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Abstract 

This thesis comprises the recent work on sputtering deposition and characterization of 

BiSb topological insulator – ferromagnet multilayers for spin orbit torque (SOT) – 

magnetoresistive random access memory (MRAM) mass production. BiSb is a promising 

candidate as the spin source of SOT-MRAM thanks to its giant spin Hall effect and high 

electrical conductivity. However, the previous work that demonstrated the high potential 

of BiSb are done by molecular beam epitaxy (MBE). For SOT-MRAM mass production, 

it is required to deposit high quality BiSb thin film and ferromagnetic free layer by 

sputtering deposition. In this thesis, we realize the SOT magnetization switching in an all 

sputtered BiSb – ferromagnet heterostructures, demonstrating the feasibility of BiSb as 

the spin source and the high potential of implementation of SOT-MRAM. 

There are three main studies in this work. In the first part, we show that it is possible 

to deposit high quality quasi-single-crystal BiSb thin films by sputtering deposition with 

quality approaching that of MBE-grown epitaxial thin films. We confirmed the existence 

of surface states from the thickness-dependence and temperature-dependence of the 

electrical conductivity/resistivity. In the second part, the large spin Hall angle and high 

electrical conductivity is confirmed in all-sputtered BiSb – Co/Pt multilayers on sapphire 

substrate. The CoPt has a large perpendicular magnetic anisotropy (PMA) field, which is 

comparable to that of CoFeB/MgO, and satisfies the requirements for non-volatility. SOT 

switching is realized with power consumption 1 or 2 orders of magnitude smaller than 

that of other materials. In the third part, BiSb – Co/Pt multilayer with large PMA is 

deposited on Si/SiOx substrate. The large spin Hall angle is demonstrated, and low power 

SOT magnetization switching is realized. In addition, we use scanning transmission 

electron microscope (STEM) and energy dispersive X-ray (EDX) spectroscopy to analyze 



 

 

 

the elements distribution in different structures. The results can provide some guidance 

for our future works to further improve the spin Hall angle and by suppressing the Sb 

diffusion.  
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Chapter 1    Introduction 

Spintronics has stepped into its golden era with the discovery of various breakthroughs. 

It has become an important pillar of modern electronics. Along with the development of 

spintronics, high-density data storage has evolved generation by generation and 

contributed to various aspects of day life. In this chapter, we present a brief overview of 

spintronics. The data storage technology based on spintronics will be introduced, with 

emphasis on Spin orbit torque (SOT) – magnetoresistive random access memory 

(MRAM), which is considered as a highly promising next generation non-volatile 

memory. We will introduce a potential solution for mass production of SOT-MRAM that 

uses topological insulator (TI) BiSb as the spin Hall material, which will be presented in 

details by the experiments in following chapters. The motivation and outline of this work 

will be introduced. 

 

1.1    Spintronics 

Spintronics, also known as spin electronics, is a subfield of electronics that studies and 

takes advantages of both the charge and spin of electrons. It is universally recognized that 

spintronics stepped into its golden era with the discovery of the giant magnetoresistance 

(GMR) effect independently by Fert [1] and Grünberg [2] in 1988. As shown in Figure 

1.1, the resistance of Fe/Cr multilayers changes by 3% at room temperature and 50% at 

4.2 K under an external magnetic field, which is much larger than the anisotropy 

magnetoresistance effect, and thus named as GMR effect. In a system with two 

ferromagnetic (FM) layers separated by a non-magnetic (NM) layer, the resistance is 

significantly larger when the magnetization of FM layers are anti-parallel than when the 

magnetization are parallel. It is revealed that the magnetoresistance depends on the spin-
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dependent scattering of electrons at the FM/NM interface of in the FM layers. On the 

other hand, tunneling magnetoresistance (TMR) effect was discovered in 1975 [3], that 

in a magnetic tunnel junction (MTJ) with two FM layers separated by a thin insulating 

layer, electrons can transport through the insulating layer perpendicular to film plane by 

the quantum tunneling effect. The TMR effect is the result of the spin-dependent quantum 

tunneling effect that electrons in one FM layer can pass through the insulating layer only 

in case that the spin polarization of electrons in another FM is the same. Therefore, the 

multilayers have low resistance because the tunneling probability of electrons is high 

when the magnetization of two FM layers are parallel, i.e., the majority of electrons have 

same spin polarization. Figure 1.2 shows the schematic of TMR in parallel and anti-

parallel states. With the intensive development on spintronics, the TMR ratio was 

enhanced to 604% in 2008 [4]. 

 

Figure 1.1  GMR effect in Fe/Cr superlattice at 4K [1]. Reprinted figure with 

permission from Baibich M. N. et al., Phys. Rev. Lett., 61, 2472 (1988). Copyright 

(2022) by the American Physical Society. 
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The large TMR effect is considered to drive the evolution of non-volatile magnetic 

memories. In traditional electronics, low and high voltages are used to express the binary 

bit ‘0’ and ‘1’, respectively. It requires power supply to refresh the bit states in case of the 

loss of charge. On the other hand, a “spintronics” device uses spin, which is the intrinsic 

attribute of electrons, to represent the bit states, such that the device does not need power 

supply to preserve the states. Based on TMR effect, the high and low resistance in MTJ 

can be used to express the bit ‘0’ and ‘1’. By utilizing permanent magnets, the long-

lifetime non-volatility can be expected thanks to its enduring magnetization [5-11]. 

Therefore, spintronics is highly expected for the application in next generation electronics, 

especially non-volatile memory devices [12]. 

 

Figure 1.2  TMR in parallel (left) and anti-parallel (right) states [13]. Reprinted 

figure with permission from Petukhov D. A. et al., Physica E, 80, 31 (2016). Copyright 

(2022) by Elsevier. 

 

1.2    Commercial spintronics devices 

In this section, we introduce some spintronics memory devices that have already been 

mass produced. In recent decades, the application of TMR effect has been expanded to 

several commercial devices. The devices belong to two major types: magnetic read head 

and MRAM. 
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Magnetic read head 

The first application of TMR effect and MTJ is the magnetic read head [14, 15]. As 

introduced before, the high and low resistance of MTJ can be expressed as the bit ‘0’ and 

‘1’ respectively. Therefore, in order to manipulate the bit state, it is necessary to change 

the state of two FM layers to parallel or antiparallel. In the reading element of magnetic 

read head using MTJ, one of the FM layers has relatively small magnetic anisotropy field, 

which is referred to as the free layer. The magnetization of the free layer senses the stray 

field from the medium. The other FM layer is referred to as reference layer, whose 

magnetization is fixed. The resistance of the read head device, which will change 

according to the alignment of magnetization of free layer and reference layer, can be 

sensed to read the data. 

 

Figure 1.3  Magnetic read head in HDD [14]. Reprinted figure with permission 

from Zhu J., et al. Mater. Today 9, 36 (2006). Copyright (2022) by Elsevier. 

 

There are technical challenges in commercialization of magnetic read head. In order to 

fix the magnetization of reference layer, it is antiferromagnetically coupled with a pinned 
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layer through a metallic interlayer. The pinned layer is constrained by the exchange bias 

field arises from an antiferromagnet interface. The demagnetizting field of the reference 

layer can be compensated by the pinned layer. FM with high spin polarization such as 

CoFe and CoFeB are good candidate for the reference layer and pinned layer for high 

sensitivity. Another key requirement is to improve the signal-to-noise ratio (SNR) by 

operating the device in single domain mode. This requirement is realized by applying a 

biasing longitudinal magnetic field using a pair of permanent magnet. Furthermore, 

higher TMR ratio is required for higher SNR and higher data rate. Thus, MgO is so far 

the best candidate for the tunnel barrier layer. The TMR read head using MgO barrier 

layer has helped realize the bit density of over 1 Tbit/cm2 [16]. Compared with the TMR 

read head using other amorphous barrier layer such as AlOx, the data rate is improved by 

2 – 3 times up to 2015. 

 

Magnetoresistive random access memory 

MRAM is another spintronics device based on TMR effect. Compared with other 

charge-based memory devices such as dynamic random access memory (DRAM) or static 

random access memory (SRAM), MRAM does not need power supply to preserve the bit 

states. It uses the magnetic state of the free layer and reference layer, which is parallel or 

anti-parallel, to store the data bits. Thus, the most significant advantages of MRAM are 

non-volatility, fast operation (~ 10 ns), and long lifetime. In the early days of MRAM, the 

Oersted magnetic field generated by a nearby current is used to manipulate the 

magnetization direction of the free layer as shown in Figure 1.3(a) (toggle MRAM). 

However, this technique requires a large current to switch the magnetization, making the 

bit density limited. Therefore, the largest capacity of toggle MRAM produced by Everspin 
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is only 32 Mb. Nevertheless, its non-volatility, high speed and long lifetime has attracted 

the interest for further exploration of MRAM. 

The improvement of switching efficiency is required for next-generation MRAM. It is 

found that spin transfer torque (STT) induced by a spin polarized current can lead to the 

magnetization switching in FM layer of MTJ [17]. This phenomenon is theoretically 

predicted [18, 19]  and experimentally demonstrated [20-22] in 1996 and 1999, 

respectively. As shown in Figure 1.3(b), when a current pass through the reference layer, 

the spin of electrons is polarized. When the spin-polarized current is injected to the free 

layer, STT is generated to switch the magnetization. 

However, there still remains some limitation of STT-MRAM that make it difficult to 

further reduce the writing current. The writing current and writing energy of STT-MRAM 

is still larger than that of SRAM or DRAM by 1 order of magnitude. Similar to the toggle 

MRAM, the large writing current will also limit the bit density of STT-MRAM [23]. 

Moreover, writing and reading process share one path in STT-MRAM, making it 

vulnerable to tunneling barrier breakdown [24, 25]. Therefore, magnetization switching 

by even smaller writing current is highly required for higher bit density and reliability. 

The reason of large writing current Ic is the low efficiency of charge-to-spin conversion 

in the STT technique. The spin current in STT-MRAM is given by: Is = (ħ/2e)PIc. In this 

equation, the spin polarization P cannot exceed 1 because P = (n↑ - n↓) / (n↑ + n↓), where 

n↑ and n↓ are up-spin and down-spin electron density, respectively. This fact limits the 

spin current generation efficiency. 
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Figure 1.4    (a) Toggle MRAM and (b) STT-MRAM. Source: Everspin. 

 

1.3    Spin-orbit-torque magnetoresistive random access memory 

It is reported that a different torque, spin-orbit-torque (SOT), can become a more 

efficient way to switch the magnetization [26]. The SOT effect inspires the exploration of 

SOT-MRAM [27]. The structure of a bit cell of SOT-MRAM is shown in Figure 1.4. In 

SOT-MRAM, there is a spin Hall layer in contact with the free layer. The up-spin and 

down-spin electrons split up to opposite direction because of the spin Hall effect (SHE) 

when a charge current flows in the spin Hall layer. The pure spin current generated by 

SHE can exert a torque in the free layer, which drives the magnetization switching. 

 

Figure 1.5    Bit cell of SOT-MRAM [12]. Reprinted figure with permission from 
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Bhatti S., et al. Mater. Today 20, 530 (2017). Copyright (2022) by Elsevier. 

 

SOT-MRAM becomes the best hope as the next generation MRAM for high bit density, 

fast writing speed and high durability. The spin current in SOT-MRAM is given by Is = 

(ħ/2e)(L/t)θSHIc, where θSH is the spin Hall angle, L is the length of MTJ and t is thickness 

of spin Hall layer. Here, θSH represents the strength of the SHE. The factor (L/t)θSH can 

be much larger than unity if the spin Hall angle is large enough, which means the SOT-

MRAM can generate a much large spin current than STT-MRAM by a same charge 

current. Furthermore, the read and write path are separated in SOT-MRAM, because the 

writing current is applied in the spin Hall layer without flowing into the MTJ and read 

line. Finally, since the spin-polarization of the pure spin current is perpendicular to the 

magnetization direction of the free magnetic layer, the spin torque is maximized and the 

magnetization can switch very fast (< ns) in SOT-MRAM with PMA. These 

characteristics make SOT-MRAM very promising for higher writing speed, lower writing 

energy and higher reliability compared with STT-MRAM. 

According to the relationship between charge current and spin current in SOT-MRAM, 

the most important parameter is the spin Hall angle of the spin Hall layer. In this work, 

we select the BiSb, a topological insulator (TI) which has a spin Hall angle larger than 10, 

as the spin Hall material. The fundamental physics of SHE in BiSb will be explained in 

chapter 2. 

 

1.4    Motivation and thesis outline 

For mass production of SOT-MRAM, the following three minimum requirements must 

be satisfied for spin Hall material: (1) large spin Hall angle, (2) large electrical 
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conductivity, and (3) can be deposited using industry friendly techniques, such as 

sputtering deposition. TI BiSb has shown its high potential thanks to its large spin Hall 

angle and high electrical conductivity, but in previous works it was deposited by the 

molecular beam epitaxy method. Meanwhile, it needs to be deposited by sputtering 

deposition in realistic SOT-MRAM. Moreover, the free layer is needed to have large 

PMA for long time non-volatility. This research investigated heterostructures of TI BiSb 

– FM Co/Pt multilayers with PMA by sputtering deposition, which can be a possible 

solution for the spin Hall layer – free layer in SOT-MRAM. 

