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Abstract
Current-induced spin-transfer torque (STT) is an e↵ective method to con-

trol the magnetization of ferromagnetic metal (FM) thin films by the current,

paving the way for designing spintronic devices with low power consump-

tion, fast speed, and high density. Recently, a new type of current-induced

torque has been observed in heavy metal (HM)/FM and topological insulator

(TI)/FM thin film heterostructures. The torque, known as spin-orbit torque

(SOT), is of particular interest owing to the high e�ciency in manipulating

the magnetization of FM layers. The SOT is attributed to current-induced

spin accumulations at the interface of HM/FM and TI/FM heterostructures,

which originates from the spin Hall e↵ect (SHE) and/or the Rashba-Edelstein

e↵ect (REE). Therefore, identifying materials with considerable current-spin

conversion e�ciency and clarifying their origin are critical to developing our

understanding on these materials and realizing e�cient current-induced SOT

for application.

In this thesis, I present current-spin conversion in Bi-based material thin

films by characterizing the current-induced SOT using Bi-based material/FM

thin film heterostructures. An alternating ultrathin layer deposition (AULD)

method is proposed to grow Bi-based alloy with controllable concentration.

First, I demonstrate appreciable current-spin conversion e�ciency, exceeding

an unity, in polycrystalline Bi1�xSbx alloy thin films. The Bi1�xSbx thickness,

composition, and facet orientation dependences of the spin Hall conductivity

(SHC) of the alloy indicate large current-spin conversion is primarily due to

the intrinsic SHE in Bi1�xSbx. The topological surface state of Bi1�xSbx, if

present, plays little role in current-spin conversion. Strikingly, the SHC of

Bi1�xSbx increases markedly with temperature, following the temperature de-

pendence of carrier density. Based on an analysis of spin current mobility, we

suggest the thermally-excited massive Dirac electrons at the L-valley signifi-

cantly contribute to this enhancement.

Second, I show the investigation on current-induced SOT in carrier-doped

Bi/CoFeB thin film heterostructures to highlight the importance of massive

Dirac carriers, including electrons and holes, to current-spin conversion. The

Fermi level positioning is tunable by substituting Bi with Te and Sn. The

current-spin conversion e�ciency of pristine Bi is found to reach ⇠ 2.7, which

is the largest spin Hall angle detected so far. It is found that the SHC of Bi

exhibits a plateau when the Fermi level is close to the Dirac point. Subse-

quently, the value drops dramatically with increasing electron and hole doping



induced by Te and Sn substitution. The SHC of Bi is also demonstrated to

be robust against the change of Bi thin film crystallographic orientation and

resistivity. These results indicate the current-spin conversion of Bi, dominated

by the intrinsic SHE, is correlated with the Fermi level positioning.

Third, I introduce the study on the structure, magnetic anisotropy and

current-spin conversion in Pt1�xBix/Co/MgO trilayer systems. Bi atoms be-

have as impurities in the Pt host and the magnetic easy axis of an ultrathin

Co layer in the trilayer points out-of-plane when the doping level x is smaller

than ⇠ 0.5. Pt1�xBix thin film converts to a Pt-PtBi2 mixture for x beyond

⇠ 0.6. In this regime, the easy axis of the ultrathin Co layer changes from out-

of-plane to in-plane. The resistivity of Pt-rich Pt1�xBix increases with doping,

whereas the SHC is hardly influenced by x. These results suggest Bi doping is

an e↵ective strategy to enhance the current-spin conversion e�ciency of Pt.

These studies provide the first experimental evidence that Dirac-like elec-

tronic band structure, which contains non-zero Berry curvature, is strongly

correlated to the SHE. The findings advance understanding on the current-spin

conversion process on Dirac materials and open pathways to develop material

systems that allow generation of significant spin current.



List of abbreviations

AC Alternative current

AHE Anomalous Hall e↵ect

ANE Anomalous Nernst e↵ect

ARPES Angle-resolved photoemission spectroscopy

AULD Alternating ultrathin layer deposition

DC Direct current

DL-SOT Damping-like spin-orbit torque

FL-SHC Field-like spin Hall conductivity

FL-SOT Field-like spin-orbit torque

FM Ferromagnetic metal

HAADF-STEM High-angle annular dark-field scanning transmission

electron microscopy

HM Heavy metal

IMA In-plane magnetic anisotropy

ISHE Inverse spin Hall e↵ect

LLG Landau-Lifshitz-Gilbert

MBE Molecular beam epitaxy

MRAM Magnetic random access memory

NM Normal metal

ONE Ordinary Nernst e↵ect

PHE Planar Hall e↵ect

PMA Perpendicular magnetic anisotropy

REE Rashba-Edelstein e↵ect

RF Radio frequency

SHC Spin Hall conductivity

SHE Spin Hall e↵ect

SOT Spin-orbit torque

SSE Spin Seebeck e↵ect

STT Spin-transfer torque

TI Topological insulator

TSS Topological surface state



VSM Vibrating sample magnetometer

XRD X-ray di↵raction



Contents

List of abbreviations

1 Introduction 1

1.1 Spin transfer torque . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Spin-orbit torque . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Heavy metal/ferromagnetic metal heterostructures . . . . 4

1.2.2 Topological insulator/ferromagnetic metal heterostruc-

tures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3 Bismuth and the alloy . . . . . . . . . . . . . . . . . . . . . . . 13

1.3.1 Bismuth . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3.2 Bismuth-antimony alloy . . . . . . . . . . . . . . . . . . 16

1.4 Objective and outlines of this thesis . . . . . . . . . . . . . . . . 19

2 Experimental methods 21

2.1 Radio frequency mangetron sputtering thin film deposition . . . 21

2.2 X-ray di↵raction . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3 Vibrating sample magnetometer measurement . . . . . . . . . . 23

2.4 Device fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.5 Direct current transport measurement . . . . . . . . . . . . . . . 27

2.6 Harmonic Hall resistance technique . . . . . . . . . . . . . . . . 30

2.6.1 In-plane magnetization system . . . . . . . . . . . . . . . 33

2.6.2 Out-of-plane magnetization system . . . . . . . . . . . . 35

3 Current-spin conversion in BiSb alloy thin films 37

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2 Sample description . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 Structural and magnetization characterization . . . . . . . . . . 38

3.4 Current-spin conversion characterization . . . . . . . . . . . . . 42

3.4.1 BiSb thickness dependence . . . . . . . . . . . . . . . . . 43

3.4.2 BiSb composition dependence . . . . . . . . . . . . . . . 49

3.4.3 Facet dependence . . . . . . . . . . . . . . . . . . . . . . 52

i



3.4.4 Temperature dependence . . . . . . . . . . . . . . . . . . 53

3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4 Current-spin conversion in carrier-doped Bi thin films 65

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.2 Sample description . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.3 Structure and magnetization characterization . . . . . . . . . . 67

4.4 Direct current transport measurement . . . . . . . . . . . . . . . 69

4.5 Current-spin conversion characterization . . . . . . . . . . . . . 72

4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.6.1 Robustness of SHC in Bi . . . . . . . . . . . . . . . . . . 77

4.6.2 Current-spin conversion in Te-rich Bi1�xTex thin films . . 79

4.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5 Structure, magnetic anisotropy and current-spin conversion in

Pt1�xBix/Co/MgO trilayers 83

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.2 Sample description . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3 Structural characterization . . . . . . . . . . . . . . . . . . . . . 84

5.4 Magnetic properties . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.5 Current-spin conversion characterization . . . . . . . . . . . . . 86

5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6 Summary & Outlook 93

Acknowledgments

List of publications

References



Chapter 1

Introduction

1.1 Spin transfer torque

Spintronics is a field that studies the role of electron spin degree of freedom

plays in solid-state physics. The discovery of the giant magnetoresistance at

the end of the 1980s [1, 2] is considered the beginning of this field. In giant

magnetoresistance, the resistance of a ferromagnetic metal (FM)/non-magnetic

metal (NM)/FM structure, often referred to as a spin valve, is lower when the

magnetizations of the two FM layers are parallel compared to the antiparal-

lel alignment. Similar to giant magnetoresistance, the tunneling resistance in

FM/insulator/FM magnetic tunnel junction also depends on the magnetiza-

tion alignment, an e↵ect referred to the tunneling magnetoresistance. The two

magnetic states of the FM layers in spin valve and magnetic tunnel junction

are tunable by applying a magnetic field and they can serve as binary informa-

tion. Therefore, the spin valve and magnetic tunnel junction are regarded as

promising candidates for realizing magnetic random access memory (MRAM):

the next-generation non-volatile memory for replacing silicon-based devices.

However, the need of a magnetic field to control the magnetization configura-

tions in spin valve or magnetic tunnel junction is an issue for device integration

since it requires large current, resulting in high power consumption.

To address this issue, current-induced spin-transfer torque (STT) has been

proposed to control the magnetization of FM thin films. Before describing

STT in detail, the concept of spin current is introduced first. Electrons in

conductors can be driven by electric field due to Fermi level shift, resulting in

a flow of electrons, i.e., the current. An electron spin is an intrinsic form of

angular momentum and contains two intrinsic states: up spin (") and down

spin (#). Based on the two-channel model, the flow of electrons can be divided

into two components, defined as j" and j#. If a di↵erence in the magnitude

exists in these components, a net spin angular momentum will be transferred
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by the current. Such current is called a spin current. Thus, spin current js

and current jc can be written as

js = j" � j#; jc = j" + j#. (1.1)

In general, j" and j# take the same flowing direction and js is referred to as

spin-polarized current. A special situation occurs when j" and j# own opposite

flowing directions. If their magnitudes are equal to each other, jc will disappear

and js is equal to 2j"(#). Spin current is such case is referred to as pure spin

current.

