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ABSTRACT OF THE THESIS 

 

Spin-Orbit Torques in Topological Insulators 

 

by 

 

Qiming Shao 

 

Master of Science in Electrical Engineering 

University of California, Los Angeles, 2015 

Professor Kang Lung Wang, Chair 

 

Spin torque can toggle magnetization state of nanomagnets in magnetic tunnel junctions. In heavy 

metals, giant Spin Hall Effect gives rise to a large spin-orbit torque (SOT) enabling magnetization 

switching of adjacent ferromagnets. Spin torque ratio is the key parameter in determining energy 

efficiency. Recently, a giant SOT was demonstrated in topological insulators (TIs), which are a 

class of materials owing insulating bulk and metallic surface states. Although several theoretical 

studies show that spin-momentum locking of surface states generates this giant SOT, 

experimental clarification is still lacking. In this thesis, we use the second-harmonic anomalous 

Hall resistance to access the current-induced spin-orbit fields (and thus SOTs). Heavy 

metal/ferromagnet hetoerstructure, Ta/CoFeB/MgO, is used to verify the validation of this method. 

Then, we quantitatively estimate the SOT in different TI/chromium-doped TI heterostructures with 
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different magnetic dopant positions, which shows the evidence of surface states originated SOTs. 

At last, we show that the magnitude of SOTs can be controlled by the gate voltage due to its 

semiconducting nature. All these studies may contribute to the future low power spintronics. 
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Chapter 1. Introduction – spin-torque building blocks in modern technology 

 

 

1.1 Spintronics before spin torque 

1.1.1 Advantage of spintronics: no standby power 

Modern electronics have approaching their scaling limit due to scaling of MOSFET. Leakage 

power, i.e. standby power, has increased dramatically as the technology node gets smaller and 

smaller. (Technology node is the half pitch between two adjacent DRAM metal lines, or the 

minimum feature size that can be “printed” by the lithography technique.) As the name of leakage 

power indicates, the electronics consume power due to leakage current, since power supply is 

required to be on even when they do not operate. In traditional CMOS technology, memory parts 

include SRAM, DRAM and Flash. SRAM has a very fast speed (~0.2 ns) [1], but it requires 

continuous voltage supply to maintain the stored value. As the channel length shortens, the direct 

tunneling and other short channel effect make the MOSFETs in SRAM leaky. For DRAM, it has a 

relatively longer read/write time (<10 ns for stand-alone applications and 1-2 ns for embedded 

applications), and it also needs refreshment every 64 ms, which consumes the most energy. [1] 

For Flash memory, it is nonvolatile, but it requires high voltage to write (> 8 V), that makes it not 

compatible with on-chip applications. [1] So, people are thinking of alternative solutions to 

electronics. 

 

1.1.2 GMR and TMR 

Spintronics is the one of choices thanks to its nonvolatile nature. Since the discovery of giant 

magnetoresistance (GMR) [2, 3], magnetic multilayer stacks (later on called spin valves) have 

progressively led spintronics to our real life. Later even larger tunneling magnetoresistance (TMR) 
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is observed in magnetic tunnel junctions (MTJs). Magnetoresistance is an effect of materials that 

changes resistance when a magnetic field is applied. Two important reasons for this phenomenon 

is geometric magnetoresistance (direct effect) and magnetization change due to magnetic field 

(indirect effect). For the geometric magnetoresistance, the resistance change is due to Lorentz 

force that carriers are felt in the magnetic field (see Eq. 1).  

 𝒗 = 𝜇(𝑬 + 𝒗 × 𝑩) (1) 

By solving the velocity, we obtain the Eq. 2 for the dependence of velocity on the electric field and 

magnetic field. Furthermore, we can obtain the relation between resistivity and external magnetic 

field (see Eq. 3). 

 𝒗 =
𝜇

1 + (𝜇𝐵)2
(𝑬 + 𝜇𝑬 × 𝑩 + 𝜇2(𝑩 ∙ 𝑬)𝑩) (2) 

 
𝜌 =

1 + (𝜇𝐵)2

𝑞𝑛𝜇
=

1 + (𝜇𝐵)2

𝜎0
= (1 + 𝜇2𝐵2)𝜌0 (3) 

So, for a typical semiconductor or metal, the increase of resistance in the presence of magnetic 

field is proportional the square of magnitude of magnetic field, which is typically observed as 

parabolic magnetoresistance background in semiconductors or metals. 

For magnetoresistance due to magnetic field induced magnetization change, it has a fundamental 

mechanism: the current encounters more spin-dependent scattering in antiparallel state than in 

parallel state. It can be either in-plane current or perpendicular current relative to the 

magnetization plane. For a MTJ, it consists of two ferromagnetic layers sandwiched by a 

nonmagnetic tunnel barrier. The TMR ratio between parallel state and antiparallel state is a very 

important factor in determining MTJs’ performance as a memory, in particular read speed and 

variability (the ability against random distribution of array parameters, such as MTJ pillar diameter 

and ferromagnetic layer thickness). In the following content, we indistinguishably use TMR (MR) 

for TMR (MR) itself and TMR (MR) ratio, but their meaning should be clear depending on the 

context. 
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1.1.3 Magnetic field required to write 

We have MTJs that store the information without standby power, and we can read them anytime 

we want without worry about losing information. Typically, the memory made by MTJs is called 

magnetic random access memory (MRAM). In addition, we define the antiparallel state (high 

resistance) as “1”, and parallel state (low resistance) as “0”.  

Now, it’s time to consider the write, i.e. how to input the information to MTJs. We need a magnetic 

field to control the relative magnetization state between two ferromagnetic layer, either parallel or 

antiparallel. In the initial report done by M. N. Baibich et al. [3],  Fe(001)/Cr(001) superlattice (see 

Figure 1-1d) was utilized to achieve a very high MR (GMR). Iron (Fe) is a ferromagnet, and it has 

spontaneous (net) magnetization in the absence of magnetic field below its Curie temperature 

(that depends on the material detail, and is different for bulk and thin film). Figure 1-1a gives a 

typical magnetic hysteresis along the easy axis x direction. Chromium (Cr) is an antiferromagnet 

and could pin the magnetization state of an adjacent ferromagnetic layer through the exchange 

bias. With the exchange coupling between antiferromagnet and ferromagnet, ferromagnetic 

hysteresis could have either negative or positive bias (see Figure 1-1b-c), and if exchange 

coupling is strong enough, it could pin the magnetization state of the ferromagnet along a specific 

direction (against a certain magnitude of field depending on the strength of exchange bias). M. N. 

Baibich et al. [3] observed a relatively small resistance when a large field was applied compared 

with zero field resistance (see Figure 1-1e). This phenomenon was explained well in terms of 

spin-dependent scattering. A large external magentic field pushs the MTJ into the parallel state 

and thus a lower resistance. (Since the easy axes of Fe layer are along ±x direction, required 

external field along in-plane direction to push the MTJ into the parallel state is smaller than that 

along out-of-plane direction, as shown in Figure 1-1e.) 
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Figure 1-1 Ferromagentic hysteresis with or without exchange bias and discovery of GMR in the 

Fe(001)/Cr(001) superlattice. (a) Normal magnetic hysteresis for a ferromagnet along the easy 

axis in the single domain regime. Inset is the illustration of easy axis along ±x direction. (b) 

Ferromagnetic hysteresis with a negative exchange bias through exchange coupling with an 

antiferromagnet. Red dot indicates that in the absence of external magnetic field, the 

magnetization is along +x direction. (c) Ferromagnetic hysteresis with a positive bias. Red dot 

indicates that in the absence of external magnetic field, the magnetization is along -x direction. 

(d) Schematic of the Fe(001)/Cr(001) superlattice used in the initial finding of GMR. (e) 

Magnetoresistance curves of a Fe/Cr superlattice at 4.2 K. The current is along [110] and the field 

is in the layer plane along the current direction (curve a), in the layer plane perpendicular to the 

current (curve b), or perpendicular to the layer plane (curve c). (e) is reprinted with permission 

from [3], Copyright 1988 by the American Physical Society. 
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Note that to control the resistance state, a large external magnetic field is required since the Cr 

layer pins both top and bottom Fe layer in the opposite fashion. Afterwards, MTJs are developed 

to realize resistance control using a relatively small field (see Figure 1-2a, only top layer is pinned). 

Ideal resistance hysteresis is given in Figure 1-2b. From scaling point of view, magnetic field is 

very hard to be integrated into electronic devices without hindering the scaling performance [4]. 

So, we do not want magnetic field to control the resistance state. In the next section, current and 

voltage control of the MTJ resistance state are discussed. 

 

 

Figure 1-2 (a) Schematic of a MTJ. (b) Ideal resistance hysteresis when magnetic field is applied 

to a MTJ. HC1 and HC2 are the coercivity field for the free layer and the fixed layer, respectively. 

 

1.2 Spin-transfer torque and voltage-controlled magnetic anisotropy 

1.2.1 Spin-transfer torque 

Spin-transfer torque (STT) was theoretically proposed in 1996 independently by J. C. Slonczewski 

[5] and L. Berger [6]. MRAM utilizing STTs is called STT-MRAM. When the spin-unpolarized 

current goes through a noncolinear spin valves or MTJs, a spin-transfer torque could be 
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generated to manipulate the magnetization state of the ferromagnet. Figure 1-3 describe the write 

operation of a MTJ using STTs, where the magnetization of the fixed layer is always spin right. If 

the initial state is 1, writing a 0 requires applying current from the fixed layer to the free layer. 

While the injection current is unpolarized, it becomes spin-right-polarized after the fixed layer due 

to the spin torque given by the magnetization of the fixed layer. This spin-right-polarized torque 

will give a STT on the magnetization of the free layer, forcing it flip after a certain threshold. If the 

initial state is 0, writing a 0 requires applying current from the free layer to the fixed layer. Similar 

to write a 1, carriers with spin-right will easily go through the tunnel oxide, and carriers with spin-

left will mostly be scattered back. These back-scattering carriers with spin-left will exert a STT on 

the magnetization of the free layer and even flip it after a certain threshold current. From the 

operation principle, we see that the switching mechanisms of write 1 and write 0 are not the same, 

which gives generally different switching time and critical switching current. This asymmetry 

causes some issues in terms of reliability and circuit design complexity. 

 

Figure 1-3 Illustration of write operation using spin-transfer torque. (a) Initial state is high 

resistance state (antiparallel state, 1). Applying charge current from fixed layer to free layer 

changes the state to low resistance state (parallel state, 0, not shown in the figure). Spin right 

goes through tunnel oxide (as a spin filter) more than spin left, and then generates torque on the 

magnetization of free layer. (b) Initial state is 0, and then write 1 (final state is also not shown in 
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the figure). Spin right goes through tunnel oxide more than spin left. Spin left bounces back and 

then generates torque on the magnetization of free layer. 