In this thesis, we introduce the background and fundamental physics in Chapter 1 and 

2, respectively. These two chapters show the bright prospect of SOT-MRAM, and explain 

why we use TI BiSb for the spin current source in SOT-MRAM, and the necessity of 

BiSb deposition by sputtering. In Chapter 3, we demonstrate the deposition of high quality 

BiSb thin films with high electrical conductivity by sputtering deposition. In Chapter 4, 

the large spin Hall angle of BiSb is demonstrated in BiSb / FM CoPt multilayers, and the 

ultrahigh efficient SOT magnetization switching is achieved. In Chapter 5, the low power 

SOT magnetization switching is realized in BiSb/CoPt deposited on Si/SiOx substrate. 

Chapter 6 presents some solutions to increase the spin Hall angle through transmission 

electron microscope (TEM) images and energy dispersive X-ray (EDX) spectroscopy. 

We conclude this work and propose future works in Chapter 7. 
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Chapter 2    Fundamental physics of spin orbit torque in 

topological insulator BiSb 

In this chapter, we briefly explain the spin orbit interaction (SOI) and SHE, which can 

generate a pure spin current by the charge current. The SOT is introduced as a result of 

SHE, which can switch the magnetization in NM/FM heterostructure. We introduce the 

TI BiSb with emphasis on its surface states with strong SOI, and its unique characteristics 

as a conductive TI will be mentioned. The giant SHE and high electrical conductivity 

make BiSb a very promising candidate for spin Hall material in SOT-MRAM. 

 

2.1    Spin-orbit interaction 

SOI describes the phenomenon that the spin angular momentum S of electrons interacts 

with its orbital angular momentum L. We now consider a case that an electron with charge 

–e is moving around a nucleus with charge +Ze in the laboratory rest frame. This frame 

can be transferred to the electron rest frame by the Lorentz transformation [1]:  

𝑬∥
′  = 𝑬∥,             𝑩∥

′  = 𝑩∥, 

𝑬⊥
′  = γ(𝑬⊥ + v × B),    𝑩⊥

′  = γ(𝑩⊥ - 
𝒗

𝑐2 × E), 

where γ = 
1

√1−𝑣2/𝑐2
 is the Lorentz factor and c is the speed of light. The schematic of 

the laboratory rest frame and the electron rest frame are shown in Figure 2.1. In the 

electron rest frame, the orbiting nucleus generates a B’ field acting on the electron with 

the internal energy Ein = -μB’, where μ is the spin magnetic moment. In order to minimize 

the internal energy and reach the ground state, the spin of electron is aligned antiparallel 

to the B’ field. Thus, the spin angular momentum is “locked” to the orbital angular 

momentum, restricting the electrons with +1/2 and –1/2 spin to move to different direction. 
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The Hamiltonian that describes SOI is given as: HSOI = 
𝑍𝑒2

2𝑚2𝑐2𝑟3L∙S, where m is the 

electron mass, and r is the orbit radius. The concept of SOI brings various potential 

applications to our sight by manipulating the electron’s momentum according to its spin 

or vice-verse. The SHE is one of the most famous and attractive phenomenon for 

spintronics device exploration. 

 

Figure 2.1    Schematic of SOI of an electron orbiting around the nucleus in laboratory 

rest frame (left) and electron rest frame (right). 

 

2.2    Spin Hall effect 

Before introduction of SHE, we would like to first introduce the concept of spin current 

[2]. In a spin-polarized current, up-spin and down-spin electrons move to the same 

direction. The net current is defined by the sum of electrons, while the net spin current is 

defined by the difference between up-spin and down-spin electrons. On the other hand, 

there is a situation that up-spin and down-spin electrons move to opposite direction. In 

this case, the net current is defined by the difference of up-spin and down-spin electrons, 

while the net spin current is defined by the sum. The most interesting situation is the pure 
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spin current. There are up-spin and down-spin electrons of equal number flowing to 

opposite direction. Therefore, the net spin current is the total number of up-spin and 

down-spin current, while the net current is zero. 

SHE is a phenomenon that a transverse pure spin current is generated by a charge 

current due to the SOI [3]. There are two main mechanisms for SHE: the intrinsic 

mechanism and the extrinsic mechanism. The extrinsic contribution is from the skew 

scattering and side jump [5-10]. In NM materials, the electrons shows a spin-dependent 

asymmetric scattering with up-spin and down-spin electrons accumulating to different 

side due to SOI. Similar to the atomic SOI, the movement of scattered electrons is affected 

by the interaction between the electron and the local potentials V(r). The SOI Hamiltonian 

describing this interaction is given by Hscat = ησ[k×V(r)], where η is the modified SOI 

parameter, and σ is the spin polarization. The intrinsic contribution for SHE comes from 

the Berry phase of band structure. The Berry phase can be very large if there are Dirac 

points in the band structure [11-15]. Therefore, the intrinsic mechanism is considered as 

the main contribution for SHE in TIs with Dirac-like topological surface states [16, 17].  

 

Figure 2.2    Schematic illustration of SHE [4]. Reprinted figure with permission 

from Ando K. et al., J. Appl. Phys. 109, 103913 (2011). Copyright (2022) by AIP 
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publishing. 

 

Because of the SHE, when a charge current Jc flows in the spin Hall layer, a spin current 

Js is generated perpendicular to the Jc direction as Js ∝  σ × Jc, where σ is the spin 

polarization. The conversion efficiency from charge current to spin current is represented 

by the spin Hall angle θSH, which is given by: 

θSH = 
2𝑒𝐽s

ℏ𝐽c
.  

The spin Hall angle is the most important parameter for the spin current source. Large 

spin Hall effect has been discovered in heavy metals like Pt [18, 20], Ta [21, 22], W [23, 

24], and TIs such as BiSb [25, 26], Bi2Se3 [27, 28], Bi2Te3 [29, 30], and (BiSb)2Te3 [28, 

30, 31]. Particularly, BiSb has the largest spin Hall angle among these materials. 

 

2.3    Spin orbit torque 

In NM/FM heterostructures, the spin current can exert a spin orbit torque acting on the 

FM layer, and drives magnetization switching [32]. The dynamics of magnetization can 

be described by the Landau-Lifshitz-Gilbert (LLG) equation [33]: 

𝑑𝒎

𝑑𝑡
= −𝛾𝒎 × 𝑯eff + 𝛼𝒎 ×

𝑑𝒎

𝑑𝑡
+ 𝜁FL(𝝈 × 𝒎) + 𝜁𝐴𝐷(𝒎 × (𝝈 × 𝒎)) 

where γ is the gyromagnetic ratio, α is the Gilbert damping parameter, Heff is the effective 

field, and m is the magnetization unit vector. The latter two terms, which represent the 

SOT, are separated to two parts [34]. The first part is the field-like torque associated to 

the Rashba-Edelstein effect [35], and the second part is the antidamping-like torque 

associated to SHE. ζFL and ζAD are field-like torque and antidamping-like torque 

coefficient, respectively. The direction of field-like torque and antidamping-like torque 
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are illustrated in Figure 2.3. From the LLG equation, in SOT-MRAM with PMA, the spin-

polarization of the pure spin current is perpendicular to the magnetization direction of the 

free magnetic layer, thus the spin torque is maximized and the magnetization can switch 

very fast (< ns) [36]. In TI/FM systems, SHE dominates the Rashba-Edelsten effect, 

making the antidamping-like torque becomes the major torque [25, 27, 31]. The 

antidampting-like torque is defined by τAD = -m × HAD, where HAD is the antidamping-

like effective field given as HAD = −
ℏ

2𝑒𝑀s𝑡
  s(σ×m). In this equation, Ms is the 

saturation magnetization and t is the thickness of FM layer. Based on this equation, the 

charge-to-spin conversion efficiency and spin Hall angle can be evaluated by measuring 

HAD [28, 37]. 

 

Figure 2.3    Schematic illustration of the directions of field-like torque (red) and 

antidamping-like torque (green) 

 

2.4    Topological insulator 

TI is a kind of quantum material with insulating bulk but conductive surface states. The 

concept of topology states is first introduced in 1980s [38] to explain the quantum Hall 

effect in metal-oxide-semiconductor field effect transistor [39]. However, the quantum 

Hall effect is difficult to come into application, because it can only be observed at ultralow 
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temperature and high magnetic field. In 2005, the quantum SHE is proposed in materials 

with topological order [40], and its existence is predicted in a HgTe quantum well in 2006 

[41]. The quantum spin Hall effect is originated from the spin-orbit interaction without 

relying on magnetic field and low temperature. Since this phenomenon is observed in 

experiments in 2007 [42], the exploration for applications of TI at room temperature 

comes into sight of researchers. The HgTe quantum well is a 2D TI with topological edge 

states. In 2009, the first 3D TI BiSb with the insulating bulk and 2D surface states was 

observed by angle resolved photoemission spectroscopy (ARPES) [12]. 

In TI, the band structure of bulk is similar to that of normal insulators. In contrast, there 

are conductive electronic states with Dirac-like dispersion on the edge/surface as shown 

in Figure 2.4(b) and 2.4(d) [41, 44]. The electrons on the edge/surface are under strong 

SOI with spin-momentum locking [13, 43]. In 2D TI, the electrons have only two 

direction to go, with up-spin and down-spin electrons moving to opposite direction as 

shown in Figure 2(a). The schematic illustration of electrons on surface states in 3D TI is 

shown in Figure 2(c). Dissipation is avoided in the spin current because back scattering 

is inhibited. Therefore, the TI has high potential to be applied in novel electronic devices, 

with the expectation to go beyond the Moore’s Law. 
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Figure 2.4    (a) Schematic of edges state in 2D TI. (b) Energy dispersion of the spin 

non-degenerate edge state of a 2D TI forming a 1D Dirac cone. (c) Schematic of 2D 

surface states in 3D TI. (d) Energy dispersion of the spin non-degenerate surface state of 

a 3D TI forming a 2D Dirac cone. Figure from [44]. © [2013] The Physical Society of 

Japan (J. Phys. Soc. Jpn. 82, 102001.) 

 

One of the important applications of TI is as the spin Hall layer in SOT-MRAM thanks 

to its large spin Hall angle originated from strong SOI and Dirac-like dispersion [45, 46]. 

It has been reported that Bi2Se3 and (BiSb)2Te3 has large spin Hall angle of 3.5 and 2.5 at 

room temperature, respectively. While the spin Hall angles are at least one order of 

magnitude larger than that of that of W, which is the best heavy metal candidate, the 

limited surface density of states restricts the electrical conductivity σ of those TIs to the 

order of ~ 104 Ω-1m-1 (for example, σ ~ 5.7×104 Ω-1m-1 for Bi2Se3 and 1.8×104 Ω-1m-1 for 

(Bi0.07Sb0.93)2Te3). Since the spin Hall layer is in contact with the FM free layer, the low 

conductivity will lead to a large shunting current to FM layer with less than 10% of the 

current flowing in the TI. To reduce the unnecessary energy consumption, TI with both 

large spin Hall angle and high electrical conductivity is highly required. 

 

2.5    A conductive topological insulator BiSb 

Composed of group-V semimetals Bi and Sb, BiSb crystal has the same rhombohedral 

A7 structure as the two elements. It is known that there is a band gap when the 

concentration of Sb is between 7% and 22% [47, 49] as shown in Figure 2.5(a). BiSb 

becomes TI in this region with small bulk bandgap (~ 20 meV) [47, 49] and high bulk 

conductivity σ of 4 ~ 6.4 × 105 Ω-1m-1 [50]. In thin films, the quantum size effect 
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significantly increases the band gap of BiSb, so that the current flows mostly on the 

surface when the thickness reaches 10 nm [51]. Thanks to the multi-surface states, σ of 

BiSb thin films is as high as 2.5×105 Ω-1m-1. Figure 2.5(c) summarized the room 

temperature conductivity of BiSb as a function of Sb concentration in BiSb thin films 

with different thickness. 

On the other hand, from the ARPES mapping in Figure 2.5(b) [12], the surface states 

Dirac cones has been confirmed. This suggests the large SHE of BiSb. Previous results 

of our group show that BiSb has the spin Hall angle of 52 in epitaxial BiSb(012)/MnGa 

bilayers, which is the largest value among all materials so far [25]. Nevertheless, these 

works were done by molecular beam epitaxy (MBE), which is not utilized in MRAM 

manufacturing. Therefore, it is necessary to fabricate high quality BiSb thin films by 

sputtering deposition. 

 

Figure 2.5    (a) Band structure of BiSb [48]. Reprinted figure with permission from 

Fu L. et al., Phys. Rev. B, 76, 045302 (2007). Copyright (2022) by the American Physical 

Society. (b) ARPES mapping for the surface states of BiSb [12]. Reprinted figure with 

permission from Hsieh D., et al. Science 323.5916, 919 (2009). Copyright (2022) by the 
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AAAS. (c) Room temperature conductivity of BiSb as a function of Sb concentration in 

BiSb thin films with different thickness [51]. Reprinted figure with permission from Ueda 

Y., et al. Appl. Phys. Lett. 110, 062401 (2017). Copyright (2022) by AIP publishing. 