Figure 1.1: Schematic illustration of the spin-transfer torque in FM/NM/FM

structure.

The schematic of STT is illustrated in Fig. 1.1, where FM/NM/FM trilayer

is used as an example. A flow of electron with non-zero spin polarization,

i.e., a spin-polarized current, is transferred from FM1 layer to FM2 layer and

accumulated in FM2 layer after crossing the NM spacer by an electric field

perpendicular to the plane of the structure. The spin polarization unit vector

is �. Considering that � is not parallel with the local moment M in the FM2

layer, it will be rotated to form a collinear state with M due to s-d interaction.

As a counteraction, a torque will be transferred from the electron to M and

control the direction of M , which is defined as STT.

Slonczewski [3] and Berger [4] first predicted STT in 1996. Later, Zhang

et al. pointed out that two components, an adiabatic damping-like torque
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⌧DL and a non-adiabatic field-like torque ⌧FL, contribute to the STT [5]. The

dynamics of M can be described by adding the STT terms into the Landau-

Lifshitz-Gilbert (LLG) equation, which reads as

@m

@t
= ��m⇥He↵ + ↵m⇥

@m

@t
� ⌧DL · (m⇥ (� ⇥m))� ⌧FL · (m⇥ �),

(1.2)

where � is the gyromagnetic ratio, m = M/Ms is the unit vector of M , Ms is

the saturation magnetization ofM ,He↵ is the e↵ective field including external,

demagnetizing and exchange contributions, ↵ is the Gilbert damping constant,

⌧DL and ⌧FL are the damping-like and field-like torque terms, respectively. The

first term on the right side of the equation is used to describe the Lamor

procession of m around He↵. The second term is the Gilbert damping torque

for relaxing m, driving it towards Hext. The third and fourth terms are

damping-like and field-like torques, respectively. The directions of these two

torques are illustrated in Fig. 1.1. The two STT terms can be merged with the

first one in the equation. It gives an e↵ective field description of STT, HDL

and HFL, which read as

HDL = HDL(� ⇥m), HFL = HFL�, (1.3)

where HDL and HFL are the magnitudes of e↵ective fields induced by damping-

like torque and field-like torque, respectively, and defined as HDL = ⌧DL/� and

HFL = ⌧FL/�.

The trajectories of the magnetization with STT is illustrated in Fig. 1.2 [6].

Beyond a critical current, the magnetization can undergo steady procession or

reversal. Magnetization switching has been observed in FM/NM/FM struc-

tures where the FM layer exhibits in-plane (IMA) or perpendicular magnetic

anisotropy (PMA) [7, 8]. Therefore, STT can solve the problem for MRAM

applications where a magnetic field is no longer necessary to write informa-

tion. In the macrospin model, the critical current Icritical for switching the

magnetization of FM layer in FM/NM/FM structures reads as [9]

Icritical,STT =
2e

~
↵µ0MsV

⌘
He↵ , (1.4)

where e is the elementary charge, ~ is the reduced Planck constant, V is the

volume of the STT device, µ0 is the vacuum permeability, and ⌘ is the e�ciency

of damping-like torque. One can find that Icritical,STT decreases with decreasing

the device size. It suggests that the energy consumption for switching the

magnetization by current-induced STT is lower for smaller devices, suitable

for very large scale integration.
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Figure 1.2: Trajectories of magnetization driven by the spin-transfer torque in its

dynamics. (a) The initial configuration of the magnetization under an applied

magnetic field along the z-axis. There is a small misalignment between the

magnetization orientation and the magnetic field. (b) For currents below a

threshold, the magnetization spirals back toward the z-axis because of damping.

(c,d) For currents beyond a threshold, the damping becomes negative due to its

cancellation by STT. It can result in a steady procession (c) or magnetization

reversal (d). The figure is extracted from Ref. [6].

Another important application of STT is current-induced magnetic do-

main wall motion in FM nanowires. In the case of FM/NM/FM structures,

the magnetic misalignment of the two FM layers, i.e., a nonuniform magnetic

configuration, is significant for realizing STT-induced magnetization switching.

Domain wall, as the boundaries connecting magnetic domains with di↵erent

orientations, is a typical texture with magnetic misalignment in spatial. Di↵er-

ent experimental methods have been employed to observe domain wall motion

in FM nanowires, e.g., magneto-optical Kerr e↵ect magnetometer [10,11], mag-

netic force microscopy [12], anomalous Hall e↵ect (AHE) [13,14], and nanowire

resistance measurement [15]. Current-induced domain wall motion is consid-

ered as for another type of information storage memory device, known as the

magnetic racetrack memory [16].

1.2 Spin-orbit torque

1.2.1 Heavy metal/ferromagnetic metal heterostructures

Besides STT, significant e↵ort has been put to look for new types of current-

induced torque using di↵erent materials. The spin Hall e↵ect (SHE) [17] in

heavy metal (HM) allows conversion of charge current to pure spin current.
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Similar to the spin-polarized current, pure spin current from HM due to the

SHE can exert a torque on the magnetization in HM/FM heterostructures.

Because of the spin-orbit coupling origin of the SHE, such torque is referred

to as spin-orbit torque (SOT). The basic concepts of the SHE and the SOT

induced by the SHE in HM/FM heterostructures will be described here.

SHE and its reciprocal e↵ect, the inverse spin Hall e↵ect (ISHE), are

schematically illustrated in Fig. 1.3. Dyakonov and Perel first proposed SHE

in 1971 [18] and it was reformulated in 1999 [19]. In SHE, a charge current

in non-magnetic material with spin-orbit coupling generates a transverse pure

spin current polarized perpendicular to the plane defined by the charge and

pure spin current. In ISHE, a charge current can be induced orthogonally by

a pure spin current.

Spin Hall effect Inverse spin Hall effect

Figure 1.3: Schematic illustration of spin Hall e↵ect and inverse spin Hall e↵ect.

The figure of merit used to describe current-spin conversion in SHE is the

spin Hall angle ✓SH, which reads as

✓SH =
2e

~
�SH

�xx
. (1.5)

where �xx is the conductivity of NM and �SH is the spin Hall conductivity

(SHC). The prefactor 2e/~ is used to set ✓SH as a dimensionless quantity. �SH
represents the conductivity of transverse spin current. In terms of spin current,

Eq. 1.5 cab be rewritten as

✓SH =
2e

~
�SH

�xx
=

2e

~
js

jc
, (1.6)

where E is the applied electric fields. In experiments, ✓SH and �xx are measur-

able quantities. Thus, �SH is typically obtained by the following relation

�SH =
~
2e
✓SH · �xx. (1.7)
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Because spin current represents a flow of angular momentum, ~/2e is com-

monly multiplied to ✓SH · �xx.

(a)

(b)

(c)

Figure 1.4: Schematic of the origins of the spin (anomalous) Hall e↵ect as: (a)

intrinsic mechanism due to Berry curvature; (b) side-jump extrinsic mechanism

where the electron has a transverse displacement due to impurity; (c) skew

scattering extrinsic mechanism due to the transverse scattering by impurity.

The physics and mechanisms of the SHE are directly borrowed from that

of the well-established AHE [20]. Generally, the microscopic mechanisms of

SHE (or AHE) are classified into three components: the intrinsic, side-jump,

and skew scattering mechanisms, where the latter two are collectively called

the extrinsic mechanisms. Thus, �SH can be written as a combination of these

three contributions: �SH = �
int
SH + �

s-j
SH + �

sk
SH. These three mechanisms are

schematically presented in Fig. 1.4.

For the intrinsic mechanism, the deflection of electrons with opposite spins

can be described by the curvature of geometrical phase, namely the Berry
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curvature [21], in the band structure of materials based on the semiclassical

theory [22,23]. Electrons driven by an external electric field in materials with

spin-orbit coupling can acquire a transverse anomalous velocity by a non-zero

Berry curvature. The Berry curvature is originated from the band structure

and does not depend on the scattering of the electron. Therefore, �int
SH should

be independent on the scattering relaxation time ⌧ , i.e., �int
SH / ⌧

0.

For extrinsic mechanisms, spin current results from the spin-orbit coupling-

induced interaction between the conduction electron and impurities of mate-

rials. The side-jump can be understood as a transverse displacement of the

conduction electron by impurities. The skew scattering is attributed to the

asymmetric anomalous velocity of the electron with opposite spin polarization

when the electron is scattered by impurities. The di↵erence between these

two mechanisms is their relationship with ⌧ . For the side-jump mechanism, it

is independent of ⌧ , giving �s-j
SH / ⌧

0. For skew scattering, it is proportional

to ⌧ , i.e., �sk
SH / ⌧

1. Because ⌧ is proportional to the conductivity �xx, con-

tributions of SHE from di↵erent mechanisms can be distinguished by scaling

the relationship between �SH and �xx in materials with di↵erent conductivity

regimes [24,25].

