic of the Hall bar structure made from the Al2O3(20nm)/Cr-TI(7nm)/GaAs(substrate) 

stack with a top Au gate electrode (light gray). Standard four-point measurement setup is 

displayed. A gate voltage of  𝑉𝑔 can be applied between the top gate and the source contact. b, 

Longitudinal resistance 𝑅L and effective Hall carrier density (sheet density) as functions of 𝑉𝑔. 

Colored area I, II and III show the different gate voltage regions. 𝑝, 𝑛SS and 𝑛SS,b represent the 

overall hole density, the overall surface states electron density and the bottom surface states 
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electron density in the film, respectively. c, The top and bottom surface band structure 

configurations for the three gate voltage regions shown in b. Yellow colored area in the top 

surface band structure shows the tune range of the top surface Fermi level 𝐸𝐹  within the 

corresponding gate voltage region. d, Out-of-plane anisotropy coefficient 𝐾  and out-of-plane 

saturation AHE resistance 𝑅A as functions of  𝑉𝑔. Error bars represent standard errors. All the 

measurements are performed at 1.9K. Figures are adapted with permission from ref. 
58

 (Y. Fan’s 

publication). 

 

         Besides the anisotropy coefficient 𝐾  and the saturation AHE resistance  𝑅A , the 

magnetization magnitude 𝑀S  also varies with  𝑉𝑔 . In order to estimate the magnetization 

magnitude 𝑀S under different gate voltages 𝑉𝑔, we first measured the Curie temperature 𝑇C of the 

Cr-doped TI film in the Au(electrode)/Al2O3/Cr-TI/GaAs structure under different gate voltages 

𝑉𝑔 using the same method as discussed in Section 3.2 (Fig. 3-2c). 𝑇C shows a monotonic decrease 

as 𝑉𝑔  increases from -10V to +10V, as displayed in Fig. 3-6a, which is consistent with our 

previous studies 
108,109

 and in accordance with the out-of-plane anisotropy coefficient change 

with respect to 𝑉𝑔 (Fig. 3-5d).  Meanwhile, within the accessibility of our SQUID measurement 

system, we carried out the magnetization versus magnetic field measurement at 5K, 8K, 10K and 

11K when no gate voltage was applied on the sample. The magnetization magnitude 𝑀S can be 

obtained after subtracting the linear background at large field, and the results are plotted in Fig. 

3-6b as the solid squares. It can be seen that 𝑀S is almost 0 at 𝑇 = 11K, consistent with the Curie 

temperature at  𝑉𝑔 = 0V (Fig. 3-6a). Furthermore, it is known that the  𝑀S − 𝑇 relation follows 

the power law 
156

  𝑀S = 𝑀0(1 −
𝑇

𝑇C
)𝛽 in near the Curie temperature region. Subsequently, we 
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carried out the fitting using the measured data, as shown by the purple curve (𝑉𝑔 = 0V) in Fig. 3-

6b, and find  𝑀0 = 9.6 emu/cm
3
, 𝛽 = 0.6. After that, we use the same power law formula but 

different 𝑇C values as presented in Fig. 3-6a to estimate the 𝑀S − 𝑇 relation under various gate 

voltages. The obtained results are plotted in Fig. 3-6b. It can be seen that at 𝑇 = 1.9K, which is 

the experimental temperature we mostly used, the magnetization magnitude 𝑀S does not change 

much. In Fig. 3-6c, we plot the 𝑀S , obtained from the fittings in Fig. 3-6b, versus the gate 

voltage 𝑉𝑔 for 𝑇 = 1.9K. We can observe that 𝑀S changes from 8.6 emu/cm
3 
(𝑉𝑔 = −10V) to 8.3 

emu/cm
3
 (𝑉𝑔 = +10V), which is modulated by less than 5% and indicates that the change in 

magnetization magnitude 𝑀S is almost negligible in the gate-controlled experiments that we have 

carried out. 
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Figure 3-6. Curie temperature 𝑇C as a function of gate voltage 𝑉𝑔 in the Au(electrode)/Al2O3/Cr-

TI/GaAs structure. b, Solid squares represent the magnetization magnitude 𝑀S measured from 

SQUID at different temperatures when no gate voltage is applied. Different curves show the 

theoretical fittings of the 𝑀S − 𝑇  relation under different gate voltages. Dashed line denotes 

𝑇 = 1.9 K. c, Magnetization magnitude 𝑀S obtained from the fitting for 𝑇 = 1.9 K as a function 

of the gate voltage 𝑉𝑔. Figures are adapted with permission from ref. 
58

 (Y. Fan’s publication). 

 



86 
 

3.4 Estimation of the Two Surfaces’ Carrier Densities and Mobilities in the Cr-doped TI   

      Film under Different Gate Voltages          

         In this section, we analyze in detail the carrier densities and mobilities of the two surfaces 

in the Cr-doped TI film under different gate voltages. The best method to evaluate the top 

surface and the bottom surface carrier densities under different 𝑉𝑔 is to study the quantum 

oscillations (e.g., SdH oscillations) 
132,153,157-159

 from these surface carriers when an out-of-plane 

magnetic field is applied. However, in the Cr-doped TI materials, since the carrier mobility is 

normally very low, as shown in Fig. 3-8, the relevant quantum oscillations are very difficult to 

observe. Alternatively, we have grown a 10 QL un-doped (Bi0.53Sb0.47)2Te3 thin film which has a 

similar Bi : Sb ratio to the Cr-doped TI film as used in Section 3.3, and made it into a gate 

controllable Hall bar device following the same fabrication procedure. This un-doped TI thin 

film has a high carrier mobility (up to 3100 cm
2
/(V∙s) at 0.3K) 