 

However, the spin Hall angle of BiSb heavily relies on the crystal quality and the 

ferromagnetic layer interface. The BiSb layer with spin Hall angle of 52, epitaxially 

grown by MBE, has high quality single crystal and optimized (012) orientation. It is 

known that the BiSb(012) surface have four Dirac cones: three Dirac cones due to time 

reversal symmetry at the ̅, 1
̅̅̅̅ , ̅ point, and one Dirac cone due to crystal symmetry 

near 2
̅̅ ̅̅   point, as seen in Figure 2.6(b) [52]. Meanwhile, other surfaces, such as 

BiSb(001), has only one Dirac cone at the ̅ point, as seen in Figure 2.6(a) [12]. Since 

Dirac points are hot spots for Berry curvature, the BiSb(012) surface has the largest spin 

Hall angle due to the strong intrinsic mechanism, while other orientation has smaller spin 

Hall angle. Therefore, optimizing the crystal orientation is important for obtaining large 

spin Hall angle of BiSb.  

 

Figure 2.6    Topological surface states for (a) BiSb(001) [12] (Reprinted figure with 

permission from Hsieh D., et al. Science 323.5916, 919 (2009). Copyright (2022) by the 

AAAS) and (b) BiSb(012) [52] (Reprinted figure with permission from Zhu X., et al. 
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New J. Phys. 15, 103011 (2013). Copyright (2022) by IOP publishing). The circles 

indicate Dirac cones. 

 

2.6    Summary 

In this chapter, we briefly introduce the SOI, which is the origin of SHE in NM 

materials. The SOT associated with SHE can efficiently switch the magnetization in 

NM/FM system. We explain the method to evaluate the spin Hall angle from the 

antidamping-like torque in TI/FM system. Furthermore, TI BiSb is introduced as the best 

candidate for SOT-MRAM thanks to its large spin Hall angle and high electrical 

conductivity. These previous works are the foundation of our work that utilizes BiSb to 

realize the SOT magnetization switching in all-sputtered BiSb/FM heterostructures. 
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Chapter 3    Crystal growth and characterization of BiSb thin 

films by sputtering deposition on sapphire substrates 

3.1    Introduction 

As introduced in previous chapters, BiSb is expected to be the best candidate for the 

pure spin source in SOT-MRAM. Although the giant spin Hall effect has been observed 

in several topological insulators, BiSb is particularly promising because it shows both a 

giant spin Hall angle (SH~ 52 for the BiSb(012) surface) [1] and high electrical 

conductivity (average  ~ 2.5×105 -1m-1) [2]. In previous works, SOT switching with 

ultralow current density and large critical interfacial Dzyaloshinskii-Moriya-Interaction 

were demonstrated in MnGa/BiSb bilayers [2], and giant unidirectional spin Hall 

magnetoresistance was observed in GaMnAs/BiSb bilayers [3]. However, topological 

insulator thin films, including BiSb, are usually deposited by MBE, which is not suitable 

for mass production of realistic spintronic devices. Thus, physical vapor deposition of 

high quality topological insulators is strongly required. 

In this chapter, we report on the growth and characterization of BiSb thin films 

deposited on sapphire substrates by sputtering deposition with Ar and Kr plasma. By 

optimizing the growth conditions, we are able to obtain quasi-single-crystal BiSb(001) 

thin films with equivalent twin crystals. The conductivity of BiSb at the studied 

thicknesses exceeds 105 -1m-1, reaching a maximum of 1.8×105 -1m-1 at 10 nm. From 

the temperature dependence of the electrical resistivity, we confirm the existence of 

metallic surface states, and demonstrate that the surface states dominate the conduction 

in 10 nm films. Our results demonstrate that it is possible to obtain sputtered BiSb thin 

films with quality approaching that of epitaxial BiSb grown by MBE. 



 

28 

 

 

3.2    Growth and characterization techniques 

Magnetron sputtering deposition 

Magnetron sputtering deposition is a physical vapor deposition method for thin films. 

In sputtering process, the atoms or molecules of material are ejected from a target by 

accelerated ions of sputtering gas. An electromagnetic field is applied near the cathode, 

and the sputtering gas is ionized into plasma. The ions in the plasma are accelerated by 

the electric field to impact the target, and the atoms or molecules are knocked out and 

deposited on the substrate. Figure 3.1 shows the working principle of sputtering 

deposition. 

 

Figure 3.1    Working principle of magnetron sputtering. Source: Stanford 

Advanced Materials. 

 

Sputtering deposition has several advantages over other deposition methods. Partial 

pressure of background gas and potential contaminants are minimized by evacuating the 

chamber into a high pressure of 10-7 ~ 10-8 Pa. In the electromagnetic field, sputtering gas 
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is ionized into ions and secondary electrons. The secondary electrons are restricted in a 

circular cycloid near the cathode. The cycloid is long and the secondary electrons can 

help ionize more sputtering gas atoms. This realizes high deposition speed. The secondary 

electrons will finally move to the substrate with very low energy, making little change in 

the substrate temperature. Therefore, it has all-around high performance in quality, 

efficiency and reliability. These advantages make sputtering deposition the best method 

for thin film deposition for large wafers. It has been the most widely used technique for 

metal thin film deposition in HDD and electronics industry. For the mass production of 

MRAM, it is required to deposit the thin films on a large substrate for further device 

fabrication process of integrated circuits. Therefore, for mass production of SOT-MRAM 

it is necessary to investigate the possibility of high-quality BiSb deposition by sputtering. 

 

X-ray diffraction spectroscopy 

X-ray diffraction spectroscopy (XRD) is one of the most important and fundamental 

non-destructive technique for structure analysis of all types of materials: crystals, 

powders and fluids. In our work, we use it to analyze the crystallization of BiSb thin films. 

In XRD measurements, X-ray is irradiated into the crystal. With the diffraction and 

reflection by adjacent atomic layers, there will be a phase difference in the emergent X-

ray. The distance between the adjacent atomic planes can be calculated through this phase 

difference, thereby the crystal orientation can be distinguished. The peaks of the spectrum 

follows the Bragg’s law: nλ = 2dsinθ, where λ is the wave length of X-ray, θ is the incident 

angle, and d is the distance between different planes. 

The schematic of x-ray measurements is illustrated in Figure 3.2(b). The main phase 

of a crystal can be acquired by θ-2θ scan. Furthermore, the in-plane texture can be 
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analyzed by the azimuth angle φ – tilting angle χ scan. 

 

Figure 3.2    (a) Illustration of Bragg law. (b) XRD apparatus. Source: SERC at 

Carleton College. 

 

3.3    BiSb thin Film growth and characterization 

Sample growth 

In the bulk TI region of 0.07 < x < 0.22, Bi1-xSbx has a band gap smaller than 20 meV 

[4], high carrier mobility,  of 1.5−5×103 cm2V-1s-1 [4, 5], and high bulk conductivity 

(4−6.4×105 -1m-1) [6] comparing with those of Bi2Se3 and Bi2Te3 (~ 104 -1m-1). It is 

reported that in TI region, the bulk band gap of BiSb is largest when the concentration of 

Sb is 15% [5]. Because the electrons in the valence band can be excited to the conduction 

band at room temperature, it is possible that the current can flow in the bulk. Larger bulk 

band gap can suppress the excitation of electrons, making the bulk conductance decrease 

and more current flows on the surface. The surface with Dirac cone structure can generate 

large SHE, thereby large spin Hall angle can be expected. This fact has been confirmed 

recently in a recent work by Ichimura et al. [7]. Therefore, we choose single sputtering 

target Bi0.85Sb0.15 in this work. 
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Figure 3.3    Sb concentration dependence of (a) Band gap [6] and (b) effective spin 

Hall angle in (Co/Tb)3/Pt/BiSb heterostructures [7]. 

 

We deposit BiSb thin films with various thicknesses on sapphire C-plane (0001) 

substrates by radio-frequency magnetron sputtering. Since the lattice constants are a = 

4.53 Å, c = 11.8 Å for Bi0.85Sb0.15 and a = 4.76 Å, c = 13.0 Å for sapphire, there is a 

lattice mismatch of -5.2% between BiSb and the sapphire substrates. Before deposition, 

the sapphire substrates were chemically cleaned in a hot solution mixture of phosphoric 

and sulfuric acid at 160℃ [8] for 15 minutes. The substrates were then thermally cleaned 

by heating in the deposition chamber at 850℃ [9] for 30 minute. Table 3.1 shows the list 

of samples and their deposition condition used in this work. There are two series of 

samples: samples A1-1 to A2-3 were deposited using Ar plasma, and samples K1-1 to 

K2-3 were deposited using Kr plasma. The substrate temperature was either kept constant 

(one-step) or changed (two-step) during the deposition, as discussed below. The Ar/Kr 

gas pressure was kept at 0.2 Pa, and the typical sputtering power was 0.9 W/cm2. For 

samples deposited by the one-step method, the best substrate temperature varies 

according to the thickness of BiSb film. For 10 nm-thick BiSb films (samples A1-1 and 

Blanked before original source published. 
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K1-1), we found that the substrate temperature TS = 50 ℃ was optimal, as for TS higher 

than 100℃, the films became nonconductive. On the other hand, the best TS for films 

over 14 nm was 150℃ (samples A1-2 to A1-4, K1-2, and K1-2). To further improve the 

crystal quality, we employed a two-step technique for thick films (samples A2-1 to A2-3 

and samples K2-1 to K2-3). First, we deposited a BiSb layer thinner than 10 nm at 50℃. 

Then, we increased TS to 150℃, and annealed the layer for 10 minutes. Finally, we 

deposited the rest at 150℃. We found that this two-step technique can improve the crystal 

quality and the electrical conductivity of BiSb thin films thicker than 10 nm. 

Sample Substrate temperature Thickness (nm) Gas 

A1-1 50 ℃ 10 

Ar 

A1-2 150 ℃ 14 

A1-3 150 ℃ 28 

A1-4 150 ℃ 40 

A2-1 50 ℃ → 150 ℃ 14 

A2-2 50 ℃ → 150 ℃ 24 

A2-3 50 ℃ → 150 ℃ 40 

K1-1 50 ℃ 10 

Kr 

 

K1-2 150 ℃ 30 

K1-3 150 ℃ 50 

K2-1 50 ℃ → 150 ℃ 17 

K2-2 50 ℃ → 150 ℃ 25 

K2-3 50 ℃ → 150 ℃ 43 
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Table 3.1    Samples studied in this chapter 

 

Crystal structure analysis 

Bi1-xSbx has a rhombohedral crystal structure (Figure 3.4), which is similar to other 

topological insulators, such as Bi2Se3 and Bi2Te3. As introduced in previous chapters, the 

spin Hall angle of BiSb strongly relies on its crystal orientation. Therefore, it is important 

to investigate how BiSb is crystallized at different temperature. Here we use XRD and 

TEM to characterize the crystal orientation (the TEM technique will be introduced in 

Chapter 6). 

 

Figure 3.4    Crystal structure of BiSb 

 

Figure 3.5(a)-3.5(d) show the 𝜃 − 2𝜃 X-ray diffraction (XRD) spectra of BiSb thin 

films deposited in various conditions. Figure 3.5(a) shows the XRD spectra of samples 

A1-1 to A1-4, deposited by Ar plasma in one-step. The patterns show strong BiSb(003), 

(006) and (009) peaks, indicating the dominant BiSb(001) phase. At 10 nm, there is no 

other phase than BiSb(001), demonstrating that it is possible to obtain a single-phase BiSb 
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thin film by sputtering deposition. As the thickness increases, extra phases such as 

BiSb(012) and BiSb(014) start to appear. Meanwhile, the two-step deposition can 

significantly suppress these extra phases, as can be seen in Figure 3.5(b) for samples A2-

1 to A2-3. Indeed, the BiSb(001) single phase was observed up to at least 24 nm by the 

two-step deposition. For samples deposited by Kr plasma, the BiSb(001) single phase was 

observed even by one-step deposition up to 50 nm, as shown in Figure 3.5(c). However, 

a weak BiSb(014) phase exists for thick samples deposited by Kr plasma in two-step, as 

shown in Figure 3.5(d). The surface morphology observed by atomic force microscopy 

(AFM) shows that the 10 nm thick BiSb films have smoother surfaces than thicker films. 

The roughness of 10 nm-thick BiSb thin films is about 0.9 nm for sample A1-1, and about 

0.8 nm for sample K1-1, as shown in Figure 3.6. However, the surface smoothness 

deteriorated rapidly as the thickness increased from 10 nm, which is consistent with the 

emergence of other phases as revealed by the XRD spectra. 
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Figure 3.5    XRD 𝜃 − 2𝜃 spectra of BiSb films on sapphire substrates, deposited by 

(a) Ar plasma in one-step, (b) Ar plasma in two-step, (c) Kr plasma in one-step, (d) Kr 

plasma in two-step. 

 

 

Figure 3.6  Surface morphology by AFM of 10 nm BiSb by (a) Ar and (b) Kr plasma. 

 

Next, we performed the XRD 𝜒 − 𝜑 scan [10] to investigate the in-plane texture of 

the 10 nm-thick samples A1-1 and K1-1. The 𝜃 angle was set at 13.6 for the (012) plane. 

Figure 3.7(a) and 3.7(b) show the polar mapping for 𝜒 = 0-90 and 𝜑 = 0-360 scan of 

samples A1-1 and K1-1, respectively. The polar maps show 6 strong peaks located at 𝜒 

= 55. Considering the epitaxial single crystal BiSb(001) has 3 distinct peaks at 𝜒 = 55 

separated by the azimuth angle of 120 (Figure 3.7(c)), Figure 3.7(a) and 3.7(b) indicate 

that there are equivalent twin crystals in samples A1-1 and K1-1 [11, 12]. However, there 

is no other plane in the polar maps besides BiSb(012), indicating the high crystal ordering 

of sputtered BiSb films despite the large lattice mismatch of -5.2% between the BiSb 

films and the sapphire substrates.  