A critical obstacle to the experimental detection of the SHE is that there is

no spin voltage in analogy with the charge voltage, indicating that it cannot be

detected by direct electrical measurement. Kato et al. observed the SHE for

the first time using magneto-optical Kerr e↵ect microscopy [26]. As shown in

Fig. 1.5(a), non-zero spin density with di↵erent polarization is observed at the

edges when an electric current is applied to a GaAs/InGaAs thin film stripe at

30K. This result is attributed to the spin accumulation induced by the SHE.

ISHE provides a means to detect spin current indirectly using electrical meth-

ods. A transverse charge current or charge accumulation in materials can be

detected after injecting a spin current from an adjacent ferromagnetic mate-

rial in ISHE experiment. For example, ISHE has been confirmed in Permalloy

(Ni89Fe19, Py)/Pt bilayers by pumping spin current from the Py layer to the

Pt layer via ferromagnetic resonance [27] and Al/CoFe nanowire devices by

non-local spin current transport measurement [28].

✓SH is related to the strength of spin-orbit coupling ⇣. It is considered that

the SHE is stronger in elements with heavier atomic mass Z because of ⇣ / Z
4.

Thus, a considerable ✓SH is expected in 5d HM [31]. The SHE-induced SOT

in HM/FM bilayers is first observed in Pt/HM thin film heterostructures at

room temperature [29, 32, 33]. As shown in Fig. 1.6, it has been found that

the magnetization of the Co layer in Pt/Co/AlOx exhibits PMA and can be

switched by the SOT under a small in-plane magnetic field [29]. The switching

was confirmed by another work showing that the magnetization of Pt/Co/AlOx
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(a) (b) (c)

Figure 1.5: (a) Spin density mapping on GaAs/InAs thin film stripe under an

electric field at 30K using magneto-optical Kerr e↵ect microscopy. (b)

Ferromagnetic resonance spectra induced by ISHE in Py/Pt bilayers. (c) Scanning

electron micrograph of Al/CoFe nanowires and the spin Hall resistance results.

Figure (a), (b) and (c) are extracted from Ref. [26], Ref. [28] and Ref. [27],

respectively.

(a) (b)

Figure 1.6: (a) Current-induced reversal of the magnetization of Pt/Co/AlOx

trilayer. (b) Spin-transfer ferromagnetic resonance spectra for CoFeB/Ta and

CoFeB/Pt bilayers. The symmetry part of the spectra related to DL-SOT is found

opposite for these two bilayers. Reproduced from Ref. [29] and Ref. [30],

respectively.

trilayer has a hysteresis loop as a function of injection current under a small in-

plane magnetic field [33]. In a later work, Liu et al. observed a strong SOT in
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CoFeB/Ta bilayers using the spin-torque ferromagnetic resonance method and

a current can switch the magnetization of CoFeB at room temperature [30].

They characterize the e�ciency of such torque using ✓SH and find the signal of

✓SH in Ta is opposite to that of Pt (see Fig. 1.6(b)). The sign and value of the

spin Hall angle in Pt and Ta are consistent with the calculation of the intrinsic

SHE [31]. After these discoveries, study on current-induced SOT in HM/FM

heterostructures has become a focus point in the spintronics field [34–37].

Figure 1.7: Schematic illustration of the geometry of current-induced SOT in the

HM/FM bilayer.

The magnetization dynamics with current-induced SOT in HM/FM bilay-

ers can be treated similarly as that with STT. Thus, SOT can be divided

into two components: a damping-like SOT (DL-SOT) and a field-like SOT

(FL-SOT) in analogy with STT. Schematic illustration of the geometry of the

SOT and the corresponding e↵ective fields HDL and HFL (see Eq. 1.3 for the

definition), in the HM/FM bilayer are illustrated in Fig. 1.7. According to the

definition of the SHE, � of pure spin current flown from the HM layer to the

FM layer is parallel to y if we consider a current is applied along the x-axis.

The corresponding e↵ective fields of these two SOTs have been confirmed in

many experiments using the harmonic Hall resistance technique and direct

current magneto-transport method [38–41].

When SHE-induced spin current that flows from HM is absorbed by the

FM layer and exerts SOT on the magnetization. The e�ciency of DL-SOT

and FL-SOT per unit current density are defined as ⇠DL and ⇠FL, respectively.
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Specially, ⇠DL and ⇠FL read as [36]:

⇠DL(FL) =
2e

~
µ0HDL(FL)Mste↵

jHM
, (1.8)

where jHM is the current density that flows in the HM layer and te↵ is the

e↵ective thickness of the FM layer. In previous studies, it has been found that

FL-SOT originates not only from SHE but also from other phenomena, e.g.,

Rashba-Edelstein induced spin accumulation [42–46]. Thus, the discussion

on SHE-induced current-spin conversion detected by SOT is focused on DL-

SOT and ⇠DL can be used to refer to as current-spin conversion e�ciency. In

general, a fraction of SHE-induced spin current is absorbed by the FM layer

due to spin backflow [47, 48] and/or enhanced spin scattering [46, 49] at the

HM/FM interface. The transmittance of spin current at the interface, defined

as T , depends on the choice of material. ⇠DL is thus related to the intrinsic

spin Hall angle ✓SH via the following relation

⇠DL = T ✓SH. (1.9)

Note that T  1. Therefore, ⇠DL will not exceed ✓SH and ⇠DL provides a lower

limit of ✓SH.

The strength of ⇠DL also depends on the spin di↵usion length � and the

HM thickness d. The spin current induced by SHE di↵uses within the HM

layer. ⇠DL therefore increases with increasing d before it saturates [50]. This

characteristic feature can be described using the spin di↵usion model:

⇠DL = ⇠̄DL[1� sech(
d

�
)], (1.10)

where ⇠̄DL is the saturation e�ciency of DL-SOT. For HMs, the value of � is

around several nanometer [51] and ⇠̄DL can be obtained for thin films with d

larger than ⇠ 2� according to the feature of Eq. 1.10.

1.2.2 Topological insulator/ferromagnetic metal heterostruc-

tures

The current-induced SOT in HM/FM thin film heterostructures owing to

SHE is an e�cient way to manipulate the magnetization of FM layers, putting

forward the application of SOT-MRAM. Topological insulator (TI) [54,55] has

also been suggested with great potential to generate SOT in TI/FM thin film

heterostructures due to the spin-momentum locking property of the topological

surface state (TSS) [56–59]. A brief introduction of this mechanism is described

here.
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(a) (b)

(c) (d)

Figure 1.8: (a,b) Schematic illustration of the energy dispersion relationship for

TSS (a) and the Fermi contour with a shift due to Rashba-Edelstein e↵ect (b) in

TI. (c,d) Band dispersion mapping of Bi2Se3 using ARPES (c) and wave vector

dependent spin polarization on TSS of Bi2Te3 characterized by spin

resolved-ARPES. (c) and (d) are respectively from Ref. [52] and Ref. [53].

TI is a type of material with an insulating bulk state but conducting sur-

face state called TSS. The band dispersion of TSS forms a Dirac cone with

quasi-massless Dirac electrons in momentum space because of the time-reversal

symmetry and nontrivial band topology. The nontrivial band topology is at-

tributed to the inversion of bulk bands due to strong spin-orbit coupling. The

behavior of the Dirac electrons can be described using a Hamiltonian, which

reads as [54, 55,60–62]

H = ~vs (� ⇥ k)z = ~vs
✓

0 ky + ikx

ky � ikx 0

◆
, (1.11)

where vs is the surface electron velocity, k = (kx, ky) is the two-dimensional

Bloch wave vector and z is the direction normal to TSS. � is the Pauli matrices.



12 Chapter 1. Introduction

The eigenvalues E and eigenstates | i of the Hamiltonian can be solved as

E± = ±~vs|k|; | ±i =
1
p
2

✓
1

⌥i (kx + iky) /|k|

◆
e
ik·r

, (1.12)

where r is the position. One can obtain the spin polarization vector of the

Dirac electrons �TSS at E± using � as an operator, which reads as

�TSS = h ±|�| ±i =

✓
±

ky

|k|
,⌥

kx

|k|
, 0

◆
. (1.13)

This result indicates that the spin polarization of Dirac electrons is always

orthogonal to k on TSS. This phenomenon is called spin-momentum locking.

The energy dispersion relationship and the Fermi contour are schematically

illustrated in Figs. 1.8 (a) and (b), respectively. Angle-resolved photoemis-

sion spectroscopy (ARPES) and spin-resolved ARPES, powerful photon-in

electron-out techniques to characterize the band structure and its spin po-

larization, have been used to detect the TSS and its spin-momentum locking

property experimentally [52, 53, 63–69]. Typical energy dispersion of a three-

dimensional TI Bi2Se3 mapped by APRES [52] and the spin polarization of

TSS observed in Bi2Te3 [53] are illustrated in Figs. 1.8 (c) and (d), respectively.

These experiments are in good agreement with theoretical prediction [61].