 

To describe the dynamics of magnetization, we can use Landau–Lifshitz–Gilbert (LLG) equation: 

 𝑑𝑴

𝑑𝑡
= 𝛾𝑴 × 𝑯𝒆𝒇𝒇 +

𝛼

𝑀𝑠
𝑴 ×

𝑑𝑴

𝑑𝑡
⟺ (1 + 𝛼2)

𝑑𝒎

𝑑𝑡

= 𝛾𝒎 × 𝑯𝒆𝒇𝒇 + 𝛼𝛾𝒎 × 𝒎 × 𝑯𝒆𝒇𝒇 

(4) 

where 𝛾 = 𝑞𝑔𝜇0/2𝑚𝑒 is the gyromagnetic ratio (for electron, it is negative and �́�-factor is around 

2), 𝑀𝑠 = |𝑴| is the saturation magnetization, 𝒎 = 𝑴/𝑀𝑠 is the normalized magnetization vector, 

𝑯𝒆𝒇𝒇  is the effective magnetic field and 𝛼  is a phenomenological damping parameter. At 

equilibrium, the magnetization direction is along the effective magnetic field. Here, the effective 

magnetic field includes external magnetic field, anisotropy field and demagnetization field, and 

could be written as 𝑯𝒆𝒇𝒇 = 𝑯𝒆𝒙𝒕 + 𝑯𝒂𝒏 + 𝑯𝒅. Here, we do not focus on the discussion of these 

field, and good reference materials could be found in Ref. [4]. When additional STTs are present, 

the LLG equation is revised as: 

 1

𝛾′

𝑑𝒎

𝑑𝑡
= 𝒎 × 𝑯𝒆𝒇𝒇 + 𝛼𝒎 × 𝒎 × 𝑯𝒆𝒇𝒇 − 𝐼𝑖𝑛𝑗

ℏ𝑃

2𝜇0𝑒𝑀𝑠𝐴𝑡
𝒎 × 𝒎 × 𝒑 (5) 

where 𝛾′ = 𝛾/(1 + 𝛼2)  is the reduced gyromagnetic ratio, 𝑃 = (𝐽↑ − 𝐽↓)/(𝐽↑ + 𝐽↓)  is the STT 

polarization (it is generally different for write 1 and write 0), A is the area of free layer, t is the 

thickness of free layer and 𝒑 is the polarization vector. For normal ferromagnets, the damping 

factor is a positive value. When the injection current is larger than the critical current 𝐼𝑖𝑛𝑗 > 𝐼𝑐 =

2𝛼𝜇0𝑒𝑀𝑠𝐴𝑡𝐻𝑒𝑓𝑓

ℏ𝑃
, the effective damping factor 𝛼𝑒𝑓𝑓 = 𝛼 −

ℏ𝑃𝐼𝑖𝑛𝑗

2𝜇0𝑒𝑀𝑠𝐴𝑡𝐻𝑒𝑓𝑓
 becomes a negative value, and 

then magnetization vector precesses to the opposite direction compared with the case in the 

absence of injection current. 
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Tradition MTJs have in-plane easy axes due to the strong demagnetization field originated from 

the nature of thin film ferromagnetic layer. Thickness of the ferromagnetic layer is around several 

nanometers, which is much smaller compared with the lateral size (tens to hundreds of 

nanometers depending on the technology node). For in-plane MTJs, the critical switching current 

is given by [7] 

 
𝐼𝑐 =

2𝛼𝜇0𝑒𝑀𝑠𝐴𝑡

ℏ𝑃
(𝐻𝑘,𝑒𝑓𝑓 +

𝐻𝑑

2
) (6) 

where 𝐻𝑘,𝑒𝑓𝑓 and 𝐻𝑑 are in-plane effective anisotropy field and out-of-plane demagnetization field. 

Reduction of critical switching current is preferred, and In practice, by using partial perpendicular 

magnetic anisotropy (PMA), the critical switching current could be reduced according to 𝐼𝑐 =

2𝛼𝜇0𝑒𝑀𝑠𝐴𝑡

ℏ𝑃
(𝐻𝑘,𝑒𝑓𝑓 +

𝐻𝑑−𝐻⊥

2
), where 𝐻⊥  is the partial perpendicular effective anisotropy field [7].  

Ultimately, for perpendicular MTJs, the critical switching current is given by 

 
𝐼𝑐 =

2𝛼𝜇0𝑒𝑀𝑠𝐴𝑡𝐻𝑘,𝑒𝑓𝑓
⊥

ℏ𝑃
 (7) 

where 𝐻𝑘,𝑒𝑓𝑓
⊥  is the out-of-plane effective anisotropy field. Reduction of switching current using 

PMA has already been demonstrated experimentally [8, 9]. 
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Figure 1-4 Comparison of in-plane and perpendicular MTJs. AR is the aspect ratio. For details, 

see section 1.4 in Ref. [4]. 

 

1.2.2 Voltage-controlled magnetic anisotropy 

For iron-riched CoFeB/MgO interface, there is a strong interfacial perpendicular anisotropy that 

could overcome the demagnetization field and make the free layer have out-of-plane easy axis 

[9]. In this case, the anisotropy energy density and corresponding perpendicular anisotropy field 

are given by 

 
𝐾⊥ =

𝑆𝑖

𝑡
− 2𝜋𝜇0𝑀𝑠

2, 𝐻𝑘,𝑒𝑓𝑓
⊥ ≈

2𝑆𝑖

𝜇0𝑀𝑠𝑡
− 4𝜋𝑀𝑠 

 

(8) 
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where 𝑆𝑖 is the interfacial anisotropy energy originated from CoFeB/MgO interface. So, when the 

thickness of CoFeB layer is smaller than a certain value, the out-of-plane anisotropy energy 

becomes positive, indicating a perpendicular anisotropy. 

Before talking about the write mechanism in perpendicular MTJs, we first define the thermal 

stability here. Thermal stability is the first requirement for any kind of MRAM, and it indicates the 

ability to against the thermal perturbation in the ambient environment. It is defined as the magnetic 

energy barrier over thermal excitation energy: ∆= 𝐸𝑏/𝑘𝐵𝑇 , where 𝐸𝑏  is the magnetic energy 

barrier, 𝑘𝐵 is the Boltzmann constant and T is the temperature. For a single MTJ, ∆ should be 

larger than 40 to achieve 10 years retention time (time scale that information stored does not lose). 

In addition, to fulfill a certain retention time requirement, one also needs to consider the memory 

density. If the density of MTJs is high, the variability and disturbance between bits will require 

higher ∆. For example, for dense memory application (> 16 MB), ∆ should be larger than 70 for a 

ten-year retention time [10]. Magnetic energy barrier is the energy required to overcome to flip 

the magnetization from one easy axis to the other axis (here MTJs with only two easy axes are 

considered). For in-plane MTJs that magnetic anisotropy is defined by the shape, they have two 

easy axes along the long axis of the ellipse (±y direction in Figure 1-4). For perpendicular MTJs 

that magnetic anisotropy is given by the interfacial anisotropy, they have two easy axes along the 

direction perpendicular to the film plane (±z direction in Figure 1-4). As shown in Figure 1-4 and 

section 1.4 in Ref. [4], thermal stabilities for in-plane MTJs and perpendicular MTJs are given by 

 
∆in=

2𝜋𝜇0(𝑁𝑦 − 𝑁𝑥)𝑀𝑠
2𝐴𝑡

𝑘𝐵𝑇
, ∆p=

(𝐾𝑢 − 2𝜋𝜇0𝑀𝑠
2)𝐴𝑡

𝑘𝐵𝑇
=

𝑆𝑖𝐴 − 2𝜋𝜇0𝑀𝑠
2𝐴𝑡

𝑘𝐵𝑇
  (9) 

So, to keep the target retention time (almost a constant ∆), aspect ratio (𝑁𝑦/𝑁𝑥), thickness of the 

free layer 𝑡 and/or saturation magnetization 𝑀𝑠 should be increased for in-plane MTJs. On the 

other hand, for perpendicular MTJs, only interfacial anisotropy 𝐾𝑢 (𝑆𝑖) should be increased and 

saturation magnetization 𝑀𝑠 and the thickness of the free layer 𝑡 should be reduced. 
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Voltage-controlled magnetic anisotropy (VCMA) effect is observed in the iron-riched CoFeB/MgO 

system [11]. The voltage-dependent perpendicular anisotropy can be written as 

 
𝐾⊥ =

𝑆𝑖 − 𝜉𝑉/𝑑𝑜𝑥

𝑡
− 2𝜋𝜇0𝑀𝑠

2 (10) 

where 𝜉 is the VCMA coefficient and 𝑑𝑜𝑥 is thickness of the tunnel oxide. VMCA effect could be 

used as an energy efficient switching mechanism compared with STTs. MRAM utilizing VCMA 

effect is called magnetoelectric RAM (MeRAM) in this thesis. There are two possible mechanisms 

that contribute to the VCMA effect: electric-field modulation of orbital occupation [11] and electric-

field controlled Rashba spin-orbit anisotropy [12]. Details could be found in section 2.3 in Ref. [4].  

To compare STT-MRAMs and MeRAMs in terms of energy efficiency and scalability, we define 

the following figure of merits: 

 𝐼𝑐

Δ
=

4𝑒𝛼𝑘𝐵𝑇

ℏ𝑃
,
𝑉𝑐

Δ
=

𝑘𝐵𝑇𝑑𝑜𝑥

𝐴𝜉
 (11) 

These two factors, ratio of critical switching current or voltage over the thermal stability, measure 

the relative ability to switching a perpendicular MTJ (MEJ). The smaller 𝐼𝑐/Δ (𝑉𝑐/Δ) is, the lower 

current (voltage) is required to realize switching if the thermal stability is kept as a constant. For 

𝐼𝑐/Δ , it is fundamentally limited by some physical constants, and to improve the scaling 

performance, the ratio of damping factor to STT polarization 𝛼/𝑃 has to be reduced. In practice, 

these two parameters are the properties of materials, and are limited in a certain range right now. 

So, as the device scales down, the current remains a constant if the thermal stability keeps 

constant. However, since MTJ area reduces, the current density will increase a lot and cause 

serious problems, such as high power dissipation and Joule heating induced reliability issue. For 

𝑉𝑐/Δ, as the device scales down, the voltage also increases if the thermals stability and the VCMA 

coefficient are kept as constants. This is not realistic, since increase of voltage will also cause 

similar problems as in STT-MRAMs. So, increase of VCMA coefficients is required. Indeed 
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several methods and new materials are discovered and studied to fulfill the requirement of high 

VCMA coefficients. If we could keep 𝐴𝜉 a constant, the voltage will remain as a constant. As the 

device scale down, the resistance of MEJs will increase and then reduce the leakage current and 

corresponding power dissipation. From this simple analysis, we see that electric-field control of 

magnetism, in principle, has better scaling potential in terms of energy efficiency. 

 

1.3 Spin-orbit torque 

1.3.1 General expression for spin-orbit torque and Hall resistance 

The Hall measurement is very important for quantitatively determining the transport properties of 

semiconductors, such as carrier density and Hall mobility. The schematic of set-up is drawn in 

Figure 1-5a. The current is along ±y direction, and the direction of external magnetic field is 

described by two angles: polar angle 𝜃 and azimuthal angle 𝜑. Magnetoresistance and Hall 

resistance are measured using four-probe technique. For magnetic materials, when the magnetic 

field is applied perpendicular to the film plane, the general expression is given by [13] 

 𝑅Hall = 𝑅AHE + 𝑅OHE = 𝑅A𝑚z + 𝑅0𝐻z (12) 

where 𝑅AHE and 𝑅OHE are the Anomalous Hall Effect (AHE) resistance and ordinary Hall Effect 

(OHE) resistance, respectively and 𝑅0  and 𝑅A  are the OHE coefficient and AHE coefficient, 

respectively. For a nonmagnetic semiconductor, such as silicon and germanium, the 𝑅Hall − 𝐻 

curve is linear (see Figure 1-6), and the carrier density is given by  𝑛 =
1

|𝑞|𝑅0
 and Hall mobility is 

given by 𝜇𝑛 = 𝑅0𝜎𝑛, where 𝜎𝑛 is the conductivity of sample. For a magnetic semiconductor, such 

as (Ga,Mn)As, MnGe, Cr-(BixSb1-x)Te3 at low temperature, the 𝑅Hall − 𝐻  curve will develop a 

hysteresis, since there is a ferromagnetic phase inside (see Figure 1-6). Here, MnGaAs and 

MnGe are diluted magnetic semiconductors (DMSs). Cr-(BixSb1-x)Te3 is a magnetic topological 

insulator (TI), and it will be the main focus in Chapter 2 and Chapter 3. For a metal, typically the 
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OHE can be ignored thanks to negligible OHE coefficient originated from large carrier density. So, 

if the sample is a ferromagnetic metal, the 𝑅Hall − 𝐻 curve will be dominated by the AHE. 

From above discussion, we see that 𝑅Hall can be a good parameter for obtaining 𝑚z under the 

single domain approximation. Here, single domain approximation assumes that the total 

magnetization of the sample rotates coherently as one giant magnetic moment. This assumption 

is typically reasonable for around or below micrometer size sample or sample subject to large 

magnetic field. In a small sample, it behaves intrinsically like a nanomagnet, and its magnetic 

moments behave collectively. Under a large magnetic field, all magnetic domains will be aligned 

along the external magnetic field and then all magnetic moments behave like a huge magnetic 

moment. 