We further characterize the crystal structure at the interface between BiSb and the 
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sapphire substrates by using high-resolution TEM. Figure 3.8 shows a TEM image of a 

BiSb film deposited on sapphire by Ar plasma, magnified near the interface. We can see 

that the first 2 nm BiSb has some crystal disorder, which absorbs the lattice mismatch 

with the sapphire substrate. When the thickness exceeds 2 nm, the crystal ordering 

improves rapidly, and a quasi-single-crystal BiSb film can be obtained. These results 

show the robustness of BiSb against lattice mismatch. 

 

 

Figure 3.7    XRD 𝜒 − 𝜑 polar mapping of the 10 nm-thick BiSb films deposited by 

(a) Ar, (b) Kr plasma in one-step, and (c) MBE, respectively. 
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Figure 3.8    TEM image near the interface of BiSb (001) / sapphire C-plane (0001) 

substrate. 

 

3.4    Electrical measurements 

Hall bar device process for electrical measurements 

For TI – FM heterostructures in SOT-MRAM, the high conductivity of TI is important 

to reduce the shunting current to the metallic FM layer. Thus, it is necessary to 

demonstrate highly conductive BiSb by sputtering deposition for future integration in 

spintronic devices. Furthermore, it is necessary to confirm the surface states in sputtered 

BiSb, which is important for large spin Hall angle. Because BiSb has metallic surfaces 

while the bulk performs like conventional semiconductors, the surface contribution can 

be distinguished by measuring the temperature dependence of conductivity, which shows 

different characteristics in surface and bulk states. We performed conductivity 

measurements using a 5-terminal Hall bar device in Figure 3.10. The process is as 

follows: 
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(1) Positive photoresist OFPR mask is formed on the surface of BiSb. 

(2) Photoresist outside of the Hall bar is removed by photolithography and development 

(developer solution: NMD3). 

(3) BiSb outside of the Hall bar is milled by Ar+ ion milling. 

(4) Photoresist on the Hall bar is removed (solution: Stripper 104). 

 

Figure 3.9    Device fabrication process 

 

 

Figure 3.10    Optical image of a Hall bar with the electrical measurement set-up. 

 

Electrical measurements results 
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Figure 3.11 shows the electrical conductivity, σ, of the BiSb thin films as a function of 

the film thickness, measured at 300 K. Two distinct features are observed. First, σ of the 

two-step samples is slightly higher than that of the one-step samples. Second, the thin 

samples have higher conductivity than that of the thick samples. The latter cannot be 

simply explained by the single BiSb(001) phase in the thin samples and the existence of 

multi phases in the thick samples. For example, the Kr one-step samples have nearly the 

same 𝜎 as with the Ar one-step samples, although the Kr one-step samples have a single 

phase of BiSb(001) up to 50 nm, while the Ar one-step samples have a single phase of 

BiSb(001) at 10 nm, two phases of BiSb(001) and (012) at 14 nm and 28 nm, and three 

phases of BiSb(001), (012), (104) at 40 nm. Instead, this feature can be explained by the 

existence of the topological surface states. The conductivity of a topological insulator is 

given by  𝜎 = 𝜎S𝑡S/𝑡 + 𝜎B, where 𝜎S and 𝜎B are the conductivity of the surface states 

and bulk states, and tS and t are the thickness of the surface and the whole film, 

respectively. When the bulk conduction is dominant (i.e. t >> tS), 𝜎  approaches 𝜎B . 

However, when t is reduced, the contribution of surface conduction becomes much more 

important, and 𝜎 becomes larger than 𝜎B, which explains the increasing 𝜎 at reduced 

thicknesses. We note that the even for the thick BiSb films, 𝜎 is still larger than 1×105 

-1m-1. The highest 𝜎 of 1.8×105 -1m-1 is obtained for the 10 nm-thick Ar1-1 and Kr1-

1 samples, which is close to that of high quality MBE-grown 10 nm-thick BiSb films on 

GaAs(111)A substrates (2.5×105 -1m-1), demonstrating that it is possible to obtain 

reasonably conductive and high quality BiSb thin films by sputtering deposition. Note 

that while sputtering deposition of another topological insulator, Bi1-xSex, has been 

attempted, the crystal quality is much poorer than the MBE-grown Bi2Se3, and the 
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conductivity of Bi1-xSex is reduced to about 7.8×103 -1m-1 [13] from that of epitaxial 

Bi2Se3 (~5×104 -1m-1) [14]. In contrast, the conductivity of sputtered 10 nm-thick BiSb 

is not much different from that of MBE-grown 10 nm-thick BiSb. 

 

Figure 3.11    Electrical conductivity at 300 K of BiSb thin films with different 

thicknesses. 

 

Another distinct feature of BiSb from other well-known V-VI topological insulators 

such as Bi2Se3, Bi2Te3 or Sb2Te3, is that its bulk is always an intrinsic semiconductor with 

the Femi level in the band gap. This is because Bi and Sb are in the same V-group, thus 

deviation of the composition or existence of anti-site defects does not result in any donors 

/ acceptors that would generate free carriers and shift the Fermi level to the conduction 

band (as in the case of Bi2Se3 or Bi2Te3 due to anti-site Se/Te) or to the valence band (as 

in the case of Bi2Te3 or Sb2Te3 due to anti-site Bi/Sb). This intrinsic semiconducting 

behavior of the bulk states has been confirmed in MBE-grown BiSb films on GaAs(111)A 

substrates [2]. Thus, the temperature dependence of the bulk conductivity is given by 
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𝜎B = 𝜎B0 exp (−
𝐸g

2𝑘B𝑇
) , where Eg is the effective band gap, and T is the temperature. 

Therefore, the total conductivity can be described by [15] 

𝜎 =
𝜎Sh

𝑡
+ 𝜎B =

𝜎Sh

𝑡
+ 𝜎B0 ∙ exp (−

𝐸g

2𝑘B𝑇
),               (3.1) 

where 𝜎Sh = 𝜎S𝑡S is the surface sheet conductance. Next, we measured the temperature 

dependence of resistivity in order to further demonstrate the existence of the surface states 

and estimate the effective band gap. Figure 3.12(a)-3.12(d) show the temperature-

dependence of the electrical resistivity normalized by its value at 300 K (RT) for Ar 

one-step, Ar two-step, Kr one-step, and Kr two-step samples, respectively. For thick 

samples, there are parallel conduction on the surface and in the bulk due to thermally 

excited intrinsic carriers at room temperature. With the temperature decreasing, the bulk 

conduction is suppressed, and the surface conduction becomes overwhelmingly dominant, 

explaining the plateaus of resistivity below 100 K observed for thick samples in Figure 

3.12(a)-3.12(d). The dashed lines in Figure 3.12(a)-3.12(d) are fits to the experimental 

data using Equation (3.1). For thin samples, the surface conduction dominates even at 

room temperature, thus the resistivity is nearly temperature-independent, confirming the 

metallic nature of the surface states [15]. These behaviors are similar to those of high 

quality MBE-grown BiSb thin films. 
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Figure 3.12    Temperature dependence of normalized resistivity  /RT of BiSb films 

deposited by (a) Ar plasma in one-step, (b) Ar plasma in two-step, (c) Kr plasma in one-

step, and (d) Kr plasma in two-step. The dash lines are fitting curves by 𝜎 = 𝜎Sh/𝑡 +

𝜎B0 exp (−
𝐸g

2𝑘B𝑇
). 

 

From fitting Equation (3.1) to the experimental data of thick samples, we can evaluate 

the contribution of the surface states to the total conductivity  = 
𝜎Sh

𝑡
/(

𝜎Sh

𝑡
+ 𝜎B). From 

equation 3.1, we can obtain 

𝜌

𝜌RT
=

𝜎RT

𝜎
=

𝜎RT

𝜎Sh/𝑡 + 𝜎B0 ∙ exp(−𝐸g/2𝑘B𝑇) 
=

1

𝑎 + 𝑏 ∙ exp (−𝑐/𝑇)
, 

in which the normalized fitting parameters are 
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𝑎 =
𝜎𝑆ℎ

𝜎𝑅𝑇 ∙ 𝑡
,   𝑏 =

𝜎B0

𝜎RT
,   𝑐 =

𝐸𝑔

2𝑘𝐵
. 

Therefore, the surface contribution is nothing other than a, and the bulk conductivity at 

room temperature is given by 

𝜎B= 𝜎B0 ∙ exp (−
𝐸g

2𝑘B𝑇
)=𝜎RT𝑏 ∗ exp (−𝑐/𝑇). 

Experimental data Fitting results 

Sample t (nm) σRT (105-1m-1) σSh/t (105-1m-1) σB (105-1m-1)  (%) 

A1-3 28 1.17 0.92 0.25 79 

A1-4 40 1.12 0.79 0.34 70 

A2-1 14 1.75 1.52 0.25 87 

A2-2 24 1.44 1.13 0.33 78 

A2-3 40 1.31 0.84 0.47 64 

K1-2 30 1.16 0.94 0.23 81 

K1-3 50 1.08 0.84 0.25 78 

K2-1 17 1.42 1.28 0.15 90 

K2-2 25 1.44 1.14 0.3 79 

K2-3 43 1.25 0.81 0.42 65 

Table 3.1    Fitting results for the surface conductivity, the bulk conductivity, and the 

contribution of the surface states to the total conductivity for samples thicker than 10 nm. 

 

Table 3.1 shows the fitting results for the surface conductivity, the bulk conductivity, 

and the contribution of the surface states to the total conductivity for samples thicker than 

10 nm. The bulk conductivity is only about 2 ~ 4×104 -1m-1, which is especially small 

in thinner samples, and the surfaces conductivity dominates the total conductivity. 
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Figure 3.13    (a) Surface state contribution to the total conductivity  at room 

temperature, and (b) effective band gap of sputtered BiSb thin films thicker than 10 nm. 

For reference, the effective band gap of an MBE-grown BiSb film is also shown. 

Figure 3.13(a) shows  at room temperature for samples thicker than 10 nm. One can 

see that even for very thick samples of 40-50 nm,  is larger than 60%.  rapidly increases 

with decreasing the thickness, and reaches nearly 90% for samples thinner than 20 nm. 

This indicates that the surface states dominate electrical conduction in BiSb. Furthermore, 

we can estimate the effective band gaps, which are plotted in Figure 3.13(b). For 

comparison, we also show the band gap of a 41 nm-thick MBE-grown Bi0.89Sb0.11 thin 

film. The band gaps include the intrinsic band gap (~ 20 meV) and the extrinsic band gap 

due to the quantum confinement effect. In general, because of the quantum confinement 

effect in BiSb, the effective band gap is much larger than the intrinsic value [2]. The data 

in Figure 3.13 shows the overall trend that the effective band gap increases with 

decreasing the thickness, which agrees with the existence of the extrinsic band gap due 

to quantum confinement. The effective band gaps of sputtered BiSb films are twice as 

large as that of MBE-grown BiSb, and depend on the sputtering condition. The origins of 

this enhancement of the effective band gap of sputtered BiSb are not clear, but may be 
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due to the lowering in the effective electron mass that enhances the extrinsic band gap, or 

extra biaxial tensile strain on the films during the sputtering process that can enlarge the 

intrinsic band gap [16]. 

 

3.5    Conclusion 

In conclusion, we have characterized BiSb thin films deposited on sapphire substrates 

by sputtering deposition. We show that it is possible to deposit high quality quasi-single-

crystal BiSb thin films by sputtering deposition with quality approaching that of MBE-

grown epitaxial thin films. We confirmed the existence of surface states from the 

thickness-dependence and temperature-dependence of the electrical 

conductivity/resistivity. Our results are promising for future integration of BiSb in SOT-

based spintronic devices, such as SOT-MRAM or spin Hall oscillators. 
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Chapter 4  Ultrahigh efficient spin-orbit torque magnetization 

switching in all-sputtered topological insulator – ferromagnet 

multilayers 

4.1    Introduction 

In chapter 3, high quality single layer BiSb thin films with high electrical conductivity 

(1.8×105 -1 m-1) were successfully deposited on sapphire substrate by sputtering 

deposition. We demonstrated that surface states are dominant in 10 nm BiSb thin films, 

even by sputtering deposition. Thus, we can expect that the high electrical conductivity 

and high surface contribution can be obtained on other substrates or on top of MTJ. On 

the other hand, the supremacy of BiSb by MBE has been demonstrated in previous works. 

The conductivity of MBE-grown BiSb thin films is as high as 2.5×105 -1 m-1 [1]. 

Furthermore, a giant spin Hall effect with SH ~ 52 has been observed in BiSb(012) thin 

films in junctions with MnGa grown on GaAs substrates [2]. These advantages make 

BiSb become a better candidate for SOT-MRAM compared with heavy metals like Pt, Ta 

and W, and other TIs like Bi2Se3 and (Bi0.07Sb0.93)2Te3. Nevertheless, following works on 

sputtered polycrystalline BiSb yields a maximum SH of only 1.2 [3], or even no SHE [4]. 

Therefore, it is very important to demonstrate the three requirements: (1) a large spin Hall 

angle, (2) large electrical conductivity σ of order of 105 -1 m-1, and (3) can be deposited 

using industry-friendly techniques, for sputtered BiSb for any realistic applications to 

SOT-based spintronic devices. 