Rashba-Edelstein e↵ect (REE) [70,71], which is originally proposed in the

system with broken inversion symmetry, is a phenomenon that originates from

spin-momentum locking. Using TSS as an example, it is schematically illus-

trated in Fig. 1.8(b). When an in-plane charge current jc, defined along x or

say kx, is applied to TI, it will only flow in the conducting TSS. The Fermi con-

tour of TSS will experience a shift �k by jc, resulting in more forward-moving

electron states occupied than backward-moving states. The non-equilibrium

TSS will generate a net spin accumulation, polarized along y-axis, due to

spin-momentum locking. In TI/FM thin film heterostructures, the net spin

accumulation in TSS can flow into adjacent FM layers, resulting in a torque

exerted on the local moment of the FM layer. Spin-momentum locking in

TSS is attributed to the spin-orbit coupling eventually. Hence, the torque in

TI/FM heterostructures is also referred to as SOT.

Mellnik et al. first demonstrated the current-induced SOT due to REE in

pristine Bi2Se3/Py thin film heterostructures in 2014 [74]. It was found that

the torque has a dominant component with the same symmetry of damping-

like STT. They estimated ⇠DL with a value of ⇠ 2.0-3.5. This value is over

ten times larger than the largest one observed in HM tungsten, which is ⇠

0.3 [34]. From then, large ⇠DL has been confirmed in di↵erent TIs in addition

to Bi2Se3 [75–78]. Notably, Mahendra et al. have reported a giant ⇠DL⇠18.6,
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(a) (b)

Figure 1.9: (a) Anomalous Hall resistance plotted as a function of injection current

density in Bi2Se3/CoSb bilayers at room temperature. (b) Anomalous Hall

resistance hysteresis loops as a function of the intensity or density of injection

current in Crx(Bi1�ySby)2�xTe3/(Bi1�ySby)2Te3 at 2K. (a) and (b) are originally

from Ref. [72] and Ref. [73], respectively.

in polycrystalline Bi2Se3/CoFeB thin film heterostructures and suggested it is

due to the quantum confinement [79]. The thin films were deposited using mag-

netron sputtering, which is a conventional technique for mass production. This

discovery overcomes the obstacle for practical application of SOT in TI/FM

heterostructures since TI thin films have been only grown by laboratory-based

molecular beam epitaxy (MBE) method. However, the mechanism of this re-

sult is still under debate. The magnetization switching has also been realized

in di↵erent TI/FM bilayers exhibiting PMA [72,73,75]. Some results are pre-

sented in Fig. 1.9.

1.3 Bismuth and the alloy

The generation of SOT in HM/FM and TI/FM thin film heterostructures

is attributed to spin accumulation at the interface induced by the current

through di↵erent mechanisms, i.e., the SHE and/or REE. Therefore, identify-

ing materials with large current-spin conversion e�ciency and understanding
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its mechanism is crucial to obtain strong SOT and its application. Bismuth, a

semimetal with strong spin-orbit coupling, and bismuth-antimony alloy, a TI

for antimony concentration between 0.07 and 0.22, are such candidate materi-

als. Some basic properties and former studies on these materials are described

here.

1.3.1 Bismuth

Bismuth is a Group-V element with an atomic number 83. The only pri-

mordial isotope of bismuth 209Bi is the heaviest naturally occurring atom with

approximately infinite radiative lifetime [80]. Crystal Bi exhibits a rhombo-

hedral structure with a space group of R3̄m. Its band structure is shown in

Fig. 1.10 (a) [81]. Bi is a semimetal hosting an electron valley at the L point

and a hole valley at the T point with small carrier concentration but large mo-

bility [82]. The narrow band gap at the L point is ⇠ 15meV. The conduction

electrons in Bi at the L point can be described by the Dirac Hamiltonian with

an extremely small e↵ective mass [83–85]. Hence, these electrons are called

massive Dirac electrons.

Strong SHE is expected in Bi because of its large spin-orbit coupling due

to the heavy atomic mass. In theory, Fuseya et al. used the Kubo formula to

calculate the intrinsic SHC of Bi based on the Dirac-like character of electrons

in the L valley [86]. They find intrinsic SHC takes a maximum when the Fermi

level is located in the narrow gap at the L point. Fukuzawa et al. calculated

both the intrinsic and extrinsic SHC of Bi [87]. Their result shows that the

intrinsic part of SHC is consistent with the previous work and point out that

the extrinsic SHE can be dominant over the intrinsic one when the Fermi level

cut the band. A calculation based on the tight-binding model has predicted an

appreciable value of the intrinsic SHC in Bi at room temperature as 474 (~/e)
⌦�1

·cm�1 [88]. This value is comparable to that of 5d HM [88]. Representative

results of these works are summarized in Fig. 1.10.

So far, a number of works have been reported on detecting spin-current

conversion in Bi experimentally. However, the results are conflicting. For

example, Hou et al. measured the spin-current conversion e�ciency in Bi/Py

bilayers using ferromagnetic resonance-induced spin pumping [89]. They found

that the e�ciency decreases with increasing Bi thickness and attributed the

trend to the ISHE tunable by the Bi/Py interface (Fig. 1.11(a)). Another spin

pumping measurement using Bi thin films grown on yttrium-iron-garnet (YIG)

substrate by Emoto et al. shows that the spin-current conversion e�ciency is

quite small, with a value of ⇠ 0.00012 [90]. However, they find the Bi thickness

dependence of the spin-current conversion e�ciency follows the spin di↵usion
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(a)

(d)

(c)(b)

Figure 1.10: (a) Band structure of Bi. The zoomed-in area of �-H near Fermi level

is shown in the inset. (b) Calculation results of the intrinsic SHC in Bi near the

gapped Dirac point. The electrons at the L valley is assumed as massive Dirac

electrons. (c) Intrinsic and extrinsic SHC of Bi calculated by using Dirac

Hamiltonian to describe electrons at the L point. (d) Fermi level dependence of

the intrinsic SHC for Bi, Sb and Bi0.83Sb0.17 calculated based on tight-binding

model. (a), (b), (c), and (d) are reprinted from Refs. [81], [86], [87], and [88],

respectively.

model (Fig. 1.11(b)). Thus, they suggest the spin-current conversion is gov-

erned by the bulk ISHE in Bi. A very recent work by the same group observed

the current-induced SOT in Py/Bi bilayers using spin torque-ferromagnetic res-

onance technique [91]. Unlike the previous result, they find the current-spin

conversion e�ciency is larger (⇠ 0.03-0.06) (Fig. 1.11(c)). They infer that

the material choice of the ferromagnetic layer can be essential for the char-

acterization of current-spin (spin-current) conversion. Yue et al. have used

a thermally injected spin current transport technique to detect spin-current

conversion in Bi thin films; while they found the e�ciency is negligible [92].

Notably, they point out contributions induced by the magnetothermal e↵ect,

e.g., the ordinary Nernst e↵ect (ONE), are likely to mix into the spin-current

conversion signal (Fig. 1.11(d)). The divergence of the values of current-spin

(spin-current) conversion e�ciency in Bi urges further experimental studies to

conclude it eventually.
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(a) (b)

(c) (d)

Figure 1.11: (a) Bi thickness dependence of the transverse charge current intensity

resulted from spin current injection in Bi/Py bilayers. The signal is dominated by

the contribution from surface e↵ect. (b) Spin-injection induced charge current

intensity as a function of Bi thickness in YIG/Bi heterostructures. The thickness

dependence is in accordance with spin di↵usion model. (c) Bi thickness

dependence of the current-spin conversion e�ciency (Note that ⌘ is equivalent to

⇠DL defined in Eq. 1.5.) in Py/Bi heterostructures. Sizable e�ciency is observed.

(d) External magnetic field dependence of the transverse voltage signal induced by

a spin current injected and thermal gradient in YIG/Bi heterostructures. The

contribution in the signal which is linear to field is attributed ONE. (a) to (d) are

originally from Refs. [89], [90], [91], and [92], respectively.

1.3.2 Bismuth-antimony alloy

Antimony is a Group-V element with an atomic number 51. Crystal Sb

has a rhombohedral structure, the same as Bi. Bi and Sb form a solid so-

lution throughout the composition according to the phase diagram [93]. For

0.07 < x < 0.22, Bi1�xSbx has been predicted as a three-dimensional TI due

to band inversion in this regime [94]. The evolution of the band inversion in

Bi1�xSbx with increasing x is schematically illustrated in Fig. 1.12(a). The TSS
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of Bi1�xSbx has been observed using ARPES [63, 95], shown in Fig. 1.12(b).

Besides TSS, energy dispersions of surface state induced by the Rashba e↵ect

have also been observed. The observed band structure is di↵erent from the

results predicted by first-principle calculations [96,97]. Due to the complicated

surface states of Bi1�xSbx, the studies on TI using ARPES has shifted its focus

on other materials with the simpler TSS.

(a)

(b)

(c) (d)

Figure 1.12: (a) Schematic of the evolution of band inversion for 0.07 < x < 0.22 in

Bi1�xSbx. (b) Energy dispersion mapping along �̄-M̄ in k space gathered by

ARPES. (c, d) The calculated Sb concentration dependence of the SHC for BiSb

alloy (c) and Fermi level dependence of the carrier concentration and SHC in

Bi0.83Sb0.17 (d) at room temperature. (a) and (b) are extracted from Refs. [94] and

[63], respectively. (c) and (d) are reprinted from Ref. [88].

The SHE of Bi1�xSbx has been predicted as a function of x by Sahin et al.