153
, and the SdH oscillations from 

the two surface carriers can be successfully observed at low temperature. In Fig. 3-7a, we show 

the second derivative of the longitudinal resistance, 𝑑2𝑅L/𝑑𝐵2, as a function of both the inverse 

of the magnetic field, 1/𝐵, and the gate voltage 𝑉𝑔 at 0.3 K. Intriguingly, we notice that there are 

𝑉𝑔-dependent peaks as accentuated by the white dashed lines. These peaks originate from the 

formation of Landau levels of Dirac fermions on the top surface of the TI film, and the gate-

dependent shift of the peaks is due to the modulation of the top surface carrier density as 𝑉𝑔 is 

scanned from +2V to +11V. At the same time, there are other 𝑉𝑔-independent peaks at high 

magnetic field, as indicated by the black dashed lines. These peaks are attributed to the formation 

of Landau levels of the bottom surface Dirac fermions. It is noted that the bottom surface SdH 

oscillation frequency remains almost constant within the whole gate voltage range  (−11V ≤

𝑉𝑔 ≤ +11V ), indicating little or almost no change of the bottom surface carrier density 
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presumably due to the screening effect of the top surface carriers and the high dielectric constant 

(r ~ 75) of TI materials 
102,154

.  

         The surface Dirac fermions feature can be confirmed from the Landau fan diagram (Fig. 3-

7b) and the quadratic relationship between the Fermi level 𝐸F and the surface carrier density 𝑛2D 

(Fig. 3-7c). The Landau fan diagram for various gate voltage values is plotted in Fig. 3-7b, where 

the 1/𝐵 values corresponding to the peaks in Fig. 3-7a are plotted as a function of the Landau 

level index 
132,153,157-159

. The solid symbols represent the top surface Dirac fermions, 

demonstrating a systematic shift depending on the gate bias. The open symbols represent the 

bottom surface Dirac fermions, which show almost no dependence on the gate bias. It is known 

that in the SdH oscillations, the Landau level index 𝑛 is related to the cross section area of the 

Fermi surface (𝑆F) by 2𝜋(𝑛 + 𝛾) = ℏ𝑆F/(𝑒𝐵), where 𝑒 is the electron charge, ℏ is the reduced 

Plank constant, 𝐵 is the magnetic flux density, and 𝛾 = 1/2 or 0 represents the Berry phase of 

𝜋 or 0 
132,153,157-159

. Linear fits yield intercepts at the abscissa of 0.51 ± 0.04, as shown in Fig. 3-

7b, confirming the presence of surface massless Dirac fermions carrying a 𝜋 Berry phase. From 

the Landau fan diagram and the E-K dispersion relation from the ARPES results 
153

, the surface 

Fermi level 𝐸F and the surface carrier density 𝑛2D can be estimated. Figure 3-7c displays the 

Fermi level 𝐸F as a function of the surface carrier density 𝑛2D. The 𝑛top can be effectively tuned 

from 1.1 × 1012 cm
-2

 to 1.6 × 1012 cm
-2

 by scanning the gate voltage from +2V to +11V, while 

the 𝑛bottom  remains the same at 5.7 × 1012  cm
-2

 for all the gate voltages. A quadratic 

relationship of 𝐸F ∝ 𝑛1/2 can be fitted, as shown by the red curve in Fig. 3-7c, confirming the 

linear E-K relationship of the surface Dirac cone. 

         In this non-doped TI Hall bar structure, the SdH oscillation frequency changes with respect 

to the gate voltage 𝑉𝑔, as shown in Fig. 3-7a, which demonstrates that the SdH oscillations are 
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from the surface Dirac electrons (not holes). At 𝑉𝑔 = 0V , the top surface SdH oscillation 

spectrum almost disappears, suggesting that the top surface Fermi level almost reaches the Dirac 

point at 𝑉𝑔 = 0V. It is also found that at 𝑉𝑔 = 0V the whole film is at near the neutral state 
153

. 

When 𝑉𝑔 < 0V, as shown in Fig. 3-7a, the top surface SdH oscillation spectrum completely 

disappears while the bottom surface one still persists, indicating the accumulation of a large 

amount of ordinary holes on the top surface which reduce the overall carrier  mobility 
153

. When 

0V < 𝑉𝑔 < 11V, the top surface has Dirac electrons but the density is always smaller than that of 

the bottom surface, as shown in Fig. 3-7c, which is probably due to the different interfacial 

properties (e.g., different band bending) 
160

 at the two surfaces of the TI film.  