In this chapter, we demonstrate ultrahigh efficient SOT magnetization switching in all-

sputtered BiSb – (Co/Pt) multilayers with large PMA. We show that the sputtered BiSb 

has a large spin Hall angle of θSH = 10.7 and high electrical conductivity of σ = 1.5 × 105 
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Ω-1m-1, thus satisfying all the three requirements for SOT-MRAM implementation. 

Despite the large PMA field of 5.2 kOe of the (Co/Pt) multilayers, we achieve robust SOT 

magnetization at a low current density of 1.5×106 Acm-2. Our results demonstrate the 

potential of BiSb topological insulator for mass production of ultralow power SOT-

MRAM and other SOT-based spintronic devices. Compared with other works on TI / 

magnetic layers with small magnetization, the large magnetization of the (Co/Pt) 

multilayers in this work is compatible to realistic MRAM. 

 

4.2    Sample growth and device fabrication 

Sample growth 

The main concerns for fabrication of high-quality TI - perpendicularly magnetized FM 

multilayers include the selection of materials for the FM layer, and the deposition 

sequence for BiSb and FM layers. Considering the large surface roughness of TIs (~ 5 

Angstrom for BiSb) and atomic inter diffusion during annealing process of the MTJ, it is 

not realistic to deposit the MTJ on top of the TI layer. Instead, the MTJ should be 

deposited and fabricated first, then the TI layer should be deposited on top of the free 

magnetic layer at the last step. Furthermore, to achieve high enough thermal stability, the 

free magnetic layer should be composed of ferromagnetic multilayers with high PMA that 

couple ferromagnetically or antiferromagnetically to the CoFeB layer. Noting that the 

(Co/Pt)n (n=2-6) multilayers have been frequently used in MRAM production as a part of 

the synthetic antiferromagnetic reference layer with large PMA for pinning, we choose 

the (Co 0.4 nm /Pt 0.4 nm)2 multilayers (referred below as CoPt) to realize thin 

ferromagnetic multilayers with large PMA for evaluating the SOT performance of the 

BiSb layer. Since c-plane (0001) sapphire substrate is helpful for (Co/Pt)n growth with 
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high PMA, we select sapphire substrates in this work. Figure 4.1(a) shows the structure 

of samples. 

 

Figure 4.1    (a) Schematic structure of our multilayers. (b) XRD spectrum, and (c) 

cross-sectional TEM image of the sample. 

 

Figure 4.1(a) shows the studied multilayer heterostructure, which consists of 

perpendicularly magnetized (Co 0.4 nm /Pt 0.4 nm)2 multilayers / 10 nm Bi0.85Sb0.15 

topological insulator layer, capped by 1 nm MgO / 1 nm Pt (not shown). The multilayers 

were deposited on c-plane sapphire substrates by a combination of direct current (DC) 
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and radio-frequency (RF) magnetron sputtering in a multi-cathode chamber. 

Characterization by XRD and TEM shows that the BiSb layer is polycrystalline with the 

dominant (110) orientation, shown in Figure 4.1(b) and 4.1(c), respectively. The existence 

of metallic surface states as well as insulating bulk states with a band gap more than 170 

meV for thin (< 20 nm) BiSb films was confirmed in Chapter 3. 

 

Hall bar device fabrication process 

For electrical measurements, we fabricated 25 μm-wide Hall bars by optical 

lithography. In order to minimize the diffusion of Sb atoms to FM layer induced by high 

temperature during baking the photoresist and ion milling process, we employed the lift-

off process to fabricate the Hall bar, as shown in Figure 4.2. The sample is heated only 

once during the electrode fabrication. The fabrication process is as follows. 

(1) Photoresist is formed on the sapphire substrate. 

(2) A Hall-bar shaped hole is patterned by photolithography and development. 

(3) Sample growth by sputtering deposition. 

(4) The samples are patterned into 90 m-long  25 m-wide Hall bars by lift-off. 

(5) The same process (different pattern) as (1) – (2) is reproduced for electrodes 

deposition. 

(6) 45 nm-thick Pt were deposited as electrodes by sputtering.  

(7) The devices are completed by lift-off to form the electrodes. The effective length of 

the devices is reduced to 50 m. 
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Figure 4.2    Device fabrication process for the Hall bars in this Chapter 

 

4.3    Characterization techniques 

Superconducting quantum interference device 

In this work, we use superconducting quantum interference device (SQUID) to 

evaluate the magnetization and the magnetic anisotropy field of magnetic thin films. 

SQUID uses superconducting loops and the Josephson effect. There are two Josephson 

junctions connected in parallel. If there is no external magnetic field, the input current 

equally flows into the two junctions. If there is an external field, the current in two branch 

will be different to create a magnetic field to compensate the external magnetic flux. 

Thereby, there will be a voltage induced in the circuit. By measuring this voltage, the 

external magnetic field can be calculated. 
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Hall effect measurement 

We perform the Hall effect measurement in order to detect the Hall effect and 

anomalous Hall effect. The Hall bar device is put into an external magnetic field. The DC 

current is applied to the x direction, and the transverse Hall voltage is measured. The Hall 

resistivity can be expressed as: ρH = ρO + ρAHE = ROHext + RAHEM, where ρO is the ordinary 

Hall resistivity, ρAHE is the anomalous Hall resistivity, Hext is the external magnetic field, 

M is the magnetization of sample, RO and RAHE are the coefficient of ordinary and 

anomalous Hall effect, respectively. By sweeping the external magnetic field, the 

hysteresis loop is acquired, and the Hall resistance of sample can be measured. The 

experimental set-up is shown in Figure 4.3(a). 

 

Second harmonic measurement 

We performed the second harmonic Hall measurements to evaluate the spin Hall angle 

[5]. The schematic of measurement is shown in Figure 4.3(b). An alternating current (AC) 

I = I0sint ( = 259.68 Hz) was applied to the Hall bar under a sweeping external field 

along the x direction. Under an AC current, BiSb generate an antidamping-like field HAD, 

originated from the SHE, and field-like field HFL originated from the Rashba-Edelstein 

effect. In TI/FM systems, the spin Hall effect dominates the Rashba-Edelstein effect, thus, 

the HFL can be neglected [2, 6, 7]. The HAD induces oscillation of the magnetic vector 

around the equilibrium position under the AC current [8-10]. Therefore, the Hall 

resistance RAHE can be expressed as RAHE = RAHE0 + ΔRAHEsinωt, in which ΔRAHE 

corresponds to the oscillation of magnetization. Therefore, the Hall voltage is given by 

VH = I0sint × (RAHE0 + ΔRAHEsinωt) = I0RAHE0sint + I0ΔRAHEsin2t = 𝑉𝑥𝑦
𝜔 + 𝑉𝑥𝑦

2𝜔, in 

which the first harmonic term 𝑉𝑥𝑦
𝜔  corresponds to the anomalous Hall effect, and the 
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second harmonic term 𝑉𝑥𝑦
2𝜔 corresponds to the oscillation induced by HAD. Both of 𝑉𝑥𝑦

𝜔 

and 𝑉𝑥𝑦
2𝜔 is measured by a lock-in amplifier. The 𝑉𝑥𝑦

2𝜔 is given by [10]: 

RH
2ω = 

||)/(2
thermal

u

ADH

x

x

xxx H

H
R

HHHH

HR
+

−
        (4.1) 

where HAD is the antidamping-like effective field, RH is the Hall resistance, Hu is the PMA 

field and Rthermal is the contribution from the anomalous Nernst (ANE) and spin Seebeck 

(SSE) effects. HAD can be obtained by fitting this equation to the experimental data, and 

the spin Hall angle can hereby evaluated. The set-up of second harmonic measurement is 

shown in Figure 4.3(c). 

 

SOT magnetization switching 

The experimental set-up is shown in Figure 4.3(d). A small in-plane magnetic field is 

applied along the x direction to break symmetry. A DC or pulse current is applied to the 

Hall bar device. The current induces a pure spin current in BiSb layer, which induces a 

SOT and switch the magnetization in the CoPt layer. The magnetization switching is 

detected by measuring the Vxy under a small DC current. 
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Figure 4.3    (a)(c)(d) Optical images of Hall bar with the experimental set-up for (a) 

Hall effect, (c) Second harmonic measurements and (d) SOT magnetization switching. 

(b) Schematic for second harmonic measurements. 

 

4.4    Spin Hall angle evaluation 

First, we evaluate the conductivity of BiSb. By measuring the resistance of (Co/Pt)2 / 

BiSb and (Co/Pt)2 thin films, we estimate that the conductivity of the BiSb from the 

parallel resistor model. The conductivity of BiSb layer is 1.5×105 Ω-1m-1, which is much 

higher than that of sputtered Bi1-xSex, and close to that of MBE grown BiSb on 

GaAs(111)A substrates. This demonstrates that is possible to grow highly conductive 

BiSb topological thin films on top of perpendicularly magnetized metallic layers by the 
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sputtering technique. Thanks to the high conductivity of the BiSb layer, 50% of the 

applied current flows into the BiSb and contribute to the SOT magnetization switching. 

Figure 4.4(a) shows the magnetic hysteresis curves of the as-grown sample measured 

by a SQUID under an in-plane and out-of-plane external magnetic field, respectively. The 

saturation magnetization MCoPt, normalized by the CoPt layer thickness (tCoPt = 1.6 nm), 

is 613 emucm-3. The uniaxial anisotropy field Hu = 15 kOe is very large for the as-grown 

film. Figure 4.4(b) and 4.4(c) shows the anomalous Hall resistance (RH) measured for a 

Hall bar under a sweeping out-of-plane and in-plane field, respectively, which confirms 

PMA of the CoPt layer. In Fig. 4.4(c), we show the fitting curve (red curve) to the data 

by the function RH = RH(0)√1- (
Hk

Hu
)

2

, in which RH(0) is the Hall resistance at zero field, 

Hx is the external field, and Hu is the PMA field. From this fitting, we obtain a PMA field 

of 5.2 kOe. Hu is reduced after Hall bar device fabrication by optical lithography 

undergoing a cycle of thermal annealing, but is still much larger than that of NiFe or CoTb 

used in previous works. 
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Figure 4.4    (a) Magnetization curves of as-grown Co/Pt multilayers. (b)(c) Hall 

resistance of a Hall bar device measured with magnetic field applied perpendicular to the 

film plane and in-plane along the current direction. 

 

Next, we performed the second harmonic Hall measurements to evaluate the spin Hall 

angle. Figure 4.5 shows RH
2ω- Hx curves at different current density. Fitting Eq. (4.1) to 

the high field data in the RH
2ω- Hx curves yields HAD (red curves in Figure 4.5). Figure 

4.6 shows HAD as a function of  BiSb. From the HAD /  BiSb gradient, we can calculate the 

effective spin Hall angle θSH
eff

 = BiSb

AD
CoPtCoPt

2

J

H
tM

e


= 12.3. 
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Figure 4.5    Second harmonic Hall resistance data for estimation of the antidamping-

like HAD as a function of JBiSb. The red curves are the theoretical fitting using Equation 

4.1. 
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Figure 4.6    HAD as a function of JBiSb. 

 

It is reported that CoPt multilayers can generate a “self” spin-orbit torque because of 

the spin Hall effect in Pt [11]. we performed the same second harmonic measurement for 

a [Co(0.4)/Pt(0.4)]2 sample without BiSb layer to evaluate the “self” spin-orbit torque and 

“self” spin Hall angle. The results are shown in Figure 4.7. By fitting the high field data 

in the RH
2ω- Hx curve (Figure 4.7(a) – 4.7(e)) to the Equation (4.1), we obtained HAD at 

each current density. Figure 4.7(f) shows HAD as a function of JCoPt, from which we can 

evaluate that the spin Hall angle of CoPt is 0.26. This value is consistent with those 

observed in Pt/(Co/Pt)n by Jinnai et al. with a maximum effective spin Hall angle of 0.30 

for the underneath Pt layer [11]. By reading the phase of second harmonic signal by the 

lock-in amplifier (Figure 4.8), we confirmed that the SOT of CoPt multilayers has the 

same polarity as that of (Co/Pt)2 / BiSb. This indicates that the SOT of CoPt assists the 

spin Hall effect in (Co/Pt)2 / BiSb, and we need to subtract this effect. The contribution 

from SOT of CoPt is calculated by (θSH
Pt / 12.3) × ( CoPt / BiSb) = 13%. Therefore, we 

obtain the intrinsic spin Hall angle of BiSb SH = 10.7, which demonstrates the feasibility 

of BiSb for ultralow power SOT-MRAM. 
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Figure 4.7    (a) – (e) 2nd harmonic Hall resistance as a function of in-plane magnetic 

field at various current densities JCoPt. Solid lines are fitting curves using Equation 4.1 in 

the manuscript. (f) HAD as a function of JCoPt. 

 

Figure 4.8    Phase of second harmonic voltage signal of (a) (Co/Pt)2 / BiSb and (b) 

(Co/Pt)2 thin films. 
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4.5    Ultrahigh efficient spin-orbit torque magnetization switching by 

DC and pulse currents 

We demonstrate ultrahigh efficient and robust SOT magnetization switching in the 

CoPt/BiSb multilayers. Figure 4.9 shows the SOT magnetization switching by DC 

currents with an applied external field along the x direction. We achieved Hall resistance 

switching whose amplitude is consistent with that of the Hall resistance loop shown in 

Figure 4.4(b), indicating full magnetization switching. The switching direction is reversed 

when the external magnetic field direction is reversed, which is consistent with the 

characteristic of SOT. Typical DC threshold switching current density BiSb

thJ  is 1.5×106 

Acm-2 at the bias field of 2.75 kOe. Note that thanks to the high electrical conductivity σ 

= 1.5×105 Ω-1m-1 of BiSb, the total current density including the shutting current in the 

CoPt is kept at 2.6×106 Acm-2. 