[88]. In their calculation (Fig. 1.12(c)), the SHC of Bi1�xSbx initially increases

with increasing x. However, it begins to drop with further increasing x, which

is attributed to the reduced spin-orbit coupling. Within the regime where

band inversion occurs where Bi1�xSbx is a TI, the SHC is a little larger than

that of Bi. Because of the bulk semiconductor property in this regime, the

conductivity is smaller than that of Bi. Thus, they consider that the spin Hall

angle of Bi1�xSbx in this regime could be larger than that of Bi. They also

find the SHC changes as a function of Fermi level for Bi0.83Sb0.17, suggesting

that voltage-control-of SHE is seemingly to be realized in Bi0.83Sb0.17.

Because of the TI character of Bi1�xSbx for 0.07 < x < 0.22, large SOT

originated from REE is believed in Bi1�xSbx/FM thin film heterostructures.

Recently, Khang et al. have characterized current-induced SOT in Bi0.9Sb0.1/MnGa

heterostructures grown by MBE [98]. They find the current-spin conversion ef-



18 Chapter 1. Introduction

(a)

(b)

Figure 1.13: (a) Anomalous Hall resistance hysteresis loops as a function of the

magnitude of injected current (or current density) under a in-plane magnetic field

for the Bi0.90Sb)0.1/MaGa heterostructure. The current-induced switching of

magnetization is observed with a small current density in Bi0.90Sb)0.1. (b) The

device geometry for harmonic Hall voltage (Vxx and Vxy) measurement (left panel)

and the field dependence of the second harmonic voltage (V xx
2! and V

xy
2! ) (right

panel) in BiSb/Co bilayers. The contribution from the ONE is found dominant in

the second harmonic voltage. (a) and (b) are originally from Refs. [98] and [99],

respectively.

ficiency in Bi0.9Sb0.1 has a huge value ⇠ 52, the largest among all the materials

studied so far. They consider the current-induced SOT should be attributed to

the TSS of Bi0.9Sb0.1. They also demonstrate that the magnetization of MnGa

in Bi0.9Sb0.1/MnGa heterostructures can be switched by injecting a current

with a very little density in Bi0.9Sb0.1 compared to HMs (see Fig. 1.13(a)).

However, another characterization of SOT in BiSb/Co thin film heterostruc-

tures using harmonic Hall resistance technique by Roschewsky et al. has found

that the contribution from the ordinary Nernst e↵ect (ONE) plays an impor-
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tant role in measurement signal [99]. They report negligible current-spin con-

version e�ciency in the alloy (see Fig. 1.13(b)). This disagreement between the

two experiments impel additional studies to confirm current-spin conversion in

BiSb. As mentioned above, the ONE contribution has also been reported in

the spin-current conversion measurement of YIG/Bi bilayers by Yue et al. [92].

These results indicate that careful data analysis is necessary while studying

materials containing Bi.

1.4 Objective and outlines of this thesis

The objective of this thesis is to identify current-spin conversion in ma-

terials based on Bi and understand its mechanism by charactering the SOT

of Bi-based material/FM thin film heterostructures. As mentioned above, the

TSS of BiSb alloy has been predicted [94] and confirmed [63]. However, its

e↵ect on current-spin conversion needs to be examined [98,99]. Both REE and

SHE can result in the current-spin conversion. Considerable SHC has been

predicted in BiSb alloy [88], whereas it has not been confirmed yet. Thus,

if the SOT is generated in BiSb alloy/FM heterostructures, an important is-

sue needs to be addressed is understanding its mechanism. The procedure

of my work is divided into three steps. First, demonstrate the current-spin

conversion in BiSb alloy and understand its mechanism. Polycrystalline BiSb

alloy/CoFeB thin film heterostructures have been grown for the SOT charac-

terization. I attempt to clarify its mechanism by studying the current-spin

conversion of BiSb under di↵erent conditions. Second, investigate current-

spin conversion in carrier-doped Bi thin films and identify its origin. During

the study on BiSb/CoFeB heterostructures, massive Dirac electrons in the L

valley of Bi [86, 87] are inferred to play an important role in its current-spin

conversion. I characterize the SOT of carrier-doped Bi/CoFeB thin film het-

erostructures in detail for confirming the assumption. Third, explore the PMA

and current-spin conversion in a Pt1�xBix/Co/MgO trilayer system. After the

demonstration of appreciable current-spin conversion in Bi, looking for a Bi-

based system exhibiting PMA will have a practical meaning that devices with

PMA is suitable for high-density information storing. I attempt to introduce

Bi into Pt/Co/MgO trilayers, a system exhibiting strong PMA [29, 100–102],

and study how the PMA and current-spin conversion of the heterostructures

vary via changing Bi doping level.

The following chapters provide detailed description of the methods we used

in our experiments and the results of current-spin conversion in di↵erent Bi-

based material thin films, as follows:

Chapter 2 introduces the methods employed in our experiments, includ-
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ing sample growth, thin film structure characterization, magnetic property

measurement, device fabrication, electrical transport measurement and SOT

characterization. We use the harmonic Hall resistance technique to character-

ize the SOT in our samples. The principle of this technique is presented in

detail.

Chapter 3 describes current-spin conversion in BiSb alloy thin films. A

current-spin conversion with an e�ciency exceeding an unity is observed in

BiSb alloy thin films at room temperature. Its mechanism is studied by inves-

tigating the e�ciency as a function of BiSb alloy thin film thickness, compo-

sition, facet, and measurement temperature.

Chapter 4 presents current-spin conversion in pristine and carrier-doped

Bi thin films. The carrier doping in Bi is performed by substituting Bi with

Te and Sn. The doping results in e↵ective control of the Fermi level and the

concentration of massive Dirac electrons in Bi. We demonstrate the relation-

ship between the current-spin conversion of Bi and the Fermi level position in

its band structure. The robustness of current-spin conversion in Bi has also

been investigated by characterizing the SOT in Bi/FM heterostructures grown

under di↵erent conditions.

Chapter 5 describes the research on PMA and current-spin conversion in

Pt1�xBix/Co/MgO trilayers. The structure, magnetic anisotropy and current-

spin conversion are studied systematically in the trilayers as a function of the

Bi doping level.

Finally, a brief summary of the experimental results concludes this thesis,

and some outlooks for further studies are proposed in Chapter 6.
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Experimental methods

2.1 Radio frequency mangetron sputtering thin

film deposition

The thin film heterostructures studied in this thesis are grown using radio

frequency (RF) magnetron sputtering method at ambient temperature. Mag-

netron sputtering is a process where atoms or molecules of material are emitted

from a target by the collision of high-speed particles. The ejected atoms or

molecules are deposited onto a substrate and form thin films.

Schematic of the magnetron sputtering technique is illustrated in Fig. 2.1.

After transferring the substrates mounted on a holder into the sputtering cham-

ber with a high base vacuum ( 1⇥ 10�6 Pa), argon (Ar) gas fills the chamber

with controlled gas pressure. An RF sputtering power is then applied between

the substrates and target. In this case, the substrates and traget can be seen

as the anode and cathode in a capacitance. During the first-half positive AC

current oscillation cycle in RF, the target works as the cathode. Ar gas is

ionized by the high bias voltage and a stable plasma is formed in the chamber.

The target is bombarded by the attracted Ar ion and atoms or molecules are

ejected, constituting the thin films on the substrates. On the following nega-

tive AC current oscillation cycle, the target becomes the anode and attracts

more electrons than Ar ions due to their higher mobility. The permanent

magnets behind the target are used to trap the electrons on the target and

prevent it from hitting the substrate. This process improves the e�ciency of

Ar gas ion formation in AC current modulation, suppresses the discharge of

the plasma and avoids the substrates from overheating. The advantage of an

RF sputtering power is that it avoids charge building-up on the targets and

insulating materials can be thus deposited. The sputtering rate of materials is

tunable by changing the Ar gas pressure and RF sputtering power.
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Figure 2.1: Schematic illustration of the RF magnetron sputtering technique.

Figure 2.2: Schematic of a heterostructure with layers grown by alternating

ultrathin layer deposition (AULD) method.

We establish a method to grow binary compound thin films, which is dif-

ferent from using stoichiometric alloy targets or co-sputtering technique. A

heterostructure with the binary compound thin film formed by this method is

schematically illustrated in Fig. 2.2. Ultrathin films of the two elements, E1
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and E2, in the binary compound are deposited alternatively and constitute a

bilayer with a repeat number of N . The thickness of each bilayer is set below

1 nm. The mixing of the two elements in the multilayer which leads to for-

mation of an alloy thin film is confirmed using scanning transmission electron

microscopy. We refer to this method as alternating ultrathin layer deposition

(AULD). AULD allows simple means to control the composition of the alloy.

2.2 X-ray di↵raction

The crystalline texture of the thin films grown by RF magnetron sputtering

is analyzed using x-ray di↵raction (XRD). XRD analysis is based on Bragg’s

law. The Bragg condition is schematically shown in Fig. 2.3. When two beams

of x-ray (regarded as waves) with the same phase and wavelength approach

a crystalline thin film with a glancing angle ✓, they will be scattered from

the lattice planes separated by an interplanar distance d. The two scattered

waves remain in phase when the di↵erence between their path lengths is an

integer multiple of the wavelength �. The di↵erence between the path lengths

is 2d sin ✓. Thus, the constructive interference with strongest intensity, i.e.,

Bragg peaks, can be observed when ✓ meets the condition

2d sin ✓ = n�, (2.1)

where n is a positive integer. d is determined by the lattice constant and

crystalline orientation. Thus, the texture information of the thin film can be

obtained from the spectral intensity as a function ✓. 2✓ is typically plotted

in the horizontal axis in the spectra. We use RigukuR� Smartlab to acquire

the XRD spectra of our thin film samples. Cu K↵ characteristic x-ray, with a

wavelength of 1.54 Å, is used in all measurements.