If the external magnetic is not along the perpendicular direction, there will be a component 

originated from planar Hall Effect (PHE) resistance [14, 15]. The direction of external magnetic 

field is described by a polar angle 𝜃 and an azimuthal angle 𝜑. PHE is an effect that when the 

magnetic field is applied in the film plane, there is also a transverse voltage signal generated. It 

is originated from anisotropy magnetoresistance (AMR) of magnetic materials. Typically, 𝑅PHE =

𝑅P𝑚x𝑚y, where 𝑅P is the PHE coefficient, 𝑚x and 𝑚y are the direction vector x and y component, 

respectively (see Figure 1-6). Here,  𝑅P is defined as resistance change relative to the resistance 

when the external magnetic field and injection current are along the +y direction. Therefore, for a 

magnetic material under external magnetic field, the total Hall resistance could be written as 

 𝑅Hall = 𝑅0𝐻z + 𝑅A𝑚z + 𝑅P𝑚x𝑚y (13) 

From Eq. 13, we know that from systematic Hall measurement, the magnetization direction vector 

could be determined. Further, we can study the effect of current-induced spin torque on the 

magnetization. There are two basic types of current-induced spin torque: field-like torque and 

damping-like torque (see Figure 1-5b). For field-like torque, 𝜏𝐹 = 𝑚 × 𝑝𝑓, where 𝑝𝑓 is the field-like 
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field induced by injection current. For a given injection current, the field-like field is fixed. For 

damping-like torque, 𝜏𝐷 = 𝑚 × 𝑚 × 𝑝𝑑 , where 𝑚 × 𝑝𝑑  is the damping-like field induced by 

injection current. For a given injection current, the damping-like field also depends on the 

magnetization itself. 

 

Figure 1-5 Hall bar measurement set-up and two types of spin-orbit torques (fields). (a) Schematic 

of six-probe Hall-bar measurement system. The direction of magnetic field is described by two 

angles: polar angle 𝜃 and azimuthal angle 𝜑. (b) Two types of spin-orbit fields: damping-like field 

not only depends on the injection current, but also depends on the magnetization, but field-like 

field only depends on the injection current. In the linear response regime, pd & pf  are proportional 

to the current density, but their directions depend on the specific materials and structures. 
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Figure 1-6 Summary of different kinds of Hall Effect: origin, expression and typical characteristic. 

 

The above definition of two types of spin torque is comprehensive, but not specific. From the 

theoretical discovery of STT in 1996, all spin torques can be fallen into these two categories. For 

example, STT is a typical damping-like torque, since it has double cross-product of magnetization 

(see the last term in Eq. 5). Later on, in magnetic systems with heavy elements, Rashba spin-

splitting induced spin torque and Spin Hall Effect (SHE) induced STT are discovered in series. I 

will introduce these two spin torques in the next section. 

 

1.3.2 Rashba effect and Spin Hall Effect 

To my knowledge, the current-induced magnetization switching using other spin torques rather 

than STTs was first observed in DMS systems, in a (Ga,Mn)As thin microdisk in 2009 [16]. 

(Ga,Mn)As is a p-type ferromagnetic semiconductor with zinc-blende crystalline structure similar 
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to GaAs (see Figure 1-7a). There is a strong Rashba spin-orbit interaction inside (Ga,Mn)As, as 

shown in Figure 1-7b. When passing electron current through +x direction, an unbalanced spin 

accumulation along +y direction will be induced by this Rashba spin-orbit interaction. The easy 

axes are in the film plane along [100] and [010] direction as shown in Figure 1-7c. When current 

is passed along [110] direction, the effective spin-orbit magnetic field is generated along [1̅10] 

direction. If the current is along opposite direction of [110], the effective spin-orbit magnetic field 

will also become along opposite direction of [ 1̅ 10]. Therefore, the magnetization could be 

reoriented between easy axes [010] and [100] using the injection current. This magnetization 

reorientation could be read out through AMR. 

However, the anisotropy energy for these in-plane easy axes is not strong enough at room 

temperature, as the experiments were conducted at low temperature [16]. Then, information 

stored inside the magnetization state can be easily lost under the perturbation of thermal 

excitation. In 2010 and 2011, magnetization switching driven by current-driven domain wall motion 

and current-induced Rashba spin torque in single domain regime were subsequently 

demonstrated by Ioan Mihai Miron et al. [17, 18]. Here, the material system is Pt/Co/AlOx with 

perpendicular magnetic anisotropy (PMA). Similar to iron-riched CoFeB/MgO system, Co/AlOx 

also gives a very strong PMA. Current-induced domain wall motion and single domain switching 

in Pt/Co/AlOx nanoribbon and nanodot are studied in Ref. [18] and Ref. [17]. Here, we focus on 

single domain switching Pt/Co/AlOx nanodot (500nm × 500nm). By passing current along ±y 

direction through Pt/Co/AlOx trilayer structure (see Figure 1-8a), the Rashba-field is induced due 

to structure asymmetry. Note that Rashba-field is a field-like field along ±x direction (see Figure 

1-8b-c) induced by the injection current, but it cannot give deterministic magnetization switching 

from up to down or from down to up by itself even in the presence of external magnetic field. In 

this paper, authors argued that this Rashba-field can also give rise to a damping-like field along 

the z direction based on symmetry argument, which uniquely determine the final magnetization 
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state. As shown in Figure 1-8c, magnetization rotates from down to up in an anticlockwise fashion 

in the presence of external magnetic along +y direction. Only final magnetization state is given in 

Figure 1-8c, and at any time during magnetization reversal, damping-like field always follows 𝑚 ×

𝐻F. When the magnetization is along external magnetic field direction, damping-like field points 

up, which gives rise to the final state. Since external magnetic field breaks mirror symmetry, 

injection current determines the final state. If there is no external magnetic field as shown in Figure 

1-8b, damping-like field will continuously rotate the magnetization in an anticlockwise fashion, and 

there is no difference between real world and world in mirror, that both up and down are allowed. 

So, mirror symmetry-breaking field is required to achieve deterministic switching. However, as we 

said before, external magnetic field really hurts the real applications and scaling performance. In 

magnetization switching experiments done by Guoqiang Yu et al. [19], lateral structure asymmetry 

along x direction is induced to introduce additional field-like field along z direction due to different 

oxide state. This additional field-like field along z direction also breaks the mirror symmetry, which 

give rise to a deterministic switching. 

Later on, in the (almost) same system, Luqiao Liu et al. [20, 21] argued that Spin Hall Effect (SHE), 

instead of Rashba effect proposed by Ioan Mihai Miron et al. [17, 18], is the true reason behind 

the magnetization switching. Principles of SHE are the same as AHE (see Figure 1-6), and the 

only difference is that SHE happens in nonmagnetic systems, and only gives spin accumulation 

in the transverse direction, not charge accumulation (no transverse voltage can be detected). As 

shown in Figure 1-7d, in the ferromagnet/heavy metal heterostructure, electrons with spin pointing 

to –x direction go up under –y direction electric field and this deflected spin current gives rise to 

a spin-transfer-like torque on the magnetic moment of adjacent magnetic layer. SHE induced spin 

torque can also be thought as a current-induced damping-like field on the magnetization. So, even 

without Rashba field (field-like field), the trilayer system could be switched as long as the damping-

like field exists and an external magnetic field is applied to break the symmetry. All these 



 

18 
 

arguments are confirmed by the giant SHE in heavy metals, such as Pt and Ta. Moreover, since 

Pt and Ta have opposite spin Hall angle, they prefer different switching direction and this is also 

experimentally verified [20, 21]. Therefore, scientific communities are kind of drawing conclusion 

that SHE is the real reason behind this magnetization switching in oxide/ferromagnet/heavy metal 

trilayers.  

 

Figure 1-7 Rashba spin-orbit interaction and SHE in heavy metal/ferromagnet heterostructures. 

(a) AFM picture of (Ga,Mn)As disk. (b) Rashba-type spin-splitting band in a p-type ferromagnetic 

semiconductor. Here, the spin direction rotates along the Fermi surface circle in an anticlockwise 

fashion. Under electric field along -x direction, a net momentum of electrons along +kx direction 

will induce spin accumulation along +y direction. (c) Diagram of device orientation with respect to 

crystallographic axes, with easy and hard magnetization axes marked with blue dashed and red 

dot–dash lines, respectively. Measured directions of Heff field are shown for different current 
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directions. (d) SHE induced spin deflection in ferromagnet/heavy metal heterostructures. In this 

heavy metal, electrons with spin along –x direction will deflect to +z direction and electrons with 

spin along +x direction will deflect to –z direction. Electrons with spin along –x direction will induce 

a spin torque on the magnetization of the above ferromagnet. (a) and (c) are reprinted by 

permission from Macmillan Publishers Ltd: Nature Physics [16], copyright 2009. 

 

 

Figure 1-8 Prototype of current-induced PMA switching device and general principle of switching 

mechanism in terms of mirror symmetry breaking. (a) Schematic of the oxide/ferromagnet metal/ 

heavy metal trilayer structure. The current is applied in the ±y direction, and mz is measured 

through the AHE resistance. (b) Mirror symmetry of the trilayer system. The system obeys mirror 

symmetry, and then we can directly see that injection current along +y direction allows both up 

and down magnetization state. (c) Mirror symmetry breaking of the trilayer system in the presence 

of external magnetic field. Here, injection current along +y direction only allows up magnetization 

state, and current along –y direction allows down magnetization state. 
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The competition between these two effects never ends. More recently, a lot of evidences indicate 

that field-like field induced by current is also very important. As we discussed before, field-like 

field along z direction is introduced by different oxide states to achieve a deterministic switching 

in the absence of external magnetic field [19]. Systematic measurement shows that field-like 

torque and damping-like torque can be in the same order, and high-order terms may also play a 

role in the magnetization switching [4, 14]. By engineering the interface between Pt/CoFeB/MgO 

using oxidation, the switching direction could be changed, even the spin Hall angle of Pt keeps 

the same; that indicates an another spin torque beyond SHE induced torque [22]. All these 

evidences draw a conclusion, in my opinion, that both field-like torque and damping-like torque 

exist and contribute in current-induced magnetization switching systems, and careful study and 

engineering are really the keys to make the magnetic system smarter and more efficient. 

 

 

1.3.3 Spin-orbit torque MRAM 

In this thesis, we refer all kinds of spin torque except STT as spin-orbit torque (SOT). The key for 

SOT is spin-orbit coupling (SOC), and the SOT is generated by the spin-unpolarized current. In 

contrast, by passing current through a ferromagnet, injection current becomes spin-polarized 

current and then gives rise to a STT on the magnetization of next ferromagnet. 

One of most important applications for SOTs is SOT-MRAM (see Figure 1-9). SOT-MRAM utilizes 

SOTs generated by heavy metals or other SOC source to switch the free layer of a MTJ. The 

switching current relationship between SOT-MRAMs and STT-MRAMs is given by [4, 23] 

 𝐼SOT

𝐼STT
≈

𝑃

𝜗SOT

𝐴SOC

𝐴MTJ
 (14) 
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where 𝜗SOT is spin torque ratio, 𝐴SOC and 𝐴MTJ are the cross-section area of the SOC layer and 

the MTJ, respectively. 𝜗SOT is the most important parameter we will pursue in this thesis, and it is 

an indicator of how much torque could be generated per unit current density. 𝜗SOT could be written 

as 

 
𝜗SOT =

𝐽s

𝐽c
=

2𝑒𝑀s𝑡𝐵SO

ℏ𝐽c
 (15) 

So, to reduce the switching current, increase the area ratio of 𝐴MTJ/𝐴SOC and increase 𝜗SOT are 

important. Since the reduction of thickness of SOC layer will increase the resistance of the SOC 

layer, increase of 𝜗SOT  becomes more practical. The SOT-MRAM has its own advantages: 

symmetrical switching mechanism, potentially lower switching current and higher endurance, 

since the current is not directly passed through MTJs. However, SOT-MRAMs also have an 

obvious drawback: it is a three-terminal device, that increases the design and area cost. 

Since 𝜗SOT is so important for SOT-MRAM, we try to find a better material with higher 𝜗SOT in this 

thesis. As the title indicates, topological insulators (TIs) are our choice. We find that 𝜗SOT of 

topological insulators is huge compared with heavy metals. And we design different structures to 

study the origin of this giant 𝜗SOT. In next section, I briefly introduce the outline of this thesis. 
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Figure 1-9 Spin-orbit torque MRAM. The SOC layer has large spin torque ratio and efficiently 

generate SOTs to switch the magnetization of the free layer. The magnetization state of the free 

layer can be read out through the resistance state of the MTJ (terminal A-C or B-C). The injection 

current used to write is passed through terminal A-B. 