 

Figure 4.9    SOT magnetization switching by DC currents. Switching loops measured 

under an in-plane magnetic field applied along (a) +x direction and (b) - x direction. 

(b)(a)
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Next, we performed SOT magnetization switching by pulse currents. Figure 4.10(a) 

and 4.10(b) show a representative SOT switching loops by 0.1 ms pulse currents at +1.83 

kOe and -1.83 kOe, respectively. Figure 4.10(c) plots BiSb

thJ  at various pulse width tpulse, 

and the theoretical fitting using the thermal activation model  th
BiSb =  0

BiSb × [1-

1

∆
ln (

τpulse

τ0
)] [12], where BiSb

0J is the zero-kelvin threshold switching current density, ∆ is 

the thermal stability factor, and 1 / τ0 = 1 GHz (τ0 = 1 ns) is the attempt switching 

frequency. The fitting yields BiSb

0J = 4.6 × 106 Acm-2 and  = 38. Because magnetization 

switching occurs by domain wall nucleation and domain wall motion,  reflects the 

energy barrier of the volume with size equal to the domain wall width, i.e.,  should be 

considered as the energy barrier to nucleate a domain wall, rather than the energy barrier 

for coherently switching of the whole volume of the magnetic layer [13]. Therefore,  

evaluated by this way is smaller than that should be expected for switching the whole 

volume of the magnetic layer. Nevertheless, the obtained  of CoPt is large enough to 

ensure that the total  in ferromagnetically (antiferromagnetically) coupled 

CoFeB/Ta(Ru)/CoPt free layer can exceeds 60 for 10 years thermal stability, while the 

switching current density remains the same [14]. Our data can be used to estimate the 

performance of BiSb-based SOT-MRAM. For example, we estimate that the switching 

current density at tpulse = 10 ns would be BiSb

thJ (10 ns) = 4.3×106 Acm-2, which is about 20 

times smaller than that of heavy metals.  
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Figure 4.10     SOT magnetization switching by pulse currents. (a)(b) Switching loop 

by 0.1 ms pulse currents under an in-plane magnetic field of H = +1.83 kOe and -1.83 

kOe, respectively. (c) Threshold current density BiSb

thJ as a function of tpulse. 

Finally, we demonstrate robust SOT switching in the CoPt/BiSb junction. For this 

purpose, we applied a sequence of 75 pulses ( BiSb

thJ = 4.4×106 Acm-2, tpulse = 0.1 ms) as 

shown in the top panel of Figure 4.11. The Hall resistance data recorded for a total of 150 

pulses under ±1.83 kOe are shown in the bottom panel in Figure 4.11. We observed a 

robust SOT switching with no change in the device characteristics, indicating that the 

BiSb topological insulator deposited by the sputtering technique has great potential for 

realistic SOT-MRAM. 
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Figure 4.11    Robust SOT magnetization switching by 0.1 ms pulse current. 

 

As a control experiment, we attempt to switch the magnetization of the (Co/Pt)2 

multilayers by the self-SOT effect. We applied the same current density to the (Co/Pt)2 

multilayers as that flowed into the [Co/Pt]2 multilayers in the [Co/Pt]2/BiSb 

heterostructure. In the first experiment shown in Figure 4.12(b), we applied a DC current 

up to 1.38×107 Acm-2 under an in-plane bias field of 2.75 kOe. We observed no 

switching but Joule heating. Next, we attempt self-SOT switching by 1 ms and 0.1 ms 

pulse currents ramped up to 2.5×107 Acm-2 and 2.75×107 Acm-2, respectively. Again, 

we observed no switching as shown in Figure 4.12(c) and 4.12(d). 
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Figure 4.12    (a) Hall resistance of a [Co/Pt]2 Hall bar device measured with a 

perpendicular magnetic field. Magnetization switching test for Co/Pt multilayers by (b) 

DC, (c) and (d) pulse current with pulse width of τ = 1 ms and τ = 0.1 ms, respectively. 

 

4.6    Discussion 

Table 4.1 summarizes θSH, σ, the spin Hall conductivity σSH = (ħ/2e)σθSH, and the SOT 

normalized power consumption Pn at room temperature of several heavy metals and TIs. 

Here, θSH of TIs are their best values reported in literature. For the calculation of the Pn, 

we assumed bilayers of spin Hall material (thickness t = 6 nm for heavy metals and t = 

10 nm for TIs) and CoFeB (thickness tFM = 1.5 nm, conductivity FM = 6×105 Ω-1 m-1). 

Considering the shunting current in the ferromagnetic layer, the SOT power consumption 

is proportional to (t +FMtFM)/(tθSH)2. One can see that not only θSH but also  affect 

the SOT power consumption, a fact usually overlooked in literature. For example, while 
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the sputtered BixSe1-x has a much larger spin Hall angle (θSH = 18.6) [15] than that (θSH = 

3.5) of MBE-grown Bi2Se3 [6], their power consumption is nearly the same, because 

BixSe1-x has poorer crystal quality than Bi2Se3 and thus very low conductivity. Meanwhile, 

the sputtered BiSb thin film in this work shows both high σ = 1.5 × 105 Ω-1 m-1 and large 

θSH = 10.7, which are optimal for both small switching current density and small 

switching power consumption [16]. Indeed, the switching power consumption for 

sputtered BiSb is 50 times smaller than that for sputtered BixSe1-x, and over 300 times 

smaller than that for W, which is the most used heavy metal in SOT-MRAM development. 

The small switching current density and switching power also help suppress failure of the 

spin Hall layer due to electromigration and Joule heating [17].  

 

Table 4.1    Spin Hall angle SH, electrical conductivity , spin Hall conductivity SH , 

and SOT normalized power consumption Pn of several heavy metals and topological 

insulators. 

Note that the obtained θSH is still smaller than the highest θSH ~ 52 observed in the 

MBE-grown BiSb(012), because BiSb deposited on top of Pt is polycrystalline and does 

not have the optimized (012) orientation. We expect that even higher θSH can be obtained 

if we can control the crystal orientation of BiSb by inserting a seed layer that promotes 

the (012) orientation. Our results demonstrate the feasibility of BiSb for not only ultralow 

SOT Materials |θSH| σ (Ω-1m-1) |σSH| [(ħ/2e) Ω-1m-1] Pn

Ta 0.15 5.3×105 8.0×104 1

Pt 0.08 4.2×106 3.4×105 3.6×10-1

W 0.4 4.7×105 1.9×105 1.6×10-1

(Bi0.07Sb0.93)2Te3 (MBE) 2.5 1.8×104 4.5×104 3.0×10-1

Bi2Se3 (MBE) 3.5 5.7×104 2.0×105 2.1×10-2

BixSe1-x (Sputtered) 18.6 7.8×103 1.5×105 2.6×10-2

Bi0.85Sb0.15 (Sputtered) 10.7 1.5×105 1.6×106 5.2×10-4
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power SOT-MRAM but also other SOT-based spintronic devices, such as race-track 

memories [18] and spin Hall oscillators [19, 20]. 
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Chapter 5    Low power spin-orbit torque switching in 

sputtered BiSb topological insulator / perpendicularly 

magnetized CoPt / MgO multilayers on oxidized Si substrate 

5.1    Introduction 

In Chapter 4, we demonstrated that sputtered BiSb has a large spin Hall angle of 10.7, 

and high electrical conductivity of 1.5×105 -1 m-1. That work confirms the potential of 

BiSb for the application in mass production of SOT-MRAM. Nevertheless, realistic SOT-

MRAM is integrated on Si substrates. In recent years, integration of embedded MRAM 

[1] has been implemented with exclusive advantages, such as high reading/writing speed 

and long lifetime [2]. Furthermore, there are reports of neuromorphic computing by using 

spin-torque nano-oscillators as physical neurons [3-5]. These works use devices based on 

STT, while SOT-based device is expected to increase the performance with improved 

writing speed and reliability. The core structure of SOT-MRAM and spin-torque nano-

oscillators is MTJ consisting of a pinned FM layer, an insulating tunnel barrier, and a free 

FM layer, and BiSb spin Hall layer in contact with the free layer. The de-facto tunnel 

barrier material is MgO, while the FM layers are typically CoFeB, FeB, or CoFe, which 

may be coupled to Co/Pt multilayers with strong PMA for pinning. For realistic MRAM, 

MTJs have to be deposited on Si/SiOx substrates [3-5], thereby performance of BiSb 

deposited on Si/SiOx substrate is of great interest. Although the SOT effect of BiSb has 

been studied in oxidized Si/CoTb/BiSb heterostructures, the effective spin Hall angle θSH
eff

 

of BiSb is reduced to 1.2 due to the low spin transmissivity at the CoTb interface [6]. 

Furthermore, the studied CoTb layer is ferrimagnetic with small magnetization and small 

PMA field of ~ 1 kOe, which is not suitable for SOT-MRAM. Thus, study of SOT effect 
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in junctions of BiSb and high-PMA ferromagnetic layer deposited on oxidized Si 

substrate is strongly required. 

 

Figure 5.1 (a) STT-MRAM MTJ stack with a double interface 

MgO/CoFeB/Ta/CoFeB/MgO free layer [7] © [2014] IEEE. (b) BiSb-based SOT-MRAM 

stack with CoFeB/Ta(Ru)/(Co/Pt)n/BiSb (right) free layer.  

 

Based on the works in Chapter 4, we propose a practical structure for MRAM, shown 

in Figure 5.1. It is an improvement from the MTJ stack developed for STT-MRAM by 

Ikeda et al [7]. This structure has a high thermal stability factor of  ~ 80 at diameter of 

50 nm. Typically, the perpendicular magnetic anisotropy (PMA) at a single CoFeB/MgO 

interface can yield only  ~ 40, which is not enough for STT-MRAM applications, thus 

a double interface MgO/CoFeB/Ta/CoFeB/MgO free layer was proposed [8], as shown 

in Figure 5.1(a). Based on this structure, we propose a SOT-MRAM, shown in Figure 

5.1(b), that CoFeB is ferromagnetically or antiferromagnetically coupled to (Co/Pt)n 
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multilayers with a middle Ta or Ru layer, then BiSb is deposited on top of the (Co/Pt)n 

multilayers. This scenario has many advantages. First, the (Co/Pt)n multilayers add an 

extra  (~ 40 for n = 2 as demonstrated in this work) so that the total  ~ 80 can be 

achieved. It has been shown that it is possible to increase  by this way without increasing 

the switching current density [8]. Furthermore, we can increase the number of (Co/Pt) 

pairs to keep  > 60 when the diameter is further reduced. Secondly, the (Co/Pt)n 

multilayers protect the CoFeB layer from diffusion of Bi/Sb atoms during BiSb deposition, 

which can damage the CoFeB layer. Finally, we have demonstrated in Chapter 4 that a 

large spin Hall angle larger than 10 can be achieved with the BiSb/(Co/Pt)n interface. In 

this chapter, we concentrate on the top BiSb/(Co/Pt)n on Si/SiOx substrate. 

We study the SOT characteristics in all-sputtered BiSb – Pt/Co/Pt – MgO 

heterostructures deposited on oxidized Si substrates. The Pt/Co/Pt trilayers have a large 

PMA of 4.5 kOe. We found that the BiSb layer has a large effective spin Hall angle θSH
eff

 

= 2.4 and high electrical conductivity of σ = 1.0×105 Ω-1m-1. The magnetization can be 

switched by a current density as small as 2.3×106 Acm-2 at pulse width of 100 μs, which 

is 1 or 2 orders of magnitudes smaller than that in heavy metals. Robust switching and 

fast switching down to 100 ns are also realized. Our work demonstrates the high 

efficiency and robustness of BiSb as a spin current source in realistic SOT devices. 

 

5.2    Sample growth 

We prepare the heterostructure consisting of Bi0.85Sb0.15 (10 nm) – Pt (0.8 nm)/Co (0.6 

nm)/ Pt (0.8 nm) – MgO (10 nm) on oxidized Si substrate, from top to bottom, by direct-

current (for BiSb and all metallic layers) and radio-frequency (for MgO) magnetron 

sputtering, as shown in Figure. 5.2(a). The sample is capped by MgO (1 nm) and Pt (1 
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nm) for preventing the oxidation of BiSb. MgO is deposited on the Si/SiOx substrate to 

compensate the surface roughness of SiOx. The Pt/Co/Pt trilayers (denoted below as CoPt) 

are designed to be symmetric to eliminate any parasitic SOT effect from the Pt layers and 

to generate large enough PMA. 

For electrical measurements, the sample was patterned into 50 m-long  25 m-wide 

Hall bars by the same lift-off method as introduced in chapter 4. In μm-size Hall bar, the 

magnetization switching occurs through domain wall nucleation and domain wall motion 

[9], thus the switching time is limited by the propagation time of the domain walls through 

the Hall bar. Therefore, for SOT switching measurement by short pulses, we scale down 

the Hall bar size to 5 μm × 15 μm for shorter domain wall propagation length. The small 

Hall bar is shown in Figure 5.2(b). 