2.3 Vibrating sample magnetometer measure-

ment

The magnetic properties of samples with ferromagnetic metal (FM) layers

are measured using a vibrating sample magnetometer (VSM) at room temper-

ature. Schematic of a VSM instrument is presented in Fig. 2.4. The sample is

mounted on a quartz rod, which is placed between two electromagnets. The

quartz rod can be rotated, allowing the magnetic field to point along or normal

to the film plane. The sample is magnetized after applying a uniform magnetic

field and vibrated sinusoidally using the quartz rod. According to Faraday’s

law of induction, an electromotive force is generated in the pick-up coils by
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Figure 2.3: Schematic of the Bragg conditions for obtaining constructive

interference of x rays scattered from lattice planes separated by an interplanar

distance d at the injection angle ✓.

moving the magnetized sample. The electromotive force in the pick-up coils

is proportional to the magnetic moment of the sample. The strength of the

electromotive force is recorded using a lock-in amplifier. We use a VSM made

from TAMAKAWA Co., LTD to carry out our measurement. The magnetic

field can be applied up to 2T in the measurement and the vibration frequency

is set to 82.5Hz. The magnetic field is strong enough to saturate the magne-

tization of the soft FM thin films used in our measurements along the easy-

and hard-axis.

2.4 Device fabrication

Micron-scale devices for transport measurement is fabricated from the thin

film samples using optical lithography and ion milling. The geometric pattern

can be transferred from a photomask to the sample coated with a photoresist

layer by optical lithography. We use MICROPOSIT
TM

S1813G photoresist in

this process. It is a positive resist and the part exposed to ultraviolet light is

dissolved in a developer. The typical thickness of the resist layer is ⇠ 1.2 µm
after spin-coating at 5000 rpm for 30 s. MF-319 is used as the developer in the

developing process. We use Ar ion beam for ion milling, which is carried out

in the loadlock chamber of the RF magnetron sputtering instrument with a

base pressure below 5⇥ 10�4 Pa. The sample area without the resist coating

can be removed via bombardment of the Ar ion beam. The duration of the ion
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Figure 2.4: Schematic illustration of the part close to sample in a vibrating sample

magnetometer (VSM).

milling depends on the property and thickness of the thin films. The contact

pads, i.e., electrodes, are formed on the fabricated devices using a standard

lift-o↵ process. The electrodes are deposited by RF magnetron sputtering and

the structure is the same for all the devices, which is 5 Ta/60 Cu/5 Pt (unit

in nanometer).

The optical lithography and ion milling processes are illustrated in Fig. 2.5.

The procedure is:

1. Coat S1813G resist at 5000 rpm for 30 s by a spin-coater.

2. Pre-bake at 115 �C for 60 s to dry the resist.

3. Mount the photomask. Illuminate using ultraviolet light generated by a

mercury lamp for 30 s.

4. Develop in MF-319 developer for 150 s followed by water rinse for several

seconds.

5. Etch the film by Ar ion beam with a gas pressure of 6⇥ 10�2 Pa. Wait

5min after etching for cooling.
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Figure 2.5: Schematic of optical lithography and ion milling process for device

fabrication.

6. Remove the resist using ultrasonic cleaner by immersing in a solvent in

the sequence of N -Methyl-2-pyrrolidone, acetone, and isopropyl alcohol.

The lift-o↵ process for forming electrodes is schematically shown in Fig. 2.6.

The procedure is listed as follows:

1. Coat S1813G resist at 5000 rpm for 30 s by a spin-coater.

2. Pre-bake at 115 �C for 60 s to dry the resist.

3. Mount the photomask. Illuminate using ultraviolet light generated by a

mercury lamp for 30 s.

4. Develop in MF-319 developer for 150 s followed by water rinse for several

seconds.

5. Etch the film by Ar ion beam with a gas pressure of 6⇥ 10�2 Pa for 20 s

to remove the oxidation layer on the surface of samples. Wait 5min after

etching for cooling.

6. Deposit 5 Ta/60 Cu/5 Pt electrodes by RF magnetron sputtering.

7. Remove the resist using ultrasonic cleaner by immersing in a solvent in

the sequence of N -Methyl-2-pyrrolidone, acetone, and isopropyl alcohol.
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Figure 2.6: Schematic of lift-o↵ process for adding electrode pads.

2.5 Direct current transport measurement

The direct current (DC) magneto-transport property of the thin films is

measured using the fabricated Hall bar devices under an external magnetic

field (Hext). The Hall bar device, the measurement circuit, and the coordinate

system are schematically presented in Fig. 2.7. The transport channel is set to

a length l and width w, which is the distance between two crossing Hall bars

and the width of the transport wire, respectively.

According to the Ohm’s law j = �̂E (⇢̂j = E), the conductivity � and the

resistivity ⇢ read as:

j =

✓
�xx �xy

�yx �yy

◆
E;

✓
⇢xx ⇢xy

⇢yx ⇢yy

◆
j = E, (2.2)

where j is the current density in the thin film andE is the driving electric field.

The unknowns in the conductivity and resistivity tensors are two in isotropic

system because of �xx = �yy (⇢xx = ⇢yy) and �xy = ��yx (⇢xy = �⇢yx).

By inverting the matrix, the diagonal and the o↵-diagonal components of the

conductivity tensor can be expressed as a function of the elements in resistivity
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Figure 2.7: Schematic of the Har bar device, DC current transport measurement

circuit and coordinate system.

tensor, which read

�xx =

✓
⇢xx

⇢2xx + ⇢2yx

◆
; �xy =

✓
⇢yx

⇢2xx + ⇢2yx

◆
. (2.3)

⇢yx is much smaller than ⇢xx in most cases. Thus we can simplify Eq. 2.3 as

�xx =
1

⇢xx
; �xy =

⇢yx

⇢2xx

. (2.4)

⇢xx and ⇢xy of the thin films are determined by the longitudinal (Rxx)

and transverse (Rxy) resistance of devices based on the relationship of ⇢xx =

Rxxl/wt and ⇢xy = Rxyt, where t is the thickness of thin films. For heterostruc-

tures, ⇢xx of di↵erent layers can be estimated using the parallel resistor model

by measuring Rxx of devices with di↵erent thicknesses.

Rxx under Hext reads as

Rxx =
Vxx

I
= R0 (1 +MR(Hext)) , (2.5)
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where Vxx is the recorded longitudinal voltage, R0 is the intrinsic resistance of

devices, and MR is the magnetoresistance that depends on the direction and

strength of Hext. Rxy consists of the contributions from ordinary Hall e↵ect,

anomalous Hall e↵ect (AHE) and planar Hall e↵ect (PHE). PHE is an e↵ect

induced by the anisotropic magnetoresistance in the FM layer. Rxy can be

expressed using the recorded transverse voltage Vxy under Hext as

Rxy =
Vxy

I
=

RH

t
µ0Hext cos ✓ +RAHE cos ✓ +RPHE sin

2
✓ sin 2', (2.6)

where RH is the Hall coe�cient, µ0 is the vacuum permeability, RAHE is the

anomalous Hall resistance, RPHE is the planar Hall resistance and Hext, ✓ and

' are the strength, polar angle and azimuthal angle of Hext, respectively.

(a) (b)

Figure 2.8: Schematics of Rxy hysteresis loops for thin films containing FM layer

exhibiting perpendicular magnetic anisotropy (a) and in-plane magnetic anisotropy

(b).

For non-magnetic material thin films, the carrier concentration n is deter-

mined by measuring Rxy as a function of Hext along the z-axis, defined as Hz.

RH is obtained from the slope of Rxy against Hz. The concentration of carriers

n of materials is estimated using n = |
1

eRH

| for single-carrier systems. For

FM thin films or heterostructures containing FM layer, RAHE is determined by

measuring the Rxy hysteresis loop using Hz. Schematics of Rxy hysteresis loops

for samples exhibiting perpendicular magnetic anisotropy (PMA) and in-plane

magnetic anisotropy (IMA) are illustrated in Figs. 2.8(a) and (b), respectively.

For a thin film exhibiting PMA, RAHE is given by the di↵erence between the



30 Chapter 2. Experimental methods

values of Rxy at Hz = 0 in the two half loops, which is twice the magnitude of

RAHE. For the films exhibiting IMA, RAHE is obtained from the extrapolation

of the two high-field ordinary Hall e↵ect slopes. The out-of-plane anisotropy

field Hk is defined as the intersection between the high-field linear curve and

the linear fitting of data within a low field regime.

The transport measurements, with high field and variable temperature, are

conducted using a Quantum Design Physical Property Measurement System

(PPMS R�) and a Quantum Design PPMS R� DynaCool
TM

. The maximum field

in the two systems reaches 9T and 14T, respectively. The environment tem-

perature can be tuned from 2 to 400K. The measurements with low field are

carried out using KEITHLEY 2400 and 2450 SourceMeter R� and KEITHLEY

2182A nanovoltmeter. Two electromagnets are used in these measurements to

generate a magnetic field with a maximum of 2T.