 

1.4 Thesis outline 

In Chapter 2, we firstly study the SHE induced SOTs in heavy metal/ferromagnet heterostructures, 

especially in Ta/CoFeB/MgO. We use the second harmonic ac lock-in technique to quantitatively 

measure the spin torque ratio. Then, we introduce TIs and use the same method to study the spin 

torque in TI-based Cr-TI (chromium-doped topological insulator) single layer and Cr-TI/TI bilayer 

structures. This chapter deals with detailed measurement and analysis, which is the key for 

accurately extracting 𝜗SOT. In the same time, we demonstrate that spin torque ratio of TIs is giant 

compared with that of heavy metals. 

In Chapter 3, we design different heterostructures including TI/Cr-TI/TI trilayer structures and use 

electric-field to control surface states of the Cr-TI single layer to show that surface state induced 
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SOTs are probably the most important for TI related magnetization switching experiments. This 

chapter explores the mechanism of this giant SOT in TIs. 

In Chapter 4, we briefly summarize all important things discussed above and give a perspective 

of next step in TI-based SOT study. 
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Chapter 2. Spin-orbit torque in heavy metals and topological insulators 

In this chapter, we first reproduce the results of SOT study in Ta/CoFeB/MgO in section 2.1, and 

obtain consistent results to show that our second harmonic technique is accurate. Then, in section 

2.2, we use similar technique to measure SOTs in the TI/Cr-TI bilayer and the Cr-TI single layer, 

and show that the magnitude of SOT in TI systems is much larger than the case in heavy metals. 

After demonstration of giant SOT in TIs, we are ready to see the current-induced magnetization 

switching in Cr-TIs with a very low threshold current in section 2.3. 

 

2.1 Heavy metal/ferromagnet heterostructure for SOT study 

2.1.1 Harmonic analysis for SOT study 

Ta/CoFeB/MgO is a well-studied SOT system, and the spin Hall angle of Ta is around 0.15 [20, 

24]. Ta has opposite spin Hall sign compared with Pt [21, 25]. Here, we use 

Ta(6)/CoFeB(1)/MgO(thick) Hall bar device with channel width 20um, where the number inside 

brackets is the thickness of corresponding layer in nanometer. Schematic of the measurement 

set up is given in Figure 2-1a (only one pair of Hall bars are shown). The film is in the xy plane 

and the current is applied along ±y direction (positive current is along +y direction). The out-of-

plane magnetic hysteresis is given in Figure 2-1b. We apply a small AC current with a RMS value 

magnitude of 1mA, and then measure the first-harmonic Hall (transverse) resistance. The AC 

current frequency used in this thesis is 15.85 Hz, unless specifically stated otherwise. The four-

probe harmonic measurement has an advantage of high accuracy, since it eliminates the contact 

resistance and identity small signal in the large background. The applied current is 𝐼(𝑡) =

√2𝐼RMS sin(𝜔𝑡). The general expression of voltage is given by 

 𝑉(𝑡) = 𝑉0 + √2𝑉1𝜔 sin(𝜔𝑡) + √2𝑉2𝜔 sin(2𝜔𝑡) + high order terms (16) 
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where 𝑉0, 𝑉1𝜔 and 𝑉2𝜔 are the DC, first-harmonic and second-harmonic voltage (RMS value 

read by SR830 lock-in amplifiers, independent of time). So, the first-harmonic resistance and the 

second-harmonic resistance are given as 𝑅1𝜔 = 𝑉1𝜔/𝐼RMS and 𝑅2𝜔 = 𝑉2𝜔/𝐼RMS (independent of 

time). The first-harmonic resistance here is the same as the DC measurement case (apply DC 

current and measure the DC voltage). So, from the out-of-plane magnetic hysteresis loop, we 

know that the AHE coefficient is 𝑅A = 4.5Ω. (The overall offset of first-harmonic signal (~0.5Ω) is 

due to misalignment of Hall bar.) Since the carrier density in metallic Ta/CoFeB/MgO system is 

very high, the ordinary Hall resistance is negligible here. This is justified since the first-harmonic 

resistance is very flat after the magnetic field-induced switching. 

 

 

Figure 2-1 Schematic and out-of-plane magnetic hysteresis of Ta/CoFeB/MgO device. (a) Current 

is applied along ±y direction, and film is in the xy plane. External magnetic field is applied with 

polar angle θ and azimuthal angle φ. The current with generate longitudinal (damping-like) 

effective spin-orbit field ΔHL and transverse (field-like) effective spin-orbit field ΔHT. (b) Out-of-

plane magnetic hysteresis (first-harmonic resistance) and second-harmonic resistance as a 

function of out-of-plane magnetic field for the Ta/CoFeB/MgO device. The film has a perpendicular 

magnetic anisotropy. The applied AC current magnitude (RMS value) is 1mA. 
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Second-harmonic signal can be used to detect the current-induced spin-orbit fields and thus spin-

orbit torques. Here, we only consider the current-induced longitudinal spin-orbit field ΔHL, since it 

is a damping-like field and determines the switching direction as we illustrated in Figure 1-8c. The 

direction of ΔHL depends on the magnetization, m × x. This is different from ΔHT, which is a field-

like field and points along ±x direction. To switch the ferromagnet, we need to apply the in-plane 

magnetic field along ±y direction and then apply DC current. To study the SOT, we first initialize 

the magnetization either in up or down state and then apply small magnetic field and small AC 

current along ±y direction. This AC current will generate second-harmonic resistance, which is 

directly related to the longitudinal spin-orbit field. 

The existence of second harmonic signal indicates that the resistance also has a similar current 

dependence as applied AC current. The expression of current-dependent resistance can be 

written as 𝑅2𝜔(𝑡) = −2𝑅2𝜔 sin(𝜔𝑡) , where 𝑅2𝜔(𝑡)  is proportional to 𝐼(𝑡) . Then, the second-

harmonic voltage signal is √2𝑉2𝜔 cos(2𝜔𝑡) = −2√2𝐼RMS sin(𝜔𝑡) ∙ 𝑅2𝜔 sin(𝜔𝑡) + √2𝑉2𝜔 =

√2𝑉2𝜔 sin (2𝜔𝑡 +
𝜋

2
). So, we should pick up the out-of-phase second-harmonic voltage signal for 

calculating the second-harmonic resistance. The expression given in Eq. 16 is general and in the 

following, we consider the harmonic analysis of anomalous Hall resistance. 

We first apply large +z direction magnetic field to align the magnetic moments along +z direction, 

and the first Hall resistance is given by 𝑅AHE
1𝜔 = 𝑅𝐴. When we apply small magnetic field along ±y 

direction, the magnetization will be slightly tilted by a tilting angle θ due to the current-induced 

longitudinal spin-orbit field ∆𝐻𝐿. The ∆𝐻𝐿 is along ±y direction, and it is a damping-like field. Here, 

we define +y direction is the positive direction of longitudinal spin-orbit fields for positive current 

(along +y direction). The tilting angle is given by 𝜃(𝐼) =
𝐻𝑦+∆𝐻𝐿 sin 𝜔𝑡

𝐻𝑘
, where 𝐻𝑦 is the external 

magnetic field along y direction and 𝐻𝑘 is the effective magnetic anisotropy field along z direction 

(a constant depending only on the magnetic property of CoFeB/MgO). So, the Hall resistance is 
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given by 𝑅AHE(𝑡) = 𝑅AHE
1𝜔 − 2𝑅AHE

2𝜔 sin(𝜔𝑡) = 𝑅𝐴 cos 𝜃 ≈ 𝑅𝐴 (1 −
𝜃2

2
) = 𝑅𝐴 (1 −

𝐻𝑦
2+2𝐻𝑦∆𝐻𝐿 sin 𝜔𝑡

2𝐻𝑘
2 ). So, 

𝑅AHE
1𝜔 = 𝑅𝐴 (1 −

𝐻𝑦
2

2𝐻𝑘
2) and 𝑅AHE

2𝜔 =
𝑅𝐴

2

𝐻𝑦∆𝐻𝐿

𝐻𝑘
2 . To calculate the current-induced longitudinal spin-orbit 

field, we just use formula: 

 
∆𝐻𝐿 = −2

𝜕𝑅AHE
2𝜔 /𝜕𝐻𝑦

𝜕2𝑅AHE
1𝜔 /𝜕2𝐻𝑦

 (17) 

This is similar with the Eq. (1) in Ref. [24]. The experimental data is shown in Figure 2-2 for two 

different AC currents, 1mA and 0.5mA. The first-harmonic resistance is quadratic and the second-

harmonic resistance is linear. From the fitting, we obtain that the current-induced spin-orbit field 

is around 1.67Oe for 0.5mA and 3.54Oe for 1mA. In terms of current density, efficiency of current-

induced spin-orbit field is around 4.676×10-6Oe/(A/cm2) at 0.5mA and 4.956×10-6Oe/(A/cm2) at 

1mA. There is still difference at different current levels, and it indicates that current-induced spin-

orbit field may not be perfectly proportional to the current density, and there are possibly higher 

order terms. In this thesis, we only consider current-induced SOTs the linear regime, considering 

that this difference may also be due to the high noise level at small current case. 

 

Figure 2-2 First-harmonic and second-harmonic measurement for calculating the current-induced 

(out-of-plane) longitudinal spin-orbit field. The AC current is along y direction and magnetic field 

is along ±y direction. 
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In this SOT study, we relate the second-harmonic resistance to the current-induced spin-orbit field. 

In practice, there are other possible contributions. For example, when we measure the out-of-

plane magnetic hysteresis, there is also nonzero second-harmonic resistance as shown in Figure 

2-1b. Here, the second-harmonic resistance has two different contributions: 1) overall symmetric 

offset resistance (~0.01Ω) due to Seeback effect and/or asymmetry of voltage probes, 2) 

asymmetric resistance (~±0.01Ω) due to the Anomalous Nernst-Ettingshausen effect (ANE) [14]. 

These signals are not related to the SOT study, and after careful subtraction following formula, 

𝑅2𝜔 = 𝑅raw
2𝜔 − 𝑅ANE

𝑅1𝜔

𝑅A
− 𝑅offset, where 𝑅raw

2𝜔  is the raw data (blue curve in Figure 2-1b), 𝑅ANE =

0.01Ω and 𝑅offset = 0.01Ω, we could get the real second-harmonic signal related to the spin-orbit 

torque we will discuss below. Here, after the subtraction, the second-harmonic signal is zero, 

since tilting angle induced by AC current is given by 𝜃(𝐼) =
∆𝐻𝐿 sin 𝜔𝑡

𝐻𝑧+𝐻𝑘
 and there is not second-

harmonic resistance emerging. 

In above, the measured longitudinal spin-orbit field is at θ=0◦. We can also measure the current-

induced spin-orbit field at θ=90◦. To do this, we need to apply large magnetic field to align the 

magnetization along ±y direction. Then, when we apply AC current through the film, the current-

induced spin-orbit torque is along ±z direction, since the magnetization is along ±y direction and 

m × x is pointing to ±z direction (see left top inset of Figure 2-3). So, the tilting angle 𝜃(𝐼) =
𝜋

2
−

𝛿𝜃𝑀 ≈
𝜋

2
+

∆𝐻𝐿 sin 𝜔𝑡

𝐻𝑦−𝐾
, where the K is effective in-plane anisotropy field (describe how large field is 

required to align the magnetization to in-plane) and 𝛿𝜃𝑀 is a very small angle. So, 𝑅AHE(𝑡) =

𝑅AHE
1𝜔 − 2𝑅AHE

2𝜔 sin(𝜔𝑡) = 𝑅𝐴 cos 𝜃 ≈ −𝑅𝐴
∆𝐻𝐿 sin 𝜔𝑡

𝐻𝑦−𝐾
, and second-harmonic resistance is 

 
𝑅AHE

2𝜔 =
1

2

𝑅𝐴∆𝐻𝐿

𝐻𝑦 − 𝐾
 (18) 
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Figure 2-3 shows the second-harmonic resistance curves at different AC current amplitudes, 

0.1mA, 0.5mA and 1mA. These curves can be fitted by Eq. 18 very well at large field regime as 

shown in the left bottom inset of Figure 2-3. From the fitting (two fitting parameters are used, 𝐾 

and ∆𝐻𝐿), we know that the current-induced longitudinal spin-orbit field is around 0.23Oe at 0.1mA, 

1.12Oe at 0.5mA and 2.25Oe at 1mA. This time, the magnitude of ∆𝐻𝐿 is almost proportional to 

the current amplitude, which indicates that the system is still in the linear regime. The efficiency 

of current-induced spin-orbit field, ∆𝐻𝐿/𝐽 , is around 3.145×10-6Oe/(A/cm2) below 1mA. We 

summary the spin-orbit field for both out-of-plane and in-plane in Figure 2-4. The angle 

dependence of longitudinal spin-orbit field is not well understood at current stage. In addition, the 

negative sign of longitudinal spin-orbit field means that when current is passed through y direction, 

the out-of-plane longitudinal spin-orbit field is pointing to –y direction (magnetization is along +z 

direction), and in-plane longitudinal spin-orbit field is pointing + z direction (magnetization is along 

+y direction). 
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Figure 2-3 Second-harmonic resistance due to the current-induced (in-plane) longitudinal spin-

orbit field. Left top inset is an illustration of measurement method. Left bottom inset indicates the 

goodness of fitting using Eq. 18. 
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Figure 2-4 summary of current-induced longitudinal spin-orbit fields for both out-of-plane and in-

plane magnetizations.  