 

Figure 5.2    (a) Schematic structure of our samples. (b) Optical image of 5 μm × 15 

μm Hall bar 

 

5.3    Spin Hall angle evaluation 

Figure 5.3(a) and 5.3(b) show the anomalous Hall resistance RH of the sample measured 

with a sweeping external field applied perpendicular to the film plane (Figure 5.3(a)) and 
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in-plane along the current direction (Figure 5.3(b)), respectively, which confirm PMA of 

CoPt. In Fig 5.3(b), we show the fitting curve to the data by the function RH = 

RH(0)√1- (
Hx

Hu
)

2

, in which RH(0) is the Hall resistance at zero field, Hx is the external field, 

and Hu is the PMA field. From this fitting, we obtain a PMA field of 4.5 kOe, which is 

comparable to that of CoFeB/MgO. The conductivity of the BiSb top layer is evaluated 

as 1.0×105 Ω-1m-1 by the parallel resistor model. While this value is smaller than that of 

MBE-grown BiSb (2.5×105 Ω-1m-1) [10], it is larger than that of MBE-grown Bi2Se3 

(5.6×104 Ω-1m-1) [11] and MBE-grown (BiSb)2Te3 (1.8×104 Ω-1m-1) [12], and helps 

reduce the shunting current to other metallic layers significantly. Indeed, we estimate that 

31% of the applied current flows into the BiSb. 

 

 

Figure 5.3    (a)(b) Hall resistance of a Hall bar device measured with magnetic field 

applied perpendicular to the film plane and in-plane along the current direction. 

 

We performed high-field second harmonic Hall measurements to characterize the spin 

Hall effect of BiSb [13-15]. An alternating current (AC)   =  0sint ( = 259.68 Hz) 

was applied to the Hall bar under a sweeping external field applied along the current 

direction (x direction). The 2nd harmonic Hall resistance RH

2ω

 , originated from the 
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oscillation of the net magnetic moment under the SOT magnetic fields, are measured by 

the lock-in amplifier at different current density. Figure 5.4(a) shows RH

2ω

− Hx curves 

measured at several BiSb current density  BiSb. A representative fitting by equation [15] 

RH

2ω

 = 
||)/(2

thermal

u

ADH

x

x

xxx H

H
R

HHHH

HR
+

−
        (5.1) 

to the experimental data at  BiSb = 2.48×105 Acm-2 is shown in Figure 5.4(a) (dashed 

curves). HAD yielded from the fittings is plotted as a function of  BiSb in Figure 5.4(b). 

The effective spin Hall angle θSH
eff

 is then calculated from θSH
eff

 =
BiSb

AD
CoPtCoPt

2

J

H
tM

e


~ 2.4, 

where MCoPt = 500 emu/cc is the saturation magnetization of CoPt, measured by SQUID. 

Since the top Pt (0.8 nm) layer induces some spin loss of the spin current injected from 

BiSb, the effective spin Hall angle θSH
eff

 of BiSb is smaller than the real spin Hall angle 

θSH by θSH
eff

=θSH*sech(tPt/SF
Pt

), where tPt = 0.8 nm is the top Pt layer thickness and SF
Pt

 

is the diffusion length of Pt. If we use the spin diffusion length SF
Pt

 = 1.1 nm for Pt 

reported in Pt/BixTe1-x [16], we expect that θSH = 3.1. 

 

 

Fig. 5.4    (a) High-field 2nd harmonic Hall resistance as a function of the in-plane 

external magnetic field Hx at different BiSb current densities. Dashed curves are 

theoretical fitting using Eq. 5.1 to data at JBiSb = 2.48105 Acm-2. (b) Antidamping-like 

field HAD as a function of JBiSb. 
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To further confirm that the observed large SOT effect is from the contribution of BiSb, 

we prepared a control sample MgO(10) / Pt(0.8) / Co(0.6) / Pt(0.8) / Ta (6) (units in 

nanometer). We used the second harmonic measurement to evaluate the spin Hall angle. 

The results are shown in Figure 5.5. For this control sample, the Hall resistance RH = 3 Ω, 

saturation magnetization MCoPt = 500 emu/cc, anisotropy field Hu = 1.8 kOe, and current 

distribution is 50% for Ta. From the second harmonic measurements, we obtained θSH
eff

 

= -0.06 for Ta. 

 

Figure 5.5    (a)(b) Hall resistance of a control sample MgO(10) / Pt(0.8) / Co(0.6) / 

Pt(0.8) / Ta (6), measured with magnetic field applied perpendicular to the film plane and 

in-plane along the current direction. (c) Representative second harmonic Hall resistance 

as a function of in-plane external field. Red curves are theoretical fitting using Eq. 5.1. 

(d) Antidamping-like field HAD as a function of  Ta. 
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5.4    SOT magnetization switching by DC and pulse currents 

We demonstrate SOT magnetization switching of CoPt by pulse currents. Figure 5.6 

shows the SOT magnetization switching curves by DC currents, with an external field Hx 

= ±183 Oe applied along the x direction to break symmetry. The switching direction is 

reversed when the external magnetic field direction is reversed, which is consistent with 

the characteristic of SOT. The amplitude of the Hall resistance switching is consistent 

with that of hysteresis curve in Figure 5.3, indicating full magnetization switching. The 

threshold current density  th
BiSb, at which RH changes sign, is 1.0×106 Acm-2. Thanks to 

the high conductivity of BiSb, the current density in the whole structure is as low as 

2.46×106 Acm-2.  

 

Figure 5.6    SOT magnetization switching by DC currents. Switching loops measured 

under an in-plane magnetic field applied along +x (red) direction and -x (blue) direction. 

 

Figure 5.7 shows the SOT magnetization switching curves at different pulse width with 

an external field Hx = ±183 Oe along the x direction. The full SOT magnetization 

switching can also be achieved by pulse currents. The threshold current density  th
BiSb, at 

which RH changes sign, is 2.3×106 Acm-2 at pulse width of 100 μs. We then plot  th
BiSb as 
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a function of pulse width  for forward (blue) and backward (red) SOT switching in Figure 

5.8, and fit the data by the thermal activation model  th
BiSb= 0

BiSb× [1-
1

∆
ln

τ

τ0
] (solid lines) 

[17], where  0
BiSb is the zero-Kelvin threshold switching current density, ∆ is the thermal 

stability factor, and 1/𝜏0 = 1 GHz (𝜏0 = 1 ns) is the attempt switching frequency. From 

the fitting, we obtain  = 32, which is slightly lower than  ~ 38 in CoFeB/MgO. The  

can be further improved by ferromagnetically coupling CoPt to CoFeB/MgO through a 

thin Ru layer, thus we expect CoPt/Ru/CoFeB/MgO can yield a total  = 70 for 10-year 

thermal stability [8]. Figure 5.9 shows the field dependence of the SOT magnetization 

switching at  = 100 μs. Note that the amplitude of the switching loop RH at each Hx is 

consistent with RH = RH(0)√1- (
Hx

Hu
)

2

, where RH(0) = 6.1  and Hk = 4.5 kOe. These results 

demonstrated the full switching as well as the consistency of large PMA.  

 

Fig. 5.7    SOT switching loops at different pulse width , measured under a bias in-

plane magnetic field applied along the +x (left) direction and - x (right) direction. 
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Figure 5.8    Threshold current density BiSb

thJ as a function of τ. 

 

Figure 5.9    Bias field dependence of SOT switching loops at  = 100 μs. 

 

In Figure 5.10, we demonstrate robust SOT switching by applying repeatedly 100 μs 

pulses currents of ±2.9×106 Acm-2, as the top panels in Figure 5.10 for 5 loops, at bias 

field of ± 183 Oe. We observed a robust full SOT switching with RH depending on the 

direction of pulse current and Hx.  
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Figure 5.10    Robust SOT magnetization switching by 100 μs pulse currents. 

 

In order to further confirm the large SOT effect of BiSb, we also perform the SOT 

magnetization switching for the control sample MgO(10) / Pt(0.8) / Co(0.6) / Pt(0.8) / 

Ta(6) (thickness in nm). In the control sample, the magnetization is switched by only 20% 

by a threshold current density 8×106 A/cm2, as shown in Figure 5.11. The current density 

is more than 3 times larger than that of BiSb despite the control sample has a much smaller 

Hu. Because the control sample uses the same Pt/Co/Pt multilayers, the effect of both Ta 

and Pt can be included. Together with the second harmonic measurements, it can be 

confirmed that the SOT effect in our work is from the contribution of BiSb, which can 

generate a much higher SOT efficiency than heavy metals. 
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Figure 5.11    SOT switching loop in the control sample MgO/Pt/Co/Pt/Ta by a pulse 

current tpulse = 3 ms under a bias field of 273 Oe. 

 

Finally, we performed the SOT magnetization switching measurements by shorter 

pulses down to 100 ns. Figure 5.12(a) shows the anomalous Hall resistance of a small 

Hall bar device. The SOT magnetization switching loops at 500 ns, 200 ns and 100 ns 

(which is the limit of our signal generator) are shown in Figure 5.12(b). We achieved full 

magnetization switching with  th
BiSb = 5.4 × 106 Acm-2 at 100 ns under Hx = 183 Oe, 

which is still one order of magnitude smaller than that of heavy metals. 

 

Figure 5.12    (a) Hall resistance of a 5 μm × 15 μm Hall bar device measured with a 

perpendicular magnetic field. (b) Switching loops by 500 ns, 200 ns and 100 ns pulse 

currents measured under Hx = 183 Oe. 
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5.5    Discussion 

In summary, we have investigated SOT performance of BiSb topological insulator in 

junctions with CoPt with large PMA on MgO buffer, deposited fully by the sputtering 

technique on oxidized Si substrates. Although the CoPt layer has a large PMA field of 

4.5 kOe, we were able to perform SOT switching with low current densities and fast pulse 

down to at least 100 ns. The sputtered BiSb layer has a relatively high conductivity of 

1.0×105 Ω-1m-1 compared with other MBE-grown TIs, and a large effective spin Hall 

angle of 2.4. Table 5.1 compares the normalized power consumption between Ta, Pt, W 

and sputtered BiSb on SiOx. One can see that the power consumption of sputtered BiSb 

on SiOx is much smaller than that of heavy metals, thanks to its high spin Hall angle 

relatively high conductivity. Our work shows that it is possible to implement ultralow 

power SOT-MRAM and other SOT devices, such as spin Hall oscillator [18], using BiSb 

on Si substrates. 

 

Table 5.1    Spin Hall angle SH, electrical conductivity , spin Hall conductivity SH , 

and SOT normalized power consumption Pn of Ta, Pt, W, and sputtered BiSb on Si/SiOx 

substrates. 
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Chapter 6    Structure analysis by transmission electron 

microscope 

6.1    Introduction 

In previous chapters, we demonstrated that BiSb can be deposited by sputtering 

deposition with large spin Hall angle and high electrical conductivity, and realized low 

energy SOT magnetization switching in all-sputtered BiSb / CoPt multilayers on sapphire 

and Si/SiOx substrate. However, there is still room for improvement in BiSb deposition 

by sputtering. Ideally, material for spin Hall layer in realistic SOT-MRAM requires a spin 

Hall angle larger than 10. The spin Hall angle of sputtered BiSb on Si/SiOx substrates is 

3.1, which is much smaller than that of MBE-grown ideal BiSb, as well as that of 

sputtered BiSb on sapphire substrates. It is required to robustly grow BiSb with large spin 

Hall angle for future SOT-MRAM. 

In this chapter, we discuss the reason for the relatively small spin Hall angle in 

sputtered BiSb, and the possible solution to improve it. It is known that most TIs have 

low thermal and chemical stability [1-3]. During the heating process, the Sb atoms are 

easy to diffuse to the FM layers. Since the spin Hall angle becomes maximum when the 

concentration of Sb is 15%, it will decrease if the BiSb lose Sb atoms [4]. Moreover, the 

Sb diffusion to FM layers will lead to a drastic decrease of PMA. In the sample we studied 

in Chapter 4, the as-grown CoPt has a large PMA field of 15 kOe, but it is reduced to 5.2 

kOe after device fabrication process. Therefore, the Sb diffusion will make it difficult to 

obtain FM layers with large PMA, which is important SOT-MRAM. In this work, we use 

scanning transmission electron microscope (STEM) and EDX spectroscopy to analyze 

the elements distribution in different structures. Because of the limitation of TEM 
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schedules, we measure some different samples to those in previous chapters. Nevertheless, 

the results can still provide some guidance for our future works. 

 

6.2    Characterization technique: transmission electron microscope 

TEM is the equipment to observe a sample at atomic resolution. In the measurement 

process, an accelerated and focused electron beam is transmitted through a thin specimen. 

Thanks to the short de Broglie wavelength of electrons, TEM can provide much higher 

resolution than optical microscopes. STEM combines the principles of SEM into TEM. 

It can collect the signals that cannot be correlated in TEM, including secondary electrons, 

scattered beam electrons, characteristic X-rays, and electron energy loss. Especially, X-

ray is emitted during the collision process between electrons and specimen, whose energy 

is characteristic of the elemental composition of the sample. EDX spectrometer is used to 

count and sort characteristic X-rays according to their energy. It is an important tool in 

this work to analyze the element composition and distribution in this work. 