2.6 Harmonic Hall resistance technique

We use the harmonic Hall resistance technique to characterize the current-

induced SOT and quantify current-spin conversion in Bi-based material/FM

thin film heterostructures [38, 39, 41, 99, 103, 104]. Schematic of the measure-

ment set-up is illustrated in Fig. 2.9. The principle and analysis of the har-

monic Hall resistance technique are described below.

Harmonic Hall resistance Rhar is measured under Hext by applying an al-

ternative current (AC) IAC, which reads as

IAC = I0 sin!t, (2.7)

where I0 and !/2⇡ are the amplitude and frequency, respectively. The har-

monic Hall voltage Vhar is recorded using lock-in amplifiers. Vhar consists of

contributions from ordinary Hall e↵ect, AHE, PHE, and the magnetothermal

e↵ects. The magnetothermal e↵ects originate from an unintentional tempera-

ture gradient normal to film plane due to the di↵erence in the thermal conduc-

tivities of the substrate and air. The thermal e↵ects include the ONE [99], the

anomalous Nernst e↵ect (ANE), and/or the combined action of spin Seebeck

e↵ect (SSE) and inverse spin Hall e↵ect (ISHE) [103]. The contribution from

the ONE in Vvar is proportional to Hext.

The contribution from the ANE and/or the combined action of SSE and

ISHE is independent of Hext. The magnetization of FM layer M is modulated

by Hext with an equilibrium polar angle ✓M and an azimuthal angle 'M . Note

that we neglect the in-plane easy axis anisotropy energy KI in our model

because it is usually small in many soft ferromagnetic materials. The shape

isotropy in our device with micrometer size is also negligible. Thus, we assume
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'M is equal to '. Eq. 2.6 can be expanded to include the contributions from

magnetothermal e↵ect and Vhar and Rhar in the bilayer read as:

Vhar =ROHEµ0Hext cos ✓I0 sin!t+RAHEcos✓MI0 sin!t

+RPHE sin
2
✓M sin 2'I0 sin!t

+Nw�THext sin ✓ cos'+ ↵w�T sin ✓M cos';

(2.8)

Rhar =
Vhar

I0
=ROHEµ0Hext cos ✓ sin!t+RAHEcos✓M sin!t

+RPHE sin
2
✓M sin 2' sin!t

+
Nw�T

I0
Hext sin ✓ cos'+

↵w�T

I0
sin ✓M cos',

(2.9)

where ROHE is a coe�cient representing the ordinary Hall resistance of the

heterostructure, N is the ONE coe�cient, w is the width of the conducting

channel in the Hall bar devices, ↵ is the coe�cient for ANE and/or SSE/ISHE

combination, �T is the temperature di↵erence between the top and bottom

surfaces of the thin film. During the AC current injection, two oscillating

e↵ective fields are generated on M attributed to spin-orbit torque (SOT), i.e.,

HDL induced by damping-like spin-orbit torque (DL-SOT) and HFL induced

by field-like spin-orbit torque (FL-SOT), resulting in an oscillation of M from

the equilibrium position.

A Joule heating induced in-plane temperature gradient also exists along the

direction of Hall bar, i.e., along the y-axis. The voltage induced by ONE and

ANE due to an in-plane temperature gradient points along the z-axis. Such

voltage does not contribute to the Hall voltage and thus can be neglected in

the analysis of R2!. The SSE of FM layer generates a spin current along the

y-axis, which does not contribute to R2! through the ISHE. Thus, the e↵ect

of in-plane temperature gradient does not influence the analysis of harmonic

Hall resistance.

In order to estimate the strength of HDL and HFL, we first derive the

equilibrium ✓M of M induced by Hext. Vectors M and Hext can be written

as

M = Ms (sin ✓M cos'i+ sin ✓M sin'j + cos ✓Mk) (2.10)

and

Hext = Hext (sin ✓ cos'i+ sin ✓ sin'j + cos ✓k) , (2.11)

where Ms is the saturation magnetization of M . The magnetostatic energy E

of the system is given by

E = �Ke↵ cos
2
✓M �M ·Hext, (2.12)
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Figure 2.9: Schematic of harmonic Hall resistance measurement circuit, coordinate

system and the spin-orbit torque in spin current source material/FM bilayer.

where Ke↵ is the e↵ective out-of-plane magnetic anisotropy energy. The two

terms on the right side are attributed to the out-of-plane magnetic anisotropy

and Zeeman e↵ect, respectively. ✓M of M is determined by the following

equation

@E

@✓M
= 0 =

Hk

2
sin 2✓M �Hext sin(✓ � ✓M). (2.13)

We define Hk ⌘ 2Ke↵/Ms.

The total current-induced field �H that modulates M can be written in

a form of

�H = �Hx +�Hy +�Hz. (2.14)

The change in equilibrium ✓M and ' of M is defined as �✓M and �'. �'

represents Assuming '⌧1 and |�H|⌧Hext, �' reads as

�' =
��Hx sin'+�Hy cos'

Hext sin ✓
. (2.15)

�✓M can be written as

�✓M =
X

i=x,y,z

@✓M

@Hi
�Hi. (2.16)

@✓M/@Hi can be calculated using a relation derived from Eq. 2.13:

@

@Hi

✓
@E

@✓M

◆
= 0 = [Hk cos 2✓M +Hext cos (✓ � ✓M)]

@✓M

@Hi
� fi, (2.17)
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where

fx = cos ✓M cos'; fy = cos ✓M sin'; fz = � sin ✓M . (2.18)

We obtain �✓M by substituting the calculated @✓M/@Hi into Eq. 2.16, which

reads as

�✓M =
cos ✓M(�Hx cos'+�Hy sin')� sin ✓M�Hz

Hk cos 2✓M +Hext cos(✓ � ✓M)
. (2.19)

The directions of HDL and HFL are along � ⇥m and �, respectively. m

is the unit vector of M . In the geometry of Hall bar device in Fig. 2.9, �

is parallel to y. An Oersted field HOe induced by the AC current flowing

in Bi-based material thin film layer can exert torque on M as well, which

has the same geometry of HFL. HDL, HDL, and HOe oscillate in sin!t and

their magnitudes, i.e., HDL, HDL and HOe, are proportional to I0. Assuming

� = �y, we obtain the form of HDL and HFL +HOe as

HDL = HDL(y ⇥m) sin!t = HDL(� cos ✓Mi+ sin ✓M cos'k) sin!t, (2.20)

HFL +HOe = (HFL +HOe)j sin!t, (2.21)

�H consists of HDL, HDL, and HOe. Thus, we can use these relations to

renormalize �H defined in Eq. 2.14, read as

�Hx =�HDL cos ✓M sin!t;

�Hy =� (HFL +HOe) sin!t;

�Hz =HDL sin ✓M cos' sin!t.

(2.22)

To simplify our measurement, Hext is applied with an optimized geometry

according to the easy axis of the FM layer in the samples.

2.6.1 In-plane magnetization system

For FM layer exhibiting IMA, Hext is rotated in the xy plane with an

angel ' between Hext and the x-axis. In such geometry, ✓ and ✓M are 90�.

Substituting these values and Eq. 2.22 into Eqs. 2.19 and 2.15, �✓M and �'

are simplified as

�✓M =
�HDL

Hk +Hext
cos' sin!t, �' = �

HFL +HOe

Hext
cos' sin!t. (2.23)

Note that the out-of-plane anisotropy field is negative for samples exhibiting

IMA. Here we use Hk to represent its magnitude. The equilibrium angle with
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AC current is ✓0M = 90� +�✓M and '0 = ' +�'. We can replace ✓M and '

with ✓0M and '0 in Eq. 2.9 and simplify it as

Rhar =RPHE sin 2' sin!t

+

✓
Nw�T

I0
Hext +

↵w�T

I0
+RAHE

HDL

Hext +Hk

◆
cos' sin2

!t

� 2RPHE
HFL +HOe

Hext
cos 2' cos' sin2

!t.

(2.24)

sin2
!t equals to (1 � cos 2!t)/2, suggesting that the contributions due to

current-induced SOT in Eq. 2.24 appear in the second harmonic Hall resistance

term R2!. �T originates from Joule’s heating. Using Eq. 2.7, �T is given as

�T/R0·I
2
AC = R0·I

2
0 sin

2
!t = R0·I

2
0 (1� cos 2!t)/2. (2.25)

Therefore, the contributions induced by the magnetothermal e↵ects in Eq. 2.24

also appear in R2!. We separate Eq. 2.24 into the first and second harmonic

Hall resistance, R! and R2!, as

R! = RPHE sin 2', (2.26)

and

R2! =

✓
RAHE

HDL

Hext +Hk
+

Nw�T

I0
Hext +

↵w�T

I0

◆
cos'

� 2RPHE
HFL +HOe

Hext
cos 2' cos'.

(2.27)

In practical measurement, an unintentional misalignment betweenHext and

the film plane partly mixes RAHE into the R! signal. A modified representation

of R! is given by adding the RAHE contribution into Eq. 2.26:

R! = RPHE sin 2'+ ⇣RAHE cos', (2.28)

where ⇣ is a constant that is introduced to take into account the unintentional

misalignment.