         Now we will estimate the carrier densities and mobilities on the top surface and bottom 

surface of the Cr-doped TI film in the Au(electrode)/Al2O3/Cr-TI/GaAs structure under different 

gate voltages. Compared with the un-doped TI film where the bulk is mostly insulating 
102,153,154

, 

the Cr dopants can induce hole carriers throughout the Cr-TI film and make the bulk non-

insulating 
108,109

, as evidenced by the effective Hall carrier density 𝑐eff at 𝑉𝑔 = 0V in Fig. 3-5b in 

Section 3.3. Considering the value of 𝑐eff at 𝑉𝑔 = 0V and the uniform Cr-doping profile in the 

Cr-doped TI film, it is reasonable to think that there are a considerable amount of topological 

surface states electrons on the bottom surface of the Cr-doped TI film which are immune to the 

top gate voltage 𝑉𝑔, similar to the non-doped TI film as discussed above. In Section 3.3, the 

effective Hall carrier density 𝑐eff (sheet density) is defined as, 𝑐eff = 1/(𝑒𝛼), where 𝛼 is the out-

of-plane ordinary Hall slope. Generally, when there are both electrons and holes in a 

semiconducting film, the effective Hall carrier density can be derived as 𝑐eff =
(𝑝𝜇h+𝑛𝜇e)2

𝑝𝜇h
2−𝑛𝜇e

2 , where 
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𝑝 is the hole density (sheet density), 𝑛 is the electron density (sheet density), 𝜇h is the hole 

mobility and 𝜇e is the electron mobility.  

         When the Cr-doped TI film is biased to the p-type regime, as shown in Fig. 3-5b region I in 

Section 3.3, 𝑐eff changes almost linearly with 𝑉𝑔. In this regime, the top gate can most effectively 

control the top surface accumulated hole density because of the screening effect characterized by 

the small Debye length 
109

. In this case, 
𝑑𝑝top

𝑑𝑉𝑔
≅

𝑑𝑝

𝑑𝑉𝑔
≅

𝑑𝑐eff

𝑑𝑉𝑔
= 9 × 1010 cm

-2
/V, where 𝑝top is the 

top surface accumulated hole density. In this region, the longitudinal sheet conductance of the 

Cr-doped TI film, 𝐺S = 1/𝑅S (𝑅S is the longitudinal sheet resistance), also changes linearly, as 

shown in Fig. 3-8a. Consequently, the top surface accumulated hole mobility can be derived as 

𝜇h =
𝑑𝐺S

𝑑𝑉𝑔
/(𝑒

𝑑𝑝top

𝑑𝑉𝑔
) = 85  cm

2
/(V·s). When the Cr-doped TI film is biased to the n-type regime, 

as shown in Fig. 3-5b region III in Section 3.3,  𝑐eff  almost reaches the linear region and the 

overall topological surface states electrons (from both top and bottom surfaces) dominate the 

transport. Using similar argument by considering both 𝑐eff  and  𝑅S, the topological surface states 

Dirac electron mobility can be estimated as 𝜇D = 100 cm
2
/(V·s). When the Cr-doped TI film is 

biased to region II in Fig. 3-5b in Section 3.3, 𝑅L reaches a peak at 𝑉𝑔 = +3V which means the 

top surface carriers are mostly depleted, and meanwhile 𝑐eff =
(𝑝bulk𝜇h+𝑛SS,b𝜇D)2

𝑝bulk𝜇h
2−𝑛SS,b𝜇D

2  diverges. Here, 

𝑝bulk is the bulk ordinary hole density (sheet density) and 𝑛SS,b is the bottom topological surface 

states electron density. By combining 𝑝bulk𝜇h
2 − 𝑛SS,b𝜇D

2 = 0  and 𝑒(𝑝bulk𝜇h + 𝑛SS,b𝜇D) =

1/ 𝑅S,peak, we find that 𝑛SS,b = 1.02 × 1012cm
-2

 and 𝑝bulk = 1.4 × 1012 cm
-2

. Here, 𝑅S,peak is 

the sheet resistance at 𝑉𝑔 = +3V and in our device geometry, 𝑅S,peak =  𝑅L( 𝑉𝑔 = +3V ). Based 

on the simple capacitor model and the carrier-attracting rate (9 × 1010 cm
-2

/V) by the top gate, 
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the top surface carrier density under different gate voltages 𝑉𝑔 can be obtained, as plotted in the 

upper panel of Fig. 3-10 in Section 3.6. We find that the bottom topological surface states 

electron density 𝑛SS,b is always larger than the top topological surface states electron density 

𝑛SS,t in the whole n-type regime, which is consistent with the two surface carrier distributions in 

the non-doped TI film under different gate voltages as discussed above. 

 

Figure 3-7. SdH quantum oscillations from the top and bottom surface states in the 

(Bi0.53Sb0.47)2Te3 thin film. (a) 𝑑2𝑅L/𝑑𝐵2 as a function of 1/𝐵 and 𝑉𝑔. Both gate dependent and 

independent peaks are observed. The peaks which change with 𝑉𝑔 originate from the formation of 

Landau levels of Dirac fermions on the top surface (white dashed lines, Landau levels 2 to 5 are 

marked). The 𝑉𝑔-independent peaks come from the formation of Landau levels of the bottom 

surface Dirac fermions (black dashed lines). (b) Landau fan diagram of the peaks. The peaks of 

the top surface Landau levels (solid symbols) show systematic change depending on the gate 

voltage, while those of the bottom surface Landau levels are almost constant. Inset: The 
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intercept 𝛾 as a function of the gate voltage. The black line indicates 𝛾 =  0.5. (c) The carrier 

density of the top (circles) and bottom (triangle) surface states as a function of Fermi level 

𝐸F  extracted from the corresponding SdH oscillations for various gate voltages. A quadratic 

relationship is shown. The measurement was carried out at 0.3K. This figure is adapted with 

permission from ref. 
153 

(Y. Fan’s publication). 