 

2.1.2 Current-induced magnetization switching 

In the previous section, we confirm the existence of current-induced longitudinal spin-orbit field 

and know that the field is pointing to –y direction when current is applied in +y direction. We expect 

that if the SOT is strong enough, the magnetization could be switched in the presence of external 

magnetic field as we discussed in section 1.3.2 and Figure 1-8. Here, we put Figure 1-8c in the 

Figure 2-5a for your convenience. In the absence of in-plane external magnetic field, the mirror 

symmetry of Ta/CoFeB/MgO is not broken, and thus current could not give deterministic switching. 

In the presence of y-direction external magnetic field, the energy barrier for switching from down 

to up is reduced and correspondingly the energy barrier for switching from up to down in increased. 

So, magnetization pointing up is the preferred direction. If the current density along +y direction 

is large enough, we expect that the magnetization could be switched from down to up. If the 
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external magnetic is along –y direction, magnetization pointing down is the preferred direction, 

and the switching process is reversed. This is confirmed by experimental data shown in Figure 

2-5b. In the presence of +y direction external magnetic field, the positive current (+y direction) will 

give rise to a positive anomalous Hall resistance (magnetization is up). If the external magnetic 

field is reversed, the positive current will give rise to a negative anomalous Hall resistance. 

 

 

Figure 2-5 Current-induced magnetization switching in Ta/CoFeB/MgO. (a) Principle of current-

induced magnetization switching in the presence of external magnetic field. (b) Experimental 

realization of current-induced switching. At +y direction external magnetic field and +y direction 

DC current, the magnetization is pointing up (anomalous Hall resistance is positive). The critical 

switching current is defined as the current value when the corresponding anomalous Hall 

resistance is zero (there is an overall resistance offset here, and -0.5Ω corresponds to zero 

anomalous Hall resistance). Here, the critical switching current is around 4.9mA for switching from 

down to up in the presence of +y direction external magnetic field. 
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The critical current for switching is defined as the current value when the anomalous Hall 

resistance is zero. Since there is always a sample-dependent resistance offset, we need to 

subtract it to get the critical current. If the external magnetic field is 400 Oe along the +y direction, 

the critical current is 4.9mA to switch the magnetization from down to up (see Figure 2-5b). We 

plot the magnetization as a function of external magnetic field and DC current in Figure 2-6, which 

is called switching phase diagram. From the diagram, we can easily see what the magnetization 

state is given an external magnetic field and an in-plane DC current. Moreover, the switching 

behavior is clearly not in the single-domain regime (Stoner–Wohlfarth model). Thermal excitation 

is involved in the switching process. 

 

Figure 2-6 Switching phase diagram for Ta/CoFeB/MgO. The center region is indeterministic, and 

the magnetization can be either pointing up or down. At the right top corner, where both DC 

current and external magnetic field are along +y direction, magnetization is deterministically 

pointing up. 
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In our Ta/CoFeB/MgO devices, the critical switching current density is at the level of 106 A/cm2, 

which is comparable with the critical current density for STT-MRAMs [23]. We should notice that 

the thickness of Ta we use is 6nm. If we could further reduce the thickness of Ta and thus increase 

𝐴Ta(cross−section)

𝐴CoFeB(top−view area)
, the switching current could be reduced according to Eq. 14. 

 

2.2 SOT in TI/Cr-TI bilayer and Cr-TI single layer 

2.2.1 Motivation for studying SOT in TIs 

In this section, we study the SOT in TIs, especially in Cr-(BiSb)2Te3/(BiSb)2Te3 heterostructure 

and Cr-(BiSb)2Te3 single layer, using the same technique as above. Bi2Se3, Bi2Te3, and Sb2Te3 

are three-dimensional (3D) topological insulators, in contrast to the two-dimensional (2D) 

topological insulators, HgTe quantum wells [26-28]. For 2D TIs, they have two edge channels with 

spin-polarized carriers. For 3D TIs, they are semiconductors with inverted band gap and nontrivial 

band topology (the topological Chern number is nonzero). The main reason that make them have 

inverted band gap is the strong spin-orbit coupling in these materials. At the interface between 

nontrivial TIs and trivial insulators (e.g., vacuum, oxide), there are metallic surface states with 

zero band gap and linear energy dispersion (see Figure 2-7a). Good introduction and review 

materials of TIs can be found in Refs. [29, 30]. At the surface of 3D TIs, the carriers are spin-

polarized as shown in Figure 2-7, and we call them surface state carriers. When electrons have 

positive momentum kx, their spin direction will point to –y direction; when electrons have negative 

momentum - kx, their spin direction will point to +y direction. This phenomenon is called spin-

momentum locking. This feature could be electrically probed using ferromagnetic contacts and 

the magnetoresistance effect. However, typical 3D TIs, such as Bi2Se3, Bi2Te3, and Sb2Te3, have 

a lot of (n-type) bulk carriers due to intrinsic growth defect and the Fermi level is hard to be tuned 
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into the bulk band gap. These bulk carriers are not spin-polarized, and thus give rise to a huge 

background signal that make the hysteresis signal hard to detect. 

 

 

Figure 2-7 Spin-momentum locking for surface state carriers in topological insulators. (a) Angle-

resolved photoemission spectrum (ARPES) of intrinsic 3D Bi2Te3. Intrinsic Bi2Te3 is n-type due to 

growth defect. The Fermi level is in the bulk conduction band (BCB). Between BCB and bulk 

valence band (BVB), there are two surface state bands (SSBs) with linear energy dispersion. In 

addition, the carriers in SSBs are spin-polarized: electrons at SSB with positive crystal momentum 

are spin-up polarized, and electrons at SSB with negative crystal momentum are spin-down 

polarized. (b) Spin-momentum locking on the surface of TIs. When electrons are moving with a 

positive kx, their spins are pointing to –y direction; when electrons are moving with a negative kx, 

their spins are pointing to +y direction. (c) Left panel: 3D illustration of spin-polarized surface state 

carriers. Electrons at the upper cone has a spin locked to momentum in a clockwise fashion, and 

electrons at the lower cone has a spin locked momentum in an anticlockwise fashion. Right panel: 

experimental demonstration of spin-momentum locking in (BiSb)2Te3. Note that magnetic moment 

direction of electron is opposite to the spin direction due to the negative charge. Details are given 
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in the main text. (a) is from [31], reprinted with permission from AAAS. (c) is reprinted with 

permission from [32], Copyright 2014 American Chemical Society. 

 

(BiSb)2Te3 is a 3D ternary topological insulator with very low bulk conduction at low temperature. 

With electrostatic gating and careful composition tuning, there is an ambipolar effect observed in 

(BiSb)2Te3 [33], which indicates that Fermi level is close to the center of bulk band gap. Jianshi 

Tang et al. [32] successfully detected the spin-polarized surface state carriers in (BiSb)2Te3. They 

used Co as the ferromagnetic contacts. Constant DC current along +x direction is applied and 

thus electrons have a spin direction pointing to +y direction. The external magnetic field is applied 

along ±y direction to switch the magnetization of ferromagnetic contact Co. The voltage signal 

used to detect the spin polarization is between the Co and normal contact Ti/Au. If the surface 

state electrons are not spin-polarized, we do not expect see any hysteresis. Indeed, they 

observed the hysteresis: when the magnetization of Co is pointing to + y direction, there is a high 

resistance signal (antiparallel state between magnetic moment of surface state carriers and 

magnetization of Co contact); when the magnetization of Co is pointing to –y direction, there is a 

low resistance signal. This confirms that surface state electrons are spin-polarized and it follows 

the rule of spin-momentum locking. Note that this experiment was conducted at cryogenic 

temperature. Recently, there are several works that indicate the existence of spin-momentum 

locking at room temperature [34, 35]. 

The spin-momentum locking can be viewed as an extreme case of SHE: as long as the electron 

momentum direction is fixed, the spin direction will also be fixed to a specific direction. TIs are a 

class of materials that have this feature and this motivates us to study SOTs in TIs. There is also 

a theoretical proposal about the giant SOT in TI/ferromagnet heterostructure [36]. In the next 

section, we will show that there is a giant SOT in Cr-doped TI/TI heterostructure, where Cr-doped 

TI is the ferromagnetic layer with perpendicular magnetic anisotropy. 
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2.2.2 Experimental demonstration of giant SOTs in Cr-TI/TI bilayer 

Experimental demonstration of giant SOTs is initially done by my colleagues, Yabin Fan et al. [37], 

using Cr-(BiSb)2Te3(6)/(BiSb)2Te3(3) bilayer. In this section and next section, I use a similar 

sample, Cr-(BiSb)2Te3(3)/ BiSb)2Te3(9) bilayer with different thickness, to extract the SOT as an 

exercise. Width of Hall bar channel is 10um. More experiments on TIs in next chapter are based 

on these two sections. Unless specifically stated otherwise, all measurements in this thesis 

related to Cr-TIs are done at 1.9K, because magnetic TIs have a fairly low Curie temperature 

(around 10 – 30K depending on the doping level). Figure 2-8a gives the film details and for the 

growth information, you may want to read Ref. [37]. The out-of-plane magnetic hysteresis is 

shown in Figure 2-8b, which indicates that Cr-(BiSb)2Te3 has an out-of-plane magnetic anisotropy. 

The coercivity field is around 100 Oe and the AHE coefficient depends on the current amplitude. 

In addition, there is a large ordinary Hall resistance in the hysteresis curves. From the linear 

regime at large magnetic field, we could extract the sheet carrier density. Figure 2-8c summarizes 

the current dependence of AHE coefficient and sheet carrier density. 
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Figure 2-8 Schematic and basic properties of Cr-TI/TI bilayer. (a) Schematic of the Cr-TI/TI bilayer. 

The substrate is GaAs and top AlOx is the capping layer used to protect TI film from oxidation and 

other potential air molecule-induced degradations. (b) Out-of-plane magnetic hysteresis of Cr-

TI/TI bilayer. Here, large ordinary Hall resistance is observed at large field and it is current 

amplitude-dependent. The coercivity field is around 100 Oe, and RA ≈ 1 kΩ depending on the 

current magnitude. (c) Current-dependent sheet carrier density and AHE coefficient.  