 

6.3    Sample growth and specimen processing 

We prepared 2 groups of control experiments. In the first group, we use the 

(Co/Pt)2/BiSb (top) on sapphire in Chapter 4, and another BiSb (10) (bottom) / Pt (1) / Co 

(1) / Pt (1) for comparison (unit in nm). These samples are denoted as sample 1A and 1B 

respectively. The magnetization of 1B is in-plane. In the second group, two [Co (0.9) / 

Gd (0.4)]3 / Pt (1) / BiSb (10) (top) samples on Si/SiOx substrates are prepared, denoted 

as sample 2A and 2B respectively. In sample 2A, the (Co/Gd)3/Pt multilayers were taken 

out from the deposition chamber and exposed to the air for 30 minutes before BiSb was 

deposited. Both samples in group 2 are capped by 1 nm Pt to prevent the oxidation. 
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Anomalous Hall effect measurements show that sample 2A has PMA while the 

magnetization of sample 2B is in-plane. All samples are deposited by DC magnetron 

sputtering. The structures of samples in this chapter are illustrated in Figure 6.1. 

 

Figure 6.1    Schematic of sample structures in this work 

 

Specimen processing by focused ion beam 

Before the observation by TEM, the samples were fabricated to thin specimens, which 

are suitable for TEM observation, by a focused ion beam (FIB) - Scanning Electron 

Microscope (SEM) mixed system. A FIB uses a beam of ions, which can be focused on 

the surface, to image the sample. The ion beam with high energy can also mill the sample 

with nanometer precision under the observation by SEM and FIB. For TEM observation, 

milled specimen needs to be attached to an appropriative pillar. The milling process is 

described as follows. 

(1) Deposit 1 μm Pt on the surface to protect the surface from the damage by the ion beam.  

(2) Mill three sides and the bottom of the desired 3 μm×15 μm region.  

(3) Insert the needle, contact it with the end of the specimen, and attach them together by 

Pt deposition (Figure 6.2(a)).  

(4) Cut the fourth side, and retract the needle. Now the specimen is attached with the 

needle. 
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(5) Take out the remaining raw sample, and put the appropriative holder into the chamber.  

(6) Insert the needle with specimen again, adjust the position, and contact the specimen 

with the pillar on the holder. Attach the specimen with the pillar by Pt deposition 

(Figure 6.2(b)). 

(7) Mill the connection between the specimen and the needle, and retract the needle. 

(8) Mill both sides of the specimen to make it thinner (Figure 6.2(c)). We need to mill it 

into a fusiform, because this shape can keep the specimen most stable in STEM when 

it is irradiated by electrons. We mill it narrower and narrower, and evaluate the 

thickness by the contrast. The process can be finished if the FIB image becomes 

transparent, and the pillar with specimen can be taken out from the chamber. The 

specimen is finally milled to 10-nm wide. 

 

Figure 6.2    FIB images of specimen preparation for TEM observation 
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6.4    Experimental results 

Figure 6.3(a) and 6.3(b) shows the TEM image of sample 1A and 1B with their nano-

beam diffraction patterns, respectively. For sample 1A, because the thickness of Co and 

Pt layers is 0.4 nm, there is approximately only 1 layer of atoms in each layer. It is easy 

that the CoPt multilayer becomes alloy, which can be observed in the TEM image. 

Through the nano-beam diffraction patterns, it can be known that the CoPt is textured. In 

BiSb layer, the first 2 to 3 nm BiSb has some crystal disorder, which absorbs the lattice 

mismatch with CoPt. When the thickness exceeds 2 nm, BiSb become polycrystal, with 

different crystal ordering in different region. The polycrystallinity is confirmed by the 

nano-beam diffraction patterns, although BiSb(110) is the dominant phase. These results 

are consistent with the XRD spectrum in Chapter 4 with multi XRD phases. Note that 

BiSb deposited either directly on sapphire substrate (introduced in Chapter 3) or on CoPt 

has 2 nm crystal disorder, and crystal ordering improves rapidly when the thickness 

exceed 2 nm. These results demonstrate the robustness of BiSb by sputtering deposition 

on different interface. 

For sample 1B, the Co-Pt interface is clear because the Co and Pt layers are relatively 

thick. However, the Co and Pt layers are weakly polycrystal according to the TEM image 

and nano-beam diffraction patterns. This is a possible reason that the magnetization of 

this sample does not have PMA. The BiSb layer directly deposited on sapphire substrate 

has high crystal ordering, which is consistent with the results of single layer BiSb in 

Chapter 3. However, the crystallinity becomes weak in part of the sample when the 

thickness exceeds 5 nm. This change can be demonstrated through the comparison of 

nano-beam diffraction patterns between BiSb near the substrate and near CoPt. 
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Figure 6.3    TEM images with nano-beam diffraction patterns for (a) sample 1A and 

(b) sample 1B. 

 

Figure 6.4(a) and 6.4(b) show the EDX spectroscopy of sample 1A and 1B, respectively. 

We mapped the concentration of Sb atoms in CoPt layers. The concentration of Sb in 

CoPt layer is 5% in sample 1A, while that is 12% in sample 1B. The large Sb diffusion to 

CoPt is another possible reason that the PMA of CoPt in sample 1B was not realized. On 

the other hand, from the crystal quality, the BiSb in sample 1B is expected have larger 
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spin Hall angle than that in sample 1A because of its higher crystal ordering. On the 

contrary, the spin Hall angle of sample 1A is 10.7, while that of sample 1B is only 1. This 

phenomenon can be explained by the EDX mapping results. In sample 1B, there is a 

massive Sb loss in BiSb, which makes the Sb concentration much smaller than 15% in 

BiSb layer. Because the spin Hall angle is largest when the Sb concentration is 15%, and 

rapidly decreases when either the Sb concentration increases or decreases, the sample 1A 

has large spin Hall angle with Sb concentration close to 15%. Furthermore, there is 

significant Pt diffusion into BiSb in sample 1B. 

 

Figure 6.4    Distribution of each element by EDX mapping for (a) sample 1A and (b) 

sample 1B. Sb diffusion to CoPt layer is marked in the figures. 
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Figure 6.5(a) and 6.5(b) show the TEM image of sample 2A and 2B, respectively. The 

TEM images indicate the weak crystal ordering in the CoGd layer. However, BiSb 

becomes polycrystal after a thin crystal ordering in both samples on different BiSb-Pt 

interface (the difference will be explained below). These results provide another evidence 

for the robustness of BiSb deposition by sputtering. In this group, sample 2A with 

(Co/Gd)3/Pt exposed to air has PMA, while sample 2B has in-plane magnetization. We 

investigate the difference by analyzing the element distribution in each layer. In the 

STEM image of sample 2A, there is one more layer between BiSb and Pt, which does not 

exist in sample 2B. This layer is likely oxidized Pt due to exposure in air. This oxidized 

layer can become a barrier to prevent the Sb diffusion from BiSb to CoGd, and protects 

the PMA of CoPd.  

This hypothesis was confirmed by the EDX spectroscopy. Figure 6.6(a) and 6.6(b) 

show the EDX spectroscopy of sample 2A and 2B, respectively. We mapped the element 

distribution in the Pt and CoGd layer. Table 6.1 shows the concentration of Sb and O 

atoms in Pt and CoGd layer. The O concentration in CoGd layer approaches to 50% in 

both samples, meaning that CoGd is oxidized by oxygen from SiOx. However, the O 

concentration in Pt layer are quite different. In sample 2A, it is nearly double than that in 

sample 2B. The high O concentration in the Pt layer in sample 2A can also be confirmed 

by the EDX mapping. The oxidized part of Pt is marked red in Figure 6.6(a). This result 

is consistent with the TEM images, confirming the existence of oxidized Pt layer in 

sample 2A. Furthermore, the Sb concentration in CoGd is 0.7% and 3%, and that in Pt is 

2% and 11% in sample 2A and 2B, respectively, indicating that the oxidized Pt layer can 

suppress the Sb diffusion to Pt and then CoGd. We conclude that the less diffusion of Sb 

protects the PMA of the CoGd layer in sample 2A. 
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Figure 6.5    TEM images for (a) sample 2A and (b) sample 2B. 
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Sample 2A Sample 2B 

Sb in Pt 2% Sb in Pt 11% 

Sb in CoGd 0.7 Sb in CoGd 3% 

O in Pt 43% O in Pt 27% 

O in CoGd 49% O in CoGd 46% 

Table 6.1    Concentration of Sb and O atoms in Pt and CoGd layer in sample 2A and 

2B. 

 

Figure 6.6    Distribution of each element by EDX mapping for (a) sample 2A and (b) 

sample 2B. Sb diffusion to CoGd layer in both samples, and oxidized Pt layer in sample 

2A is marked in the figures. 
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6.5    Discussion 

The studies in this chapter can provide some guidance to obtain BiSb/FM 

heterostructures with large spin Hall angle and large PMA. Firstly, the Sb loss in BiSb 

should be prevented in order to keep the Sb concentration unchanged. On the other hand, 

the Sb diffusion to FM layers is confirmed to be the reason that reduces or destroys PMA. 

If we directly deposit BiSb on FM layers, the percentage of Sb diffused to FM layers can 

be different in different samples, making the spin Hall angle unstable. Using the interlayer 

between BiSb and FM layers to prevent the Sb diffusion is a solution to this problem. 

NiO is a good choice as the material for the interlayer, because there are reports that NiO 

can enhance the SOT exerted on FM layers [5, 6]. Recently, by using a NiO interlayer, 

Sasaki et al. [7] has demonstrated BiSb/FM heterostructure with a large spin Hall angle 

of 10. This robustness is very important for mass production of SOT-MRAM. 
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Chapter 7    Conclusion 

In Chapter 1, the background of this research was introduced. MRAM is promising for 

its non-volatility compared with traditional charge-based memories such as SRAM and 

DRAM. MRAM have so far evolved from toggle MRAM, spin-transfer-torque MRAM 

to SOT-MRAM. The requirements for the spin Hall layer of SOT-MRAM are identified 

as (1) large spin Hall angle, (2) high electrical conductivity, and (3) deposition by 

industrial friendly techniques, such as sputtering deposition. These requirements inspire 

the motivation of this work. 

In Chapter 2, the fundamental physics of this work is introduced. TI BiSb is considered 

as the best candidate for spin current source of SOT-MRAM. As TI, BiSb has the 

protected topological surface states with strong SOI. Therefore, in BiSb / FM 

heterostructures, BiSb can generate a large SOT by SHE, which can switch the 

magnetization of the FM layer.  

In Chapter 3, various single layer BiSb thin films were grown on sapphire substrate by 

sputtering deposition at different growth condition. It was demonstrated that the sputtered 

BiSb thin films have good crystal quality and high electrical conductivity, which are 

promising for MRAM applications. By XRD analysis of sputtered BiSb thin films, it was 

shown that BiSb thinner than 30 nm with strong (001) orientation can be obtained. The 

electrical conductivity of the BiSb thin films exceeds 1.5 × 105 Ω-1m-1 at room 

temperature. By measuring the temperature dependence of the resistivity, the surface 

states were confirmed in sputtered BiSb. The works in this chapter demonstrate that it is 

possible to obtain BiSb thin film with high quality close to that of MBE grown ones.  

In Chapter 4, the spin Hall effect and SOT magnetization switching characteristics were 

investigated in an all-sputtered BiSb − (Co/Pt)2 multilayers deposited by DC magnetron 
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sputtering on sapphire substrates. It was shown that the sputtered BiSb thin films with the 

dominant (110) orientation have large spin Hall angle (θSH ≅ 10.7) and high electrical 

conductivity (σ ~ 1.5 × 105 Ω-1m-1), which lead to ultrahigh efficient SOT magnetization 

switching of the (Co/Pt)2 multilayers. Despite the perpendicular magnetic anisotropy 

(PMA) field of (Co/Pt)2 is as large as 5.2 kOe, SOT magnetization switching was realized 

with a small DC threshold current density of 1.8 × 106 Acm-2 at H = 1.83 kOe. Robust 

switching was also realized by repeated 100 μs pulse currents. 

In Chapter 5, low power and fast SOT magnetization switching was demonstrated in 

all-sputtered BiSb / perpendicularly magnetized CoPt / MgO multilayers on Si/SiOx 

substrates. The magnetization can be efficiently switched by the spin Hall effect of BiSb 

with a relatively large spin Hall angle of 2.4. The magnetization of CoPt multilayers can 

be efficiently switched by a small threshold current density 2.3 × 106 Acm-2 at pulse width 

of 100 μs, which is close to that of the sample on sapphire substrate, under a small bias 

external field H = 183 Oe. Robust switching by repeated pluses and fast switching by 

pulses down to 100 ns was also realized.  

In Chapter 6, element analysis by STEM and EDX was performed. In BiSb sputtering 

deposition, diffusion of Sb atoms to the FM layer reduces the PMA or influences the spin 

Hall angle. By evaluating the concentration of element in several samples by EDX 

spectroscopy, it becomes clear that Sb diffusion is a problem. Using an interlayer at BiSb 

– FM interface can be a solution that may further increase the device performance. 

The research is concluded in chapter 7. The feasibility of BiSb growth by sputtering 

deposition on sapphire with large spin Hall angle of 10.7 and high electrical conductivity 

was demonstrated. In BiSb – FM heterostructures on Si/SiOx, the spin Hall angle of BiSb 

can still be as large as 2.4 and the current density for magnetization switching is 1 order 
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of magnitude smaller than that of other heavy materials. These works show the potential 

of BiSb as an effective spin current source for ultralow power SOT-MRAM and other 

SOT devices, such as spin Hall oscillator. 