 

Figure 3-8. Longitudinal sheet conductance and surface carrier mobility in the Cr-doped TI film 

under different gate voltages. a, The longitudinal sheet conductance  𝐺S as a function of the gate 

voltage 𝑉𝑔 in the p-type regime in the Au(electrode)/Al2O3/Cr-TI/GaAs Hall bar structure. b, The 

extracted surface carrier mobilities as functions of the gate voltage 𝑉𝑔 in both p and n-type 

regimes in the Au(electrode)/Al2O3/Cr-TI/GaAs Hall bar structure. The transport experiments 

were performed at 1.9K. Inset: schematic of the structure and the applied gate voltage. Figures 

are adapted with permission from ref. 
58

 (Y. Fan’s publication). 
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3.5 Electric-Field Control of Spin-Orbit Torque and Magnetization Switching Behaviors in  

      the Au(electrode)/Al2O3/Cr-TI/GaAs (substrate) Structure 

         Based on the above results, we carried out the second harmonic experiment to probe the 

effective spin-orbit field  𝐵SO  under different 𝑉𝑔. In Fig. 3-9a, we present 𝑅AHE
2ω  as a function of 

 𝐵𝑦 for different  𝑉𝑔 from -10V to +10V. The AC current applied is 4μA (rms value) and the low 

frequency used is 15.8Hz. The solid lines represent the fittings proportional to 1/(|𝐵𝑦| − 𝐾) in 

the large field region according to equation (2-5). In Fig. 3-9b, we plot the obtained 𝐵SO versus 

𝑉𝑔 for the 𝐵𝑦 > 0 case. Remarkably, 𝐵SO  can be tuned from 19.8 mT (𝑉𝑔 = −10V) up to 79.5 

mT (𝑉𝑔 = +3V), reflecting a factor of 4 in modulation which is almost two orders of magnitude 

larger than that reported in the gate-controlled HMFHs 
148

.  𝐵SO  is peaked at around 𝑉𝑔 = +3V, 

which corresponds to the situation when the top surface of the Cr-doped TI film is most 

insulating (neutral point) and the spin-polarized current mainly flows through the bottom surface 

states 
82,90,91,94,95

 and consequently produces the largest SOT. When 𝑉𝑔 > +3V , e.g., the Cr-

doped TI film enters region III as shown in Fig. 3-5b, the top surface can also have spin-

momentum locked surface states electrons which will share the current flowing through the film. 

However, these top surface states electrons will generate opposite SOT compared to the bottom 

surface states electrons due to the different spin-momentum locking direction with respect to the 

bottom surface normal vector 
82,90,91,94,95

. On the other hand, when 𝑉𝑔 < +3V , e.g., the Cr-TI 

film enters region I as shown in Fig. 3-5b, the accumulated holes on the top surface will also 

share the current flowing through the film. But a large amount of these holes are ordinary and 

they cannot generate much SOT. The rest amount of holes are Dirac-like and similarly will 

generate opposite SOT compared to the bottom surface states electrons. In both cases (𝑉𝑔 gets 
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larger or smaller from +3V), the overall current-induced SOT in the film decreases as evidenced 

in Fig. 3-9b. It is noted that the SOT does not change sign in the whole region from -10V to 

+10V, indicating that the bottom surface states electrons always dominate in generating the SOT. 

Combined with the modulation of magnetization magnitude 𝑀S by 𝑉𝑔 (see Section 3.3), the SOT 

strength can vary from 7.4 × 1011(
ħ

2𝑒
) A·cm

-3 
(at 𝑉𝑔 = −10V) to 2.87 × 1012(

ħ

2𝑒
)  A·cm

-3
 (at 

𝑉𝑔 = +3V) within the accessible voltage range, which demonstrates the effective gate electric-

field control of SOT (by a factor of 4) in the Au(electrode)/Al2O3/Cr-TI/GaAs structure. 

         For potential applications, we further investigated the gate electric-field effect on the 

magnetization switching behaviors of the Cr-doped TI film in the presence of both the in-plane 

field 𝐵𝑦  and the longitudinal DC current  𝐼dc . Intriguingly, the switching behaviors can be 

significantly modified by  𝑉𝑔  in both the (𝐼dc -fixed,   𝐵𝑦 -dependent) and the (𝐵𝑦 -fixed,  𝐼dc -

dependent) magnetization switching experiments. For example, in Fig. 3-9c, we summarize the 

switching phase diagrams under 𝑉𝑔 = −10V, +1.5V, +10V, respectively. It can be seen that the 

switching phase diagram has been changed dramatically by the gate voltage and the switching 

boundaries shrink towards the central region for 𝑉𝑔 = +1.5V compared with the other two cases 

(𝑉𝑔 = −10V, +10V), indicating a smaller longitudinal 𝐼dc  is required for switching for 𝑉𝑔 =

+1.5V in the presence of a fixed in-plane 𝐵𝑦 . In fact, this is expected because the current-

induced SOT efficiency is higher for  𝑉𝑔 = +1.5V than the other two cases (𝑉𝑔 = −10V, +10V). 