 

Since (BiSb)2Te3 has very strong spin-orbit coupling and it has surface state carriers that are spin-

momentum locked (spin-polarized), we expect that by passing through the Cr-(BiSb)2Te3/ 

(BiSb)2Te3 bilayer, a large longitudinal spin-orbit field (damping-like field) can be induced. Here, 

we measure the in-plane longitudinal spin-orbit field as we did for Ta/CoFeB/MgO. Eq. 18 is used 

to extract the current-induced longitudinal spin-orbit field. Different from previous Ta/CoFeB/MgO 

case, we independently extract the 𝐾 (or 𝐻𝑘) using polar angle θ of large external magnetic field 

dependent first-harmonic anomalous Hall resistance. The equilibrium position of magnetization is 

determined by the out-of-plane anisotropy field and the external magnetic field. The tangent 

components of these two fields with respect to the magnetization are illustrated in Figure 2-9a, 

and they give rise to the equation that determines the equilibrium of magnetization: 

 𝐻𝑘 𝑠𝑖𝑛 𝜃𝑀 𝑐𝑜𝑠 𝜃𝑀 = 𝐻𝑒𝑥𝑡 𝑠𝑖𝑛(𝜃𝐵 − 𝜃𝑀) (19) 

where we assume the external magnetic field is large to make the angle 𝜃𝐵 − 𝜃𝑀 small. The angle-

dependent first-harmonic Hall resistance is shown as dashed curves in Figure 2-9b, which has 

weird shape due to the large ordinary Hall resistance background at 3 Tesla external magnetic 

field. After the subtraction of ordinary Hall resistance, the angle-dependent first-harmonic 

anomalous Hall resistance is shown as solid curves in Figure 2-9b. By fitting the curves using Eq. 

19, we could obtain the anisotropy field 𝐾 as a function of current amplitude (see Figure 2-9b). As 
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the current amplitude increases, the anisotropy field decreases, which is reasonable and may be 

due to the current-induced Joule heating. 

After obtaining information about 𝑅A and 𝐾, we are in a position to extract ∆𝐻𝐿 using Eq. 18. The 

second-harmonic resistance under in-plane magnetic field is shown in Figure 2-10a. The second-

harmonic resistance is not near zero even at very large magnetic field, which indicates a very 

large longitudinal spin-orbit field generated by injection current. Figure 2-10b gives the extracted 

values of longitudinal spin-orbit field, which is extraordinarily large compared with the case of 

Ta/CoFeB/MgO. The ratio of spin-orbit field over current density (∆𝐻𝐿/𝐽), or so called efficiency 

of current-induced spin-orbit field, is nearly five orders of magnitude larger than the case in 

Ta/CoFeB/MgO. In Ref. [37], the reported ratio (∆𝐻𝐿/𝐽) was around three orders of magnitude 

larger than those reported in heavy metal/ferromagnet heterostructures [14, 24].  

 

 

Figure 2-9 First-harmonic resistance as a function of external magnetic field polar angle θ in yz 

plane. (a) Equilibrium position of magnetization is determined by the effective out-of-plane 

anisotropy field and large external magnetic field using Eq. 19. (b) First-harmonic resistance (raw 

data, including ordinary Hall resistance, dashed curves) and first-harmonic anomalous Hall 
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resistance (after subtraction of ordinary Hall resistance, solid curves) as a function of external 

magnetic field polar angle θ. By fitting the solid curves with Eq. 19, current-dependent effective 

out-of-plane anisotropy field could be obtained and it will be used to fit (in-plane) longitudinal spin-

orbit field using Eq. 18. (c) Extracted anisotropy field as a function of current amplitude. 

 

 

Figure 2-10 Second-harmonic resistance and current-induced longitudinal spin-orbit field for the 

Cr-TI/TI bilayer in the presence of large in-plane magnetic field. (a) Second-harmonic resistance 

as a function of external magnetic field. Left bottom inset is the illustration of measurement 

principle. (b) Summary of current-induced longitudinal spin-orbit field and corresponding 

efficiency as a function of current amplitude. 

 

To obtain spin torque ratio 𝜗SOT  as defined in Eq. 15, we should also take the saturation 

magnetization into account, 𝜗SOT ∝ 𝑀s∆𝐻𝐿/𝐽. Since Cr-(BiSb)2Te3 is a dilute doped magnetic 

semiconductor, it has very low saturation magnetic moments (~10 emu/cm3). For MgO/CoFeB 

with perpendicular magnetic anisotropy, it has saturation magnetization around one thousands of 

emu/cm3. So, the spin torque ratio of TIs is around three orders of magnitude larger than that of 
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heavy metals. (In Ref. [37], the reported spin torque ratio is ~ 140 – 425, depending on polar 

angle θB of magnetization.) 

One important assumption we used to extract the current-induced longitudinal spin-orbit field is 

that Hall resistance of the Cr-TI/TI bilayer only includes anomalous Hall resistance and ordinary 

Hall resistance. In reality, planar Hall resistance also involves in the second-harmonic resistance 

if the transverse (field-like) spin-orbit field is nonzero. Nevertheless, the contribution from PHE is 

typically one order of magnitude smaller than that from AHE in our Cr-(BiSb)2Te3 system, as 

shown in Ref. [37]. When we consider the contribution from PHE, the extracted spin torque ratio 

remains almost the same (within 2% difference) [37]. So, our assumption is appropriate here. 

According to theoretical study, there are two types of SOT sources beyond SHE potentially 

existing in TIs: Rashba spin-splitting induced SOTs and surface states induced SOTs [36]. Spin-

polarized surface states are extensively studied in 3D TIs. The giant Rashba spin-splitting was 

also resolved in Bi2Se3 using spin-resolved ARPES [38, 39] (see Figure 2-11a). The reason for 

this giant Rashba spin-splitting is surface band bending. When Bi2Se3 is exposed to the air, even 

in high vacuum (still there are few gas molecules), surface will absorb n-type dopants and make 

the surface Fermi level buried in bulk conduction band. In the presence of electric field and strong 

spin-orbit coupling, Bi2Se3 develops the bulk subbands with giant Rashba spin-splitting. These 

two mechanisms give rise to SOTs in opposite direction since electrons in these two bands are 

spin-polarized in the opposite direction under the electric field [36, 40] (see Figure 2-11b). 

Nevertheless, these two kinds of SOTs are both based on interfacial effects, and in the next 

section, we will show interfacial effects dominate and SHE is not the main source for this giant 

SOT in TIs. 
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Figure 2-11 Schematic of surface state and Rashba-split two dimensional electron gas (2DEG) at 

the surface of Bi2Se3. (a) In the direction perpendicular to the film surface, there is a potential 

gradient (electric field). This electric field leads quantum well states and combined with strong 

spin-orbit coupling, Rashba-split 2DEG emerges at the surface. In the same time, topological 

surface state remains uncontested. The Fermi level is in the bulk conduction band. (b) Top view 

of spin-polarized surface state band and Rashba-split bands. (a) is reprinted by permission from 

Macmillan Publishers Ltd: Nature Communications [41], copyright 2012. 

 

2.2.3 SOTs in uniform Cr-TI single layer 

In this section, we study GaAs/Cr-(BiSb)2Te3(7)/AlOx, where Cr-(BiSb)2Te3 is (BiSb)2Te3 uniformly 

doped by Cr, and it is sandwiched by GaAs and AlOx, two different dielectric environments (see 

Figure 2-12a). Main results are obtained by my colleague, Yabin Fan, who provides me research 

guidance through the first two years of my PhD life. I am involved in the measurement and help 

him do part of analysis and experiments. Clear out-of-plane magnetic anisotropy is observed in 

Figure 2-12b, which indicates that Cr-(BiSb)2Te3 has out-of-plane magnetic anisotropy.  
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Figure 2-12 Schematic and out-of-plane magnetic hysteresis of GaAs/Cr-(BiSb)2Te3/AlOx. (a) 

Current is applied along ±y direction. Cr-(BiSb)2Te3 has a perpendicular magnetic anisotropy and 

is sandwiched with different dielectrics, AlOx and GaAs. (b) Out-of-plane magnetic hysteresis of 

for Cr-(BiSb)2Te3. RH is Hall resistance and RL is (longitudinal) magnetoresistance. Here, Cr-

(BiSb)2Te3 is p-type and RA ≈ 1.8kΩ. (b) is provided by Yabin Fan et al.. 

 

Figure 2-13 In-plane SOT measurement for GaAs/Cr-(BiSb)2Te3/AlOx. (a) Second-harmonic 

anomalous Hall resistance as a function of in-plane magnetic field. (b) Effective (longitudinal) 

spin-orbit field as a function of current amplitude. (a) and (b) are provided by Yabin Fan et al.. 
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Following the same technique, we extract the SOT as a function of current amplitude from the in-

plane second-harmonic measurement (see Figure 2-13). The efficiency, ratio of spin-orbit field 

over current density, ∆𝐻𝐿/𝐽, is around one order of magnitude smaller than that in bilayer, but is 

still three orders of magnitude larger than that in Ta/CoFeB/MgO. Such a huge SOT in uniformly 

Cr-doped TI films cannot be explained by bulk SHE, since Cr-(BiSb)2Te3 itself is symmetric in the 

z direction. However, the top and bottom interfaces are different, AlOx/Cr-TI and Cr-TI/GaAs here, 

and this vertical asymmetry gives rise to a large SOT. 

Note that our experiments are conducted at very low temperature (1.9K), since the Cr-TI has a 

fairly low Curie temperature. We need to emphasize that TI could produce large SOT at room 

temperature (not confirmed by ourselves yet), and our measurements are only limited by the low 

Curie temperature of ferromagnetic layer. As reported by Ref. [40], the spin torque ratio of Bi2Se3 

is measured to be around 2 -3.5 in Bi2Se /Permalloy (NiFe) heterostructure using spin torque – 

ferromagnetic resonance (ST-FMR) technique at room temperature, which is still one order of 

magnitude larger than any other materials. For their measurement, the current is mostly passing 

through NiFe layer, since NiFe has a much larger conductivity compared with semiconductor 

Bi2Se3. In addition, Bi2Se3 has a significant bulk conduction contribution. Therefore, the measured 

spin torque ratio is not so accurate. Nevertheless, the large spin torque ratio still indicates that 

SOTs are still very large in TIs. In our experiments, TI and Cr-TI have comparable conductivities, 

and there is no conductance mismatch issue. For the next step, we are trying to find a room 

temperature ferromagnet with high resistance and measure the spin torque ratio more 

convincingly at room temperature. Before that, Cr-TI/TI heterostructure is still a very good platform 

for studying the origin of this giant SOT. 
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2.3 Current-induced magnetization switching in magnetic TIs 

In the previous section, giant SOTs are demonstrated in both Cr-TI/TI bilayer and Cr-TI single 

layer. We expect that by passing current through the patterned Hall bar devices, the 

magnetization can be switched following the same mechanism in Ta/CoFeB/MgO case. 

Figure 2-14a gives the experimental results of TI/Cr-TI bilayer. When the injection current and 

external magnetic field are both along +y direction, a positive anomalous Hall resistance is 

obtained, which indicates that the magnetization is pointing towards up. Notice that the first-

harmonic resistance is around 50 Ω, much smaller than RA of this device (~1kΩ, see Figure 2-8b), 

which says that the magnetization is tilted slightly up, instead of pointing up (+z direction). The 

current-induced longitudinal spin-orbit field in Cr-TI/TI/AlOx has the same direction with 

Ta/CoFeB/MgO, and thus TIs have an opposite effective spin Hall sign compared with Ta 

considering the fact that the position of ferromagnetic layer is opposite [37]. TIs have the same 

spin Hall sign with Pt in this perspective, and it is confirmed by ST-FMR measurement at room 

temperature [40]. However, as we argued above, SHE is not a dominant effect in terms of 

generating SOTs in TIs. So, this effective spin Hall sign has limited meaning and may only provide 

guidance in predicting the switching direction. In addition, the critical current for switching is 

almost zero (~0.1uA), since the SOT of TI is giant and external magnetic field is also quite large 

compared with the field used in Ta/CoFeB/MgO. 

Figure 2-14b gives the experimental results of current-induced magnetization switching in Cr-TI 

single layer. The switching direction is the same as the case of Cr-TI/TI bilayer. However, since 

the Cr-TI is uniformly Cr-doped, there is no meaning to say the sign of spin Hall angle. We need 

to clarify which interface contributes more SOTs. 

In the next chapter, we first propose a simple model to explain interface, particularly the surface 

states, dominated SOTs and switching behaviors in section 3.1. Then, we design two experiments 

to verify and further understand the model in section 3.2 and 3.3. 
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Figure 2-14 Current-induced magnetization switching in the Cr-TI/TI bilayer and the Cr-TI single 

layer. (a) Current-induced magnetization switching in the Cr-TI/TI bilayer. If the injection current 

and external magnetic field are both along +y direction, the magnetization will point towards up 

(not perpendicularly up, tilted).  If the injection current is along –y direction and external magnetic 

field is along +y direction, the magnetization will point towards down (not perpendicularly down, 

tilted). (b) current-induced magnetization switching in the Cr-TI single layer. (b) is provided by 

Yabin Fan et al.. 
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Chapter 3. Evidences for surface state spin-orbit torque in TIs 

In the previous chapter, we demonstrate that topological insulators have giant spin torque ratio. 