Furthermore, we carried out the (𝐼dc-fixed, 𝐵𝑦 -fixed, 𝑉𝑔 -dependent) experiments to study the 

direct manipulation of magnetization by scanning  𝑉𝑔 . The initial magnetization state can be 

prepared to be 𝑀𝑧 < 0 for X: (𝐼dc = 20µA,  𝐵𝑦 = 0.1T) and 𝑀𝑧 > 0 for Y: (𝐼dc = 20µA,  𝐵𝑦 =

−0.1T) under 𝑉𝑔 = −10V, as shown in Fig. 3-9c. After that, both  𝐼dc and 𝐵𝑦 are fixed and we 
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scan 𝑉𝑔  from -10V to +3V while the AHE resistance 𝑅AHE  is simultaneously measured. The 

obtained results are plotted in Fig. 3-9d, and it can be clearly seen that the magnetization state is 

switched from 𝑀𝑧 < 0 to 𝑀𝑧 > 0 for X: (𝐼dc = 20µA,  𝐵𝑦 = 0.1T) and from 𝑀𝑧 > 0 to 𝑀𝑧 < 0 

for Y: (𝐼dc = 20µA,  𝐵𝑦 = −0.1T) by scanning 𝑉𝑔 from -10V to +3V, successively. The final 

magnetization states are consistent with the deterministic states for X and Y under 𝑉𝑔 = +3V, 

respectively, as shown in Fig. 3-9c. Consequently, the switching induced by scanning  𝑉𝑔 in the 

presence of fixed 𝐼dc and  𝐵𝑦 demonstrates that the gate electric-field control of SOT can provide 

an effective way to determine and manipulate the magnetization state in the Cr-doped TI film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 
 

 

Figure 3-9. Second harmonic measurements under different gate voltages and voltage-induced 

magnetization switching behaviors. a, Second harmonic AHE resistance as a function of the in-

plane magnetic field under different  𝑉𝑔 from -10V to +10V. The AC current applied is 4μA (rms 

value) and the frequency used is 15.8 Hz. Solid lines represent the fittings proportional to 

1/(|𝐵𝑦| − 𝐾) in the large field regions. b, Effective spin-orbit field 𝐵SO as a function of  𝑉𝑔 for 

the 𝐵𝑦 > 0 case as extracted from figure a. Error bars represent standard errors and blue curve 

shows the Lorentz fitting. Insets show the schemes of surface carrier distribution in the Cr-doped 

TI layer under  𝑉𝑔 = −10V, +3V and +10V. c, Magnetization switching phase diagrams under 
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 𝑉𝑔 = −10V, +1.5V  and +10V  in the presence of both 𝐵𝑦  and  𝐼dc . The dashed lines and 

symbols (extracted from experiments) represent the boundaries between the different states. d, 

Magnetization switching induced by scanning 𝑉𝑔 in the presence of constant 𝐵𝑦 and  𝐼dc for X: 

(𝐼dc = 20µA,  𝐵𝑦 = 0.1T) and Y: (𝐼dc = 20µA,  𝐵𝑦 = −0.1T). Insets show the corresponding 

initial and final magnetization configurations. All the measurements are performed at 1.9K. 

Figures are adapted with permission from ref. 
58

 (Y. Fan’s publication). 
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3.6 Discussion on Correlations between the Topological Surface Current and the Electric- 

      Field Control of Spin-Orbit Torque in the Structure 

         In this section, we attempt to explore the correlations between the surface carrier densities, 

surface currents, surface band structures and the measured electric-field control of SOT in the 

top-gate Hall bar device. As discussed before, the bottom surface states electron density 

𝑛SS,b remains unchanged through the whole voltage range while the top surface carriers can be 

tuned from p-type to n-type by 𝑉𝑔. Based on a simple capacitor model and the carrier-attracting 

rate by the top gate, we plot both the top and bottom surface carrier densities as functions of 

 𝑉𝑔  in Fig. 3-10 upper panel. Also depicted are the corresponding top and bottom surface band 

structures for different voltage regions. It is clear that the bottom surface states electron density 

𝑛SS,b is always larger than the top surface states electron density 𝑛SS,t in the whole n-type regime. 

Since the top and bottom surface states carriers have opposite spin-momentum locking directions, 

we define a net spin-polarized surface current 𝐼SS
net = 𝐼SS

bot − 𝐼SS
top

, where 𝐼SS
top

 and 𝐼SS
bot are the top 

and bottom surface states currents, respectively. Then, the ratio 𝐼SS
net/𝐼tot (𝐼tot is the total current 

passing through the film) will quantify the percentage of current that is responsible for producing 

the SOT. In the region +3V < 𝑉𝑔 < +10V, 
𝐼SS

net

𝐼tot
= (𝑛SS,b − 𝑛SS,t)𝑒𝜇D𝑅S, where 𝑅S is the sheet 

resistance of the film. In Fig. 3-10 lower panel, we plot both the 𝐼SS
net/𝐼tot ratio and the current-

induced effective field 𝐵SO which is obtained from Fig. 3-9b. Surprisingly, the 𝐼SS
net/𝐼tot ratio and 

the measured 𝐵SO show a quite similar trend in +3V < 𝑉𝑔 < +10V with 𝐼SS
net/𝐼tot changing from 

0.46 to 0.12 and 𝐵SO changing from 79.5mT to 22mT, indicating that 𝐼SS
net is indeed the origin of 

the induced SOT. In the −10V < 𝑉𝑔 < +3V region, by assuming that 57% of the top surface 

accumulated holes are Dirac holes, the 𝐼SS
net/𝐼tot ratio can also exhibit a trend similar to the 𝐵SO 
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curve. Consequently, the intrinsic spin-torque ratio from  𝐼SS
net  can be derived as:  𝜗ST =

2𝑒𝑀S𝐵SO𝑤𝑡S𝑡Cr−TI

ℏ(𝐼SS
net/𝐼tot)𝐼ac

peak , where 𝑡S ≅ 1.5nm is the surface states penetration depth 
161

. Taking in all the 

parameters, we find  𝜗ST  = 116 and it is independent of 𝑉𝑔. The large  𝜗ST value again shows 

the giant spin-torque efficiency that the TI surface states possess over conventional materials, 

such as HMFHs. 

         Here, we would like to mention that by engineering the interface roughness of the film, the 

current-induced SOT can also be dramatically changed, which again demonstrates the interfacial 

surface states origin of the SOT (see Section 3.7). The effective electric-field control of SOT, 

together with the giant spin-torque efficiency of TI 
57,59,60

 and the high quality of TI/magnetic 

insulator structures 
104

, suggests that TI-based magnetic structures may find wide implications in 

the gate-controlled ultralow power spin-torque devices that are compatible with modern field-

effect semiconductor technologies. 
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Figure 3-10. Correlations between the surface carrier densities, surface currents, surface band 

structures and the measured electric-field control of SOT in the top-gate Hall bar device. Upper 

panel: Top and bottom surface carrier densities as functions of 𝑉𝑔 . Insets show the top and 

bottom surface band structures in different gate voltage regions. Yellow colored area in the top 

surface band structure shows the tune range of the top surface Fermi level 𝐸𝐹  within the 
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corresponding gate voltage region. Lower panel: comparison between the ratio 𝐼SS
net/𝐼tot  (net 

spin-polarized surface current over total current) and the effective spin-orbit field 𝐵SO , as 

functions of  𝑉𝑔. The net spin-polarized surface current is defined as 𝐼SS
net = 𝐼SS

bot − 𝐼SS
top

. 𝐵SO is re-

plotted here as from Fig. 3-9b. Error bars represent standard errors and blue curve shows the 

Lorentz fitting. Figure is adapted with permission from ref. 
58

 (Y. Fan’s publication). 
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3.7 Comparison of the Current-induced Spin-Orbit Torques in Cr-doped TI Films Grown  

      on GaAs Substrates with Smooth and Rough Surface Morphologies 

         In this section, we address the influence of interface qualities on the surface states transport 

and current-induced SOT in the Cr-doped TI film in the Al2O3/Cr-TI/GaAs(substrate) structure. 

In Section 3.2, we have mentioned that the atomically flat GaAs (111)B substrate was annealed 

at 580 ˚C for 5 minutes under Se rich environment (i.e, with Se vapor protection) to remove 

native surface oxide on the substrate. During this procedure, a strained GaSe single atomic layer 

was formed on the surface, which can protect the substrate surface to be flat after the pre-

annealing and improve the growth of the Cr-doped TI film later on 
153

. If we perform the pre-

annealing without the Se vapor protection, due to the evaporation of As elements, the GaAs 

surface will evolve into a 3D feature surface structure after reconstruction. In Fig. 3-11a, we 

show the RHEED patterns of the GaAs substrates after pre-annealing with and without Se vapor 

protection. It is obvious that the one with Se vapor protection shows streaky patterns which are 

the 2D feature of the substrate surface, suggesting the surface is atomically flat. In contrast, the 

one without Se vapor protection shows dotted patterns which are the 3D feature of the substrate 

surface. This indicates the pre-annealing without Se vapor protection can make the GaAs surface 

quite rough. 

         After the pre-annealing, a Cr-doped TI film was grown on the rough GaAs substrate 

following the same procedure as used in Section 3.2. Here, we present both the HRSTEM and 

atomic force microscope (AFM) studies of the Cr-doped TI films grown on the smooth GaAs 

substrate (as prepared in Section 3.2) and on the rough GaAs substrate (pre-annealed without Se 

vapor protection). As can be seen in Fig. 3-11b, the Cr-doped TI grown on the smooth GaAs 

substrate shows very nice crystallinity and atomically sharp interface with the substrate. 
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However, the Cr-doped TI grown on the rough GaAs substrate shows poor crystallinity and a lot 

of defects at the interface, as indicated by the rectangular box in Fig. 3-11b right panel. When 

preparing the samples for the HRSTEM study, the top Al2O3 protection capping layer was 

removed and a Pt metal layer was deposited on top of the Cr-doped TI films for the Focused Ion 

Beam (FIB) process 
108

. As a result, we cannot directly study the interface between the capping 

layer Al2O3 and the Cr-doped TI film by HRSTEM. Alternatively, we performed the AFM 

studies of the two Cr-doped TI films (one grown on smooth GaAs substrate and one on rough 

GaAs substrate) to probe the top surface morphologies. We find the Cr-doped TI grown on the 

smooth GaAs substrate shows atomically flat surface morphology, as shown in Fig. 3-11c, while 

the Cr-doped TI grown on the rough GaAs substrate exhibits many pinholes, as illustrated in Fig. 

3-11d, presumably because the GaAs substrate is too rough. In Fig. 3-11e and Fig. 3-11f, we 

present the surface roughness of the two films along the lines as indicated in Fig. 3-11c and Fig. 

3-11d, respectively. Again, the Cr-doped TI grown on the smooth GaAs substrate shows very 

small roughness while the Cr-doped TI grown on the rough GaAs substrate shows pinholes with 

the depth even larger than the Cr-doped TI thickness. This indicates that these holes are deep into 

the GaAs substrate and agrees with the 3D feature RHEED pattern as shown in Fig. 3-11a lower 

panel. 