In other words, by passing current through TIs, giant SOTs can be generated to efficiently 

manipulate the magnetization of magnetic TIs. In this chapter, main effort will be put in 

understanding the origin of this giant SOT. First, we propose a model for surface state induced 

magnetization switching in section 3.1. Then, we use two experiments in section 3.2 and 3.3 to 

verify the model and thus show the strong evidence of surface state dominated SOTs in TI-based 

systems. 

 

3.1 Model for surface state induced SOTs 

As discussed in section 1.3.2, SHE is the main mechanism for current-induced magnetization 

switching in heavy metal/ferromagnet heterostructures, such as Pt/Co/MgO and Ta/CoFeB/MgO 

[20, 21]. Under the in-plane electric field, electrons are deflected vertically and depending on the 

deflection direction (see Figure 3-1a), we can define the sign of spin torque ratio, 𝜗ST. As we 

defined in section 2.1.1, +y direction is the positive direction for both injection current and current-

induced longitudinal spin-orbit field. The longitudinal (damping-like) spin-orbit field is given by 

∆𝑯𝑳 = 𝝑𝑺𝑻𝑴 × 𝒛 × 𝑱 [14], and thus negative sign of 𝜗ST gives rise to a positive spin-orbit field for 

the deflected up current (see Figure 3-1b). For the deflected down current, the spin-orbit field is 

given by ∆𝑯𝑳 = −𝝑𝑺𝑻𝑴 × 𝒛 × 𝑱, and thus negative sign of 𝜗ST gives rise to a negative spin-orbit 

field. Using this convention, we can find the sign of spin torque for Ta and Pt. From section 2.1.1, 

we know that current deflection direction is up for Ta/CoFeB/MgO heterostructure and a positive 

current gives rise to a negative longitudinal spin-orbit field. So, the sign of spin torque ratio for Ta, 

𝜗Ta, is positive. In Refs. [20, 21, 25], we know that current-induced magnetization switching 

direction is opposite for Ta and Pt, and thus 𝜗Pt < 0.  
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SHE is a bulk effect, whereas Rashba effect can be either bulk or interfacial depending on the 

material. Bulk Rashba-splitting induced magnetization switching between two in-plane easy axes 

was demonstrated in diluted magnetic semiconductor, such as (Ga,Mn)As with zinc-blende crystal 

structure [16]. Interfacial Rashba effect may also generate large SOT and cause magnetization 

switching according to recent SOT study experiments in Ta/CoFeB/TaOx and Pt/CoFeB/MgO by 

oxygen manipulation [19, 22]. In addition to Rashba effect and SHE, topological surface states 

could also give rise to SOTs in TI-based magnetic systems. As we discussed in section 2.2.3, 

current-induced giant SOTs in uniformly Cr-doped TIs cannot originate from bulk SHE or bulk 

Rashba effect, since Cr-TI itself is symmetric along the z direction. 

In TIs, Rashba spin-split 2DEG and surface state electrons give opposite spin torques, and 

Rashba spin-split 2DEG density is smaller compared with the density of surface state electrons 

at interface [40]. In addition, there is no evidence showing that both top and bottom surface of TIs 

have Rashba spin-split 2DEG. So, if only top surface of TI-based magnetic systems has Rashba 

spin-split 2DEG, it is unreasonable to see current-induced switching in Cr-TI/TI bilayer as shown 

in section 2.3, since top surface is far away from the magnetic layer (~9nm). Based on these facts, 

we propose a model based on surface state-induced magnetization below. 

When current is passed through TIs, electrons are deflected vertically. Typically, when we talk 

about the chirality of Dirac surface state fermion, top view of spin-polarized surface state band is 

used as shown in Figure 3-1c. For the point of interaction between electrons and magnetic 

moments, the deflection direction is also critical. Figure 3-1c is suitable for electrons deflected 

down to the bottom surface state. However, for electrons deflected up to the top surface, bottom 

view of spin-polarized surface state should be used, and it shows opposite chirality from electrons 

deflected down (see Figure 3-1d). Therefore, when current is applied through TIs, opposite SOTs 

are generated from top and bottom surface states. However, since the TI-based magnetic 

structure cannot be perfectly symmetrically at the vertical (z) direction, there may be a net SOT 
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generated by passing an in-plane current. As we all know from section 2.2.3, giant SOTs are 

generated by injection current in the Cr-TI single layer, and this is a strong evidence of non-equal 

surface state induced SOTs in TI-based magnetic systems. In the following, we are going to 

analyze the origin of SOT and the sign of spin torque ratio in TIs using a simple model. 

 

 

Figure 3-1 General definition for the sign of spin torque ratio and current-induced spin polarization 

at top and bottom surface in TI-based magnetic heterostructures. (a) Electron deflection under 

the electric field in magnetic heterostructures. (b) For the deflected up current, the fact that a 

positive current induces a positive longitudinal spin-orbit field indicates that the sign of spin torque 

ratio is negative. For the deflected down current, a positive current in materials with negative spin 

torque ratio sign would give a negative longitudinal spin-orbit field.  (c) Spin of electrons deflected 

to bottom surface is locked to the momentum in a clockwise fashion from top view (magnetic 

moments are above the bottom surface states). (d) Spin of electrons deflected to bottom surface 
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is locked to the momentum in an anticlockwise fashion from bottom view (magnetic moments are 

below the bottom surface states). 

 

In the Cr-(BiSb)2Te3/(BiSb)2Te3 bilayer, the current-induced magnetization switching has the 

same direction as that in Ta/CoFeB/MgO. However, bottom surface state electrons contributes to 

the longitudinal (damping-like) spin-orbit field in Cr-TI/TI bilayer, since the top surface is far away 

from the magnetic layer (~9nm, see Figure 3-2a-b). Effectively, we can think that electrons 

deflected down give rise to the SOT. Therefore, 𝜗BSS > 0 for bottom surface state electrons 

considering that Cr-TI/TI and Ta/CoFeB/MgO have the opposite stack order and the same 

switching direction. When current is applied along –y direction, electrons have +y direction 

momentum. According to spin-momentum locking of bottom surface (top view of bottom surface 

state band), electrons have +x direction spin polarization and –x direction magnetic moment. The 

current-induced longitudinal spin-orbit field can be written as ∆𝐻𝐿𝐵 = 𝜗𝐵𝑆𝑆𝑀 × 𝑧 × 𝑗𝑏, where 𝑗𝑏 is 

the current deflected to the bottom. Since the top surface contributes zero spin-orbit field, the total 

spin-orbit field is ∆𝐻𝐿𝐵 , along +y direction. In the presence of +y direction, current along –y 

direction is energetically in favor of magnetization pointing down, and thus injection current along 

–y direction will induced magnetization switching (see Figure 3-2b). If the current is applied along 

+y direction, bottom surface state electrons generate opposite spin-orbit field that is along –y 

direction, and it leads no switching since the initial magnetization is already pointing up (see 

Figure 3-2c-d). 
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Figure 3-2 Model for topological surface state induced (longitudinal) damping-like spin-orbit field 

and magnetization switching in the Cr-TI/TI bilayer. (a) Longitudinal spin-orbit field generated by 

top and bottom surface state with initial magnetization along +z direction. Current is applied along 

–y direction and thus electron momentum is along +y direction. Since top surface is far away from 

magnetic moments, there is no spin-orbit field ( ∆𝐻𝑳𝑻 = 0 ). Bottom surface state induced 

longitudinal spin-orbit field, ∆𝐻𝑳𝑩, is pointing to −𝑀𝑧 × 𝑧 × 𝐽.  �̂� is the electron spin direction and 

�̂�𝑠 is electron magnetic moment (electron has negative charge). (b) Both surface states induced 

total longitudinal spin-orbit field in the Cr-TI/TI bilayer is given by ∆𝑯𝑳 = ∆𝑯𝑳𝑩 − ∆𝑯𝑳𝑻 = ∆𝑯𝑳𝑩. 

∆𝑯𝑳 is pointing to +y direction. This spin-orbit field leads magnetization switching in the presence 

of +y direction external magnetic field. (c) Longitudinal spin-orbit field generated by top and bottom 

surface state with initial magnetization along +z direction when current is applied along +y 
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direction. The direction of spin-orbit field is opposite with the case in (a). (d) No switching since 

initial state is energetically preferred in the presence of +y direction external magnetic field. 

 

In the Cr-(BiSb)2Te3 single layer, both top and bottom surface state electrons contribute to the 

SOT. When current is applied along –y direction, the spin-orbit field generated by bottom surface 

state electrons is still ∆𝐻𝐿𝐵 = 𝜗𝐵𝑆𝑆𝑀 × 𝑧 × 𝑗𝑏 that is along +y direction (see Figure 3-3a). Since 

top surface state electrons are equivalent to electrons deflected to the top, they must generate 

opposite spin-orbit field compared with bottom surface state electrons. This is manifested by the 

opposite chirality looking from the top and bottom as shown in Figure 3-1c-d. Therefore, the total 

longitudinal spin-orbit field is given by ∆𝐻𝐿 = ∆𝐻𝐿𝐵 − ∆𝐻𝐿𝑇 = 𝜗𝐵𝑆𝑆𝑀 × 𝑧 × 𝑗𝑏 − 𝜗𝑇𝑆𝑆𝑀 × 𝑧 × 𝑗𝑡 , 

where 𝜗𝐵𝑆𝑆  and 𝜗𝑇𝑆𝑆  are both positive and the negative sign before 𝜗𝑇𝑆𝑆  indicates that 

anticlockwise chirality (bottom view of surface state band) is used. 𝑗𝑏  and 𝑗𝑡  are the current 

deflected to the bottom and top, respectively. From section 2.2.3, we know that the Cr-TI single 

layer has the same switching direction as the Cr-TI/TI bilayer. So the bottom surface state 

electrons dominates in our Cr-TI single layer and the corresponding illustrations of current-

induced longitudinal spin-orbit field and magnetization switching are given in Figure 3-3a-b. We 

should notice that based on our model, the switching direction of Cr-TI single layer may not be 

fixed, since from sample to sample, both top and bottom surface state electrons have chance to 

dominate the current-induced SOT and switching behavior depending on the growth method and 

the material details. 
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Figure 3-3 Model for topological surface state induced (longitudinal) damping-like spin-orbit field 

and magnetization switching in the Cr-TI single layer. (a) Longitudinal spin-orbit field generated 

by top and bottom surface state in the Cr-TI single layer with initial magnetization along +z 

direction. Both top and bottom surface give rise to spin-orbit field, but bottom surface gives larger 

spin-orbit field due to large Dirac electron density at bottom surface (bigger arrow indicates 

stronger spin-orbit field). (b) Total longitudinal spin-orbit field in the Cr-TI single layer is given by 

∆𝑯𝑳 = ∆𝑯𝑳𝑩 − ∆𝑯𝑳𝑻. Since bottom surface dominates the total spin-orbit field, ∆𝑯𝑳 is still pointing 

along +y direction. This spin-orbit field leads magnetization switching in the presence of +y 

direction external magnetic field. 

 

In this section, a basic SOT model is proposed without detailed theory behind, and this model can 

be used to explain the SOT phenomena in TI-based magnetic systems. Although we are not sure 

what the determining reason is for this giant SOT and the positive spin torque ratio now, it is still 

deserving verification of this model since more detailed theory could be potentially added into this 

simple model and make it comprehensive. The only detailed theory for TI-based SOT is 

introduced by Mark H Fischer et al. [36], but both magnitude and direction of SOT cannot be 

explained conclusively using their theory (other unknown factors, such as band topology, may 
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also give rise to this giant SOT). We will use this model to understand experiments done in the 

following two sections. 

 

3.2 Magnetic doping position dependent study 

In the Cr-(BiSb)2Te3/(BiSb)2Te3 bilayer, the magnetic dopant, Cr, is uniformly distributed at the 

bottom ~3 nm. Since the top surface state electrons are far away from the magnetic moments, 

the current-induced SOT and switching behavior are dominated by the bottom surface state 

electrons. This experiment makes use conceive following magnetic doping position dependent 

studies. 