         Furthermore, we have performed both the magneto-transport and second harmonic 

measurements in the Al2O3/Cr-TI/(rough GaAs substrate) Hall bar structure device. The Cr-

doped TI film again shows pronounced ferromagnetism (as shown in Fig. 3-12a) and second 

harmonic signals (as shown in Fig. 3-12b). Intriguingly, the second harmonic AHE resistance, 

𝑅AHE
2ω , as shown in Fig. 3-12b, changes polarity compared with the one measured in the 

Al2O3/Cr-TI/(smooth GaAs substrate) Hall bar structure (see Fig. 3-4e in Section 3.2). This 
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means the current-induced SOT has changed sign. In Fig. 3-12c, we plot the effective spin-orbit 

field 𝐵SO, extracted from Fig. 3-12b, as a function of the AC current  𝐼ac (rms value), and find the 

effective field versus current ratio is  
|𝐵SO|

𝐼ac
peak = 2.9 mT/µA by linear fitting, which is much smaller 

than the one measured in the Al2O3/Cr-TI/(smooth GaAs substrate) structure (see Section 3.2). 

One possible explanation for the change in the sign of the current-induced SOT in the Al2O3/Cr-

TI/(rough GaAs substrate) structure is that the large amount of defects at the Cr-TI/(rough GaAs 

substrate) interface induce many spin-dependent scatterings which can contaminate the bottom 

surface spin-polarized current, and leaving the top surface spin-polarized current dominant in 

generating the SOT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 
 

 

Figure 3-11. Surface morphologies and interfacial properties of the Cr-doped TI films grown on 

GaAs (111)B substrates pre-annealed with / without Se vapor protection. a, RHEED patterns of 

GaAs (111)B substrates after annealed at 580 ˚C for 5 minutes with / without Se vapor protection. 
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b, HRSTEM images of the Cr-doped TI films grown on smooth / rough GaAs substrates. c and d, 

AFM images of the Cr-doped TI films grown on smooth / rough GaAs substrates, respectively. e 

and f, Surface roughness of the Cr-doped TI films along the lines as indicated in c and d, 

respectively. Figures are adapted with permission from ref. 
58

 (Y. Fan’s publication). 

 

Figure 3-12. Magneto-transport and second harmonic measurements in the Al2O3/Cr-TI/(rough 

GaAs substrate) structure. a, Transverse Hall resistance 𝑅H  and longitudinal resistance 𝑅L as 

functions of the out-of-plane magnetic field. Inset: configuration of the applied magnetic field. b, 

Second harmonic AHE resistance as a function of the in-plane magnetic field for AC current 
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with different rms values. The frequency used is 15.8 Hz. Solid lines indicate the fittings 

proportional to 1/(|𝐵𝑦| − 𝐾) in the large field regions. c, Effective spin-orbit field 𝐵SO  as a 

function of the AC current  𝐼ac (rms value) for both the 𝐵𝑦 > 0 and 𝐵𝑦 < 0 cases as extracted 

from b. Straight lines are the linear fittings. All the measurements are performed at 1.9K. Figures 

are adapted with permission from ref. 
58

 (Y. Fan’s publication). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 
 

Chapter 4 

Summary 

 

4.1 Conclusion 

         In this dissertation we have successfully demonstrated the current-induced giant SOT in the 

TI/Cr-doped TI bilayer heterostructure and the uniformly Cr-doped TI thin film. Moreover, we 

have also revealed the effective electric-field control of SOT in the uniformly Cr-doped TI using 

the top-gate field-effect transistor structure. The giant SOT efficiency and the effective electric-

field control of SOT in TI-based magnetic structures may lead to the next generation of gate-

controlled ultralow power dissipation spintronic memory and logic devices. 

         First, the giant SOT was discovered in the TI/Cr-doped TI bilayer heterostructure. The 

giant SOT was manifested by the current-induced magnetization switching in the bilayer 

heterostructure in the presence of a fixed in-plane external magnetic field. The critical current 

density required for switching is below 8.9 × 104 A/cm
2
 at 1.9 K. Furthermore, the SOT was 

calibrated by measuring the effective spin-orbit field using second harmonic methods. Both the 

effective field to current ratio and the spin-torque ratio are found to be almost three orders of 

magnitude larger than those reported in HMFHs.  

         Second, we have demonstrated the effective electric-field control of the giant SOT in a Cr-

doped TI thin film using a top-gate field-effect transistor structure. The SOT strength can be 

modulated by a factor of 4 within the accessible gate voltage range, and it shows strong 

correlation with the spin-polarized surface current in the Cr-doped TI thin film. Moreover, we 

have realized the magnetization switching by scanning gate voltage with constant current and in-
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plane magnetic field applied in the film. The gate controllability of the SOT in the Cr-doped TI 

film is almost two orders of magnitude larger than those reported in the gate-controlled HMFHs. 

         The giant current-induced SOT, the effective electric-field control of SOT and the efficient 

current-induced magnetization switching exhibited by the Cr-doped TI thin films and 

modulation-doped heterostructures may lead to the innovation of ultralow power dissipation 

gate-controlled spin-torque devices (such as spin-torque memory and logic devices) that are 

compatible with modern field-effect semiconductor technologies. Because the Curie temperature 

of magnetic TIs is very low (generally below 30 K), to utilize the giant SOT revealed in the TI-

based magnetic structures for room temperature applications will require search of high Curie 

temperature magnetic TIs or other alternative room temperature insulating (or high resistivity) 

magnetic materials which can couple efficiently with TIs. Since the surface states of TIs are 

protected by the bulk topology and the spin-momentum locking feature is robust even at room 

temperature, the giant SOT generated by TIs can in principle sustain up to room temperature, as 

has been demonstrated by the ST-FMR measurements in TI/ferromagnetic metal structures 
59,60

. 