We grow three Cr-TI/TI heterostructures with different modulation doping positions for the Cr-TI 

layer. They are Cr-(BiSb)2Te3 (3)/(BiSb)2Te3 (9), (BiSb)2Te3 (9)/Cr-(BiSb)2Te3 (3) and (BiSb)2Te3 

(3)/Cr-(BiSb)2Te3 (3)/ (BiSb)2Te3 (3) (see Figure 3-4), where the Cr-TI/TI represents that Cr-TI is 

at the bottom, and results of Cr-(BiSb)2Te3/(BiSb)2Te3 are already reported in section 2.2.2. Based 

on the model of surface state induced SOTs, Cr-TI/TI and TI/Cr-TI have opposite longitudinal 

spin-orbit fields. When the same current and external magnetic field are applied along +y direction, 

Cr-TI/TI prefers magnetization pointing up, whereas TI/Cr-TI prefers magnetization pointing down. 

This is due to the opposite chirality of top and bottom surface states as we discussed in section 

3.1. For the TI/Cr-TI/TI trilayer, we expect that current-induced spin-orbit field is much smaller 

compared with Cr-TI/TI and TI/Cr-TI bilayer, since both top surface state electrons and bottom 

surface state electrons are quite far away from the magnetic moment (~3 nm). Based on first-

principle calculation, the depth of topological surface state wavefunctions is around 3 nm [26].  

Even assume that surface state electrons can penetrate 3 nm, the total spin-orbit field generated 

by current in this TI/Cr-TI/TI trilayer has to be small due to the vertical symmetry. The contributions 

from top and bottom surface state electrons cancel out each other. 
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Figure 3-4 Magnetic doping position dependent longitudinal spin-orbit field. (a) When the Cr-TI is 

at the bottom, bottom surface state electrons give rise to a large longitudinal spin-orbit field along 

𝑀 × 𝑧 × 𝑗𝑏 direction. The preferred direction is +z direction and final spin-orbit field is along –y 

direction. Bold italic number represents the thickness of magnetic layer, and layer represented by 

the left number is below the layer represented by the right number. This rule applies for all the 

figures in this thesis. (b) When the Cr-TI is at the top, top surface state electrons give rise to a 

large longitudinal spin-orbit field along −𝑀 × 𝑧 × 𝑗𝑏 direction. The preferred direction is -z direction 

and final spin-orbit field is along –y direction. (c) When the Cr-TI is at the middle and both top and 

bottom surface states are separated from magnetic moments no less than 3nm, the current-

induced spin-orbit field will be small since both top and bottom surface state electrons are quite 

far away from the magnetic moment. The direction of spin-orbit field depends on the relative 

strength of residual top and bottom spin-orbit fields. 
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We carry out the measurement of the SOT in these three samples. Results of 3-9 is shown in 

Figure 2-10 and results of 9-3 and 3-3-3 are shown in Figure 3-5, where the bold italic number 

represents the thickness of magnetic layer, and layer represented by the left number is below the 

layer represented by the right number (this rule applies throughout this thesis). Both 9-3 and 3-3-

3 are n-type with well-defined out-of-plane magnetic hysteresis (ferromagnetism, see Figure 

3-5a,c). Different from 3-9, under external magnetic along +y direction, a positive current along 

+y direction gives rise to a positive second-harmonic resistance (a positive longitudinal spin-orbit 

field). This is consistent with the opposite configuration of 9-3 and 3-9. We extract the spin-orbit 

field per A/cm2 for both 9-3 and 3-9 and plot them in Figure 3-6. Their ∆𝐻𝐿/𝐽𝐶 have opposite sign 

as we expect from the model of surface state induced SOTs. 

In-plane second-harmonic resistance data of 9-3 and 3-3-3 have the same polarity, which 

indicates that current-induced longitudinal spin-orbit fields in them have the same direction (see 

Figure 3-5b,d). However, the magnitude of spin torque ratio in 3-3-3 is around one order smaller 

compared with that in 9-3 (see Figure 3-6). This is also consistent with the model of surface state 

induced SOTs, since surface state electrons are well separated from magnetic moments and 

vertical symmetry of film is maintained in 3-3-3. However, we still observe nonzero spin-orbit field, 

which may result from the non-equal current density flowing through the top surface and bottom 

surface. 

To understand the origin of this ‘small’ spin-orbit field (still very large compared with the heavy 

metal case), we further grow 10-3-10 sample. Again, we still observe finite positive ∆𝐻𝐿/𝐽𝐶 in it 

(see Figure 3-6), and this indicates that even when the surface state electrons are truly far away 

from the magnetic moments (~ 10 nm), there is still small background spin-orbit field there. 

At last, we grow two samples with 6-3-3 and 3-3-6 structure. Current-induced spin-orbit fields in 

them have the same direction. This result confirm that bulk SHE cannot be the origin of giant 
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SOTs again, since 6-3-3 and 3-3-6 have the opposite stack order from the point of bulk SHE 

mechanism. 

In one word, except for the case when the magnetic moment is touching surface states, we 

observe fairly ‘small’ spin-orbit field with the same direction in 3-3-3, 10-3-10, 6-3-3 and 3-3-6. 

This is what we expect from the model of surface state induced SOTs. However, the origin of this 

‘small’ spin-orbit field cannot be explained using this model. This deserves further exploration. 

 

 

Figure 3-5 Out-of-plane magnetic hysteresis and in-plane second-harmonic resistance for the 

TI/Cr-TI bilayer (a-b) and the TI/Cr-TI/TI trilayer (c-d). 
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Figure 3-6 Current-induced longitudinal spin-orbit fields in different Cr-TI/TI heterostructures.  

 

3.3 Electric-field controlled SOT 

The Fermi level position of TI is very crucial for current-induced SOTs, if these SOTs are 

originated from surface state electrons. As we showed before in section 2.2.3, injection current 

could generate significant SOTs even in the uniformed Cr-doped TI single layer. The reason 

behind this is due to the different dielectric environment for top and bottom surface state, GaAs/Cr-

TI and Cr-TI/AlOx. More specifically, the difference of Fermi level positions at top and bottom 

surface state bands results in different surface electron carrier densities. So, ∆𝐻𝐿 = ∆𝐻𝐿𝐵 −

∆𝐻𝐿𝑇 = 𝑀 × 𝑧 × (𝜗𝐵𝑆𝑆𝑗𝑏 − 𝜗𝑇𝑆𝑆𝑗𝑡) will still be significant if 𝑗𝑏 and 𝑗𝑡 have a large difference. Here, 

we assume that spin torque ratios for bottom (𝜗𝐵𝑆𝑆) and top (𝜗𝑇𝑆𝑆) surface are comparable, if not 

the same (due to different dielectric environments). 
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Figure 3-7 Electric-field effect on the sheet carrier density, top surface Fermi level, effective 

perpendicular anisotropy field and AHE coefficient in a Cr-TI single layer. (a) Schematic of the 

top-gated FET device. The AlOx layer is around 20 nm, and the Cr-TI layer is around 7 nm. (b) 

Dependence of longitudinal resistance and Hall carrier density on the gate voltage. Colored area 

I, II and III show the different gate voltage regions. (c) Fermi level at top and bottom surface state 

in regime I, II and III shown in (b). (d) Dependence of anisotropy field and RA on the gate votlage. 

(b), (c) and (d) are provide by provided by Yabin Fan et al.. 

 

In this section, we use top gate to tune the Fermi level of top surface for a Cr-TI single layer, and 

study the electric field effect on current-induced SOTs. The schematics of the top-gated FET 

device and relevant measurement setup are shown in Figure 3-7a. The ambipolar electrical 
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transport is observed in this Cr-TI single layer (see Figure 3-7b), which indicates the Fermi level 

of top surface state can be continuously tuned across the Dirac surface state band gap. Typically, 

when TIs are doped with magnetic dopants, a surface state band gap will open due to the loss of 

𝜋 berry phase [42]. In addition, for the high-dielectric Cr-(BiSb)2Te3, penetration depth of electric 

field is around 3 nm considering the metallic nature of surface state electrons. Therefore, only 

Fermi level of the top surface state can be tuned through the gate voltage. The ambipolar transport 

of this Cr-TI single layer can be described by dividing it into three regimes (corresponding Fermi 

level positions are show in Figure 3-7c): I, top Fermi level is buried in the bulk valence band, and 

bottom Fermi level is pinned in the surface conduction band. Therefore, top bulk hole density is 

much larger than the bottom Dirac electron density (top Dirac hole density is very small). II, top 

Fermi level is around the Dirac surface band gap, and bottom Fermi level is in the surface 

conduction band. Therefore, top carrier density is much smaller than the bottom Dirac electron 

density. III, both top and bottom Fermi levels are in the surface conduction band, and top Fermi 

level is lower than the bottom. Therefore, top Dirac electron density is smaller compared with the 

bottom Dirac electron density. The reason for us to conclude that bottom Fermi level is pinned at 

surface conduction band is from the Shubinkov-de Haas (SdH) quantum oscillation study of a 

reference undoped sample (BiSb)2Te3 [43]. Note that in Cr-doped (BiSb)2Te3, the mobility is too 

low to observe the  SdH quantum oscillation. However, since Cr is only around 8%, the overall 

band structure of Cr-(BiSb)2Te3  should be similar with (BiSb)2Te3. To extract the current-induced 

(in-plane) longitudinal spin-orbit field using Eq. 18, dependences of perpendicular anisotropy 

coefficient K and RA are plotted in Figure 3-7d. 
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Figure 3-8 Electric-field effect on the in-plane second-harmonic resistance and current-induced 

longitudinal spin-orbit field in the Cr-TI single layer. Inset illustrations in (b) represent the carrier 

distribution in the Cr-TI single layer under a sepecific gate votlage. (a) and (b) are provide by 

provided by Yabin Fan et al.. 

 

The dependence of in-plane second-harmonic resistance on the gate voltage for the Cr-TI single 

layer is shown in Figure 3-8a. Clear modulation is observed, which indicates that gate voltage has 

a significant effect on the magnitude of current-induced spin-orbit field. Figure 3-8b shows the 

extracted values of current-induced spin-orbit field under different gate voltage. The dependence 

of spin torque ratio (assume that the saturation magnetization remains constant for this sample 

under different gate voltages) is somehow correlated with the carrier distribution shown in Figure 

3-7b. In regime II, only bottom surface state electrons contribute to the total spin-orbit field. But in 

regime I and III, top Dirac holes and top Dirac electrons cancel part of the contribution from the 

bottom surface state electrons, resulting a relatively smaller spin-orbit field. Here, we should 

notice that Dirac hole and Dirac electron generate SOTs with the same direction, since under the 

electric field, both carrier momentum and spin chirality are opposite (spin is locked to momentum 
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in an anticlockwise fashion for Dirac holes from top view). The magnitude of the SOT can be 

tuned by a factor of four using gate voltage, which is much larger than the heavy metal case, 

thanks to the semiconducting nature of TIs [44]. 

In one word, we show that electric-field can control the SOT in TI-based magnetic systems 

significantly, which may contribute the future low power nonvolatile electronics, if we could 

combine the gate control and nonvolatile nature of ferromagnetism.  
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Chapter 4. Summary and outlook 

In this thesis, we reviewed the history of spintronics and introduced the spin torque based 

switching mechanism for both current-based and voltage-based MRAMs. For STT-MRAMs, the 

switching current is relatively high and we introduced SOT-MRAM with potentially lower switching 

current. The critical parameter in determining the critical current is the spin torque ratio, and we 

showed that in TIs, the spin torque ratio can be three orders of magnitude larger than heavy 

metals. In addition, we used magnetic doping position dependent study to show that surface state 

with spin-momentum locking is probably the source for this giant SOT. Combined with gate control, 

the magnitude of SOT can be changed by a factor of four, and it may help realize the future 

reconfigurable instant-on nonvolatile electrons. 

However, there are still two critical issues for the real application of TIs in spintronics: 

1. Demonstration of the giant SOT at room temperature is still lacking. 

2. High mobility of metallic surface states is required for current going through the surface 

channel. 

For the first issue, we plan to grow TI/FM heterostructures and study the SOT in them, where FM 

is ferromagnetic at room temperature. For the second issue, we need to further increase the TI 

film quality to recover their intrinsic properties [45]. 
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