Therefore, our findings in the magnetic TI thin films and modulation-doped heterostructures, 

together with other reported progresses in the topological spintronics research field, may lead to 

the innovation of new SOT devices based on TIs that exhibit much better performance. 
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4.2 Outlook 

         Currently, the topological spintronics research field is a quite hot research field. Besides the 

giant SOT-enabled magnetization switching we have observed in the TI/Cr-doped TI bilayer 

heterostructure 
57

 and the uniformly Cr-doped TI thin film 
58

, other techniques have also been 

explored to probe the surface spin-related phenomena in TI-based structures, such as the ST-

FMR measurement 
59,60 

and spin-pumping induced spin-to-charge conversion experiment 
61-65

 in 

TI/ferromagnet bilayers, the spin-polarized tunneling measurement in the TI/oxide/ferromagnet 

structure 
66

 and the electrical detection of surface spin-polarized current in TIs 
91,94-98

. All these 

new advances contribute to the formation of the research field on topological spintronics 
99

. For 

the future potential research opportunities in this field, I would like to address the following 

material/structure systems --- the TI/ferromagnetic material structures, the TI/antiferromagnet 

structures, the TI/skyrmion structures, as well as their potential applications.  

         For the TI/ferromagnetic material structures, after the demonstration of the giant SOT 
57,59

, 

it becomes a necessity to find the right ferromagnetic material and structure that has the potential 

for enabling room-temperature SOT applications. Since the Curie temperature of magnetically 

doped TIs is very low (usually below 30 K), to search for other alternative room-temperature 

ferromagnetic materials that can couple efficiently with TIs becomes a priority in the research. 

Although the TI/ferromagnetic metal structures have been reported capable of generating 

pronounced SOT 
59,60

, they suffer from huge shunting problem because of the impedance 

mismatch issue. Then it comes to TI/magnetic insulator structures (e.g., TI/ YIG) which would 

most likely offer the right material/structure candidates for room-temperature SOT applications. 

Indeed, high quality TI/magnetic insulator material and high temperature magnetic proximity 
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effect have been reported in these structures recently 
104,162

, and the SOT-related effects are 

under extensive investigation. 

         In addition to ferromagnetic materials, the antiferromagnets have become a hot topic 

recently, due to their unique merits such as insensitive to external disturbing magnetic field, 

producing no stray field no matter how densely the antiferromagnetic elements are arranged in 

the device, and the high-frequency (~THz) spin-wave excitations. Moreover, it has been reported 

that the Neel order in antiferromagnets can be electrically switched 
163

 through current-induced 

SOT. Since TIs can produce giant SOT, it would be nice to study the interaction between TIs and 

antiferromagnets, which might lead to novel spintronic applications. Indeed, recently the Cr-

doped TI/antiferromagnet heterostructures and superlattices have been studied 
164

, which show 

an enhancement of the Curie temperature of Cr-doped TI due to the exchange coupling between 

the magnetic TI layer and the antiferromagnet. The TI/antiferromagnet structures seem to be very 

interesting and the possible SOT effect awaits more explorations. 

         As we know, TIs have nontrivial band topology in the momentum space. Similarly, there is 

another class of materials/structures, the so-called skyrmions, which have spin textures with 

nontrivial topology in the real space. Thus it becomes very reasonable to combine TIs and 

skyrmions to study the coupling between nontrivial topologies in both the momentum space and 

the real space. The skyrmions are tiny topological spin textures with potential to serve as carriers 

of information in future devices. Currently, the room-temperature skyrmions are only realized in 

magnetic layer/heavy metal heterostructures 
165,166

 (such as CoFeB/Ta) with large interfacial 

Dzyaloshinskii-Moriya interaction due to the strong SOC at the magnetic layer/heavy metal 

interface. Moreover, it has been shown that the skyrmions in these structures can be driven by 

the current-induced SOT 
165,166

, suggesting potential electrically-controllable spintronic 
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applications. Since TIs are even more efficient in generating SOT than heavy metals, it looks 

promising to combine TIs with skyrmion materials so as to enhance the interfacial 

Dzyaloshinskii-Moriya interaction as well as the SOT efficiency when a charge current is 

passing through. Therefore, more research efforts are needed to address these proposed ideas. 

         Application wise, using the giant SOT generated by TI, the TI/ferromagnetic material 

structures might enable ultralow power-dissipation memory devices, such as the 3-terminal MTJ 

structures in MRAM. When combined with CMOS logic circuitry, TI/ferromagnetic material 

structures may also offer efficient non-volatile spin logic devices. By carefully designing the 

structure geometry and dimension, these TI/ferromagnetic material structures may further enable 

energy-efficient SOT oscillators. Compared with the TI/ferromagnetic material structures, the 

TI/antiferromagnet structures might find applications in the high-frequency spintronic devices, 

such as THz spin-wave generators and high-frequency magnonic oscillators. For the TI/skyrmion 

structures, they may find applications in the ultralow power-dissipation racetrack memories that 

have very high density and consume very low power. In summary, the feasibility of combining 

TIs with various magnetic materials/structures and their rich applications will spur further 

research in this vigorous topological spintronics field based on TIs. 
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