In Eq. 2.27, we have decomposed R2! into two parts with di↵erent ' de-

pendences, i.e., cos' and cos 2' cos'. The prefactors of these two parts are

defined as A and B, respectively, read as

A ⌘ RAHE
HDL

Hext +Hk
+

Nw�T

I0
Hext +

↵w�T

I0
, (2.29)

and

B ⌘ �2RPHE
HFL +HOe

Hext
. (2.30)

We obtain HDL and HFL +HOe using Eqs. 2.29 and 2.30 after measuring R2!

under di↵erent Hext.
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2.6.2 Out-of-plane magnetization system

For samples with FM layer exhibiting PMA, we apply Hext along the x-

and y-axis. In these cases, ✓ is 90� and ' is 0� for Hext k x ands 90� for

Hext k y. By substituting these values and Eq. 2.22 into Eqs. 2.19 and 2.15,

�✓M and �' can be rewritten as

�✓M =
�HDL

Hk cos 2✓M +Hext sin ✓M
sin!t, �' = �

HFL +HOe

Hext
sin!t (Hext k x);

(2.31)

and

�✓M = �
HFL +HOe

Hk cos 2✓M +Hext sin ✓M
sin!t, �' = �

HDL

Hext
cos ✓M sin!t (Hext k y).

(2.32)

Rhar is reexpressed by replacing ✓M and ' with ✓
0
M = 90� + �✓M and '

0 =

0�(90�) +�' in Eq. 2.9, which reads as

Rhar,Hext||x =RAHEcos✓M sin!t+RAHE
HDL sin ✓M

Hk cos 2✓M +Hext sin ✓M
sin2

!t

� 2RPHE
(HFL +HOe) sin

2
✓M

Hext
sin2

!t

+
Nw�T

I0
Hext +

↵w�T

I0
sin ✓M ;

(2.33)

and

Rhar,Hext||y =RAHEcos✓M sin!t+RAHE
(HFL +HOe) sin ✓M cos ✓M
Hk cos 2✓M +Hext sin ✓M

sin2
!t

� 2RPHE
HDL sin

2
✓M cos ✓M

Hext
sin2

!t.

(2.34)

Similar to Eqs. 2.26 and 2.27, we separate the first and second harmonic terms,

giving

R!,Hext||x or y = RAHEcos✓M , (2.35)

R2!,Hext||x =RAHE
HDL sin ✓M

Hk cos 2✓M +Hext sin ✓M
� 2RPHE

(HFL +HOe) sin
2
✓M

Hext

+
Nw�T

I0
Hext +

↵w�T

I0
sin ✓M

(2.36)



36 Chapter 2. Experimental methods

and

R2!,Hext||y = RAHE
(HFL +HOe) sin ✓M cos ✓M
Hk cos 2✓M +Hext sin ✓M

� 2RPHE
HDL sin

2
✓M cos ✓M

Hext
.

(2.37)

For a given I0, HDL and HFL +HOe can be extracted from Eqs. 2.36 and 2.37

by scanning Hext along the x- and y-axis.

Contribution from HOe can be expressed as HOe/j = �2⇡dN (10�1 Oe/(A ·

cm�2)) according to Ampère’s law [104], where j and dN are the magnitude of

the current density and thickness of Bi-based material thin film layer. Thus,

we separate HFL from HFL + HOe by subtracting the calculated HOe. Us-

ing the extracted HDL and HFL, we estimate the e�ciency of DL-SOT ⇠DL,

i.e., current-spin conversion e�ciency, and the e�ciency of FL-SOT ⇠FL using

Eq. 1.5 by replacing the current density in heavy metal jHM with j:

⇠DL(FL) =
2e

~
µ0HDL(FL)

j
Mste↵ , (2.38)

where te↵ is the thickness of the e↵ective FM layer. In our estimation, we

assume that spin is transparent at the interface. We thus assume ⇠DL ⇠ ✓SH.

The corresponding spin Hall conductivity (SHC) �SH and field-like spin Hall

conductivity (FL-SHC) �FL in Bi-based material thin film are defined using

the resistivity ⇢xx as

�SH(FL) = ⇠DL(FL)�xx = ⇠DL(FL)/⇢xx. (2.39)



Chapter 3

Current-spin conversion in BiSb
alloy thin films

Part of this chapter has been published in ”The spin Hall e↵ect in Bi-Sb

alloys driven by thermal excited Dirac-like electrons”, Z. Chi, Y.-C. Lau, X.-

D. Xu, T. Ohkubo, K. Hono, and M. Hayashi, Science Advances 6, eaay2324

(2020).

3.1 Introduction

BiSb alloy has attracted great interest in spintronic applications due to its

topological property [63,94–97]. It has been reported that BiSb alloy thin film

grown by molecular beam epitaxy (MBE) possesses a huge current-spin con-

version e�ciency due to topological surface state (TSS) at room temperature,

allowing current-induced magnetization switching in a BiSb alloy/MnGa thin

film heterostructure exhibiting perpendicular magnetic anisotropy (PMA) [98].

However, current-induced spin-orbit torque (SOT) in BiSb alloy/Co bilayer

have been reported by a di↵erent group, suggesting negligible current-spin

conversion in BiSb alloy [99]. Further studies are required to resolve this con-

flict. In theory, considerable spin Hall conductivity (SHC) has been predicted

in Bi-rich BiSb alloy [88], suggesting that current-induced SOT in BiSb alloy

may be also generated by bulk spin Hall e↵ect (SHE). Thus, understanding

the mechanism behind the SOT in BiSb alloy/ferromagnetic metal (FM) bi-

layers is of great importance for the better design of spintronic devices based

on BiSb.

In this chapter, we present our study on identifying current-spin conver-

sion in polycrystalline Bi1�xSbx alloy thin films by characterizing the current-

induced SOT in Bi1�xSbx/CoFeB thin film heterostructures. The Bi1�xSbx

thickness, composition, film facet, and measurement temperature dependences
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of current-spin conversion e�ciency and corresponding SHC of Bi1�xSbx are

discussed in detail.

3.2 Sample description

BiSb alloy/CoFeB thin film heterostructure samples were deposited onto

thermally oxidized Si substrates at ambient temperature. The thickness of the

oxide layer of the substrate is 100 nm. We utilize the alternating ultrathin layer

deposition (AULD) method to grow BiSb alloy layer; the base structure of the

heterostructure is Sub./seed/[tBi Bi|tSb Sb]N/tBi Bi/tCoFeB CoFeB/2 MgO/1 Ta

(nominal thickness in units of nanometers, nm), which is shown in Fig. 3.1(a)

schematically. N is the repeat number of Bi|Sb bilayers. tBi, tSb, and tCoFeB

represent the thickness of Bi, Sb, and CoFeB unit layer, respectively. The

total thickness of the repeated Bi|Sb bilayer is set to satisfy tBi+ tSb ⇠ 0.7 nm.

The terminal Bi single layer is fixed to 0.3 nm in all samples. The atomic

composition of CoFeB is Co:Fe:B=20:60:20 in the unit of atomic %. The seed

layer in the heterostructure is 0.5 nm Ta unless noted otherwise. 2 MgO/1 Ta

is used as the capping layer to prevent the heterostructures from oxidization.

We assume that the top Ta layer is fully oxidized into TaOx and does not

influence the electrical and spin transport properties of the heterostructures.

3.3 Structural and magnetization characteri-

zation

The structural and magnetic characterization of the Bi|Sb multilayer/CoFeB

heterostructure are presented first. Fig. 3.1(b) illustrates the x-ray di↵raction

(XRD) spectra of thin films with the structure of 0.5 Ta/[0.35 Bi|0.35 Sb]N/0.3

Bi/2 CoFeB. The red and blue curves show the spectra of samples with N =

8 and 16, respectively. Typical Bragg di↵raction peaks, which correspond to

(003), (012), and (104) crystallographic directions, are observed, suggesting

the films are polycrystalline. The peaks marked by the star is originated from

the substrate. The intensity of the peaks increase by increasing the repeat

number N of Bi|Sb bilayers, indicating the improved crystal quality of the

films.

The roughness of the samples was characterized using atomic force mi-

croscopy. The atomic force microscopy image of a 0.5 Ta/[0.35 Bi|0.35 Sb]8/0.3

Bi/2 CoFeB heterostructure is shown in Fig. 3.2. The top figure is the height

profile corresponding to the blue solid line in the bottom main image. We find

the average peak-to-peak height of crystal grains is less than 3 nm and the root
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(a) (b)

Figure 3.1: XRD spectra of 0.5 Ta/[0.35 Bi|0.35 Sb]N/0.3 Bi/2 CoFeB/2 MgO/1

Ta with N as 8 and 16 shown as blue and red lines, respectively. a.u. means

arbitrary units.

mean square roughness is of the order of 1 nm.

High-angle annular dark-field scanning transmission electron microscopy

(HAADF-STEM) analysis of samples was performed after cross sectioning the

samples into thin lamellae using focused ion beam lift-out technique. Cross-

sectional HAADF-STEM images of a thin film with N = 16 are shown in

Fig. 3.3(a). The top STEM image with lower-magnification confirms that the

[Bi|Sb]16 layer is continuous. The 2 nm-thick CoFeB and capping layers can be

distinguished well from Bi|Sb bilayers and confirmed to follow the morphology

and continuity of the multilayer. The average size of the BiSb multilayer crystal

grain is ⇠35 nm. The bottom panel shows the STEM image of the film with

high resolution. The lattice fringes can be observed clearly, revealing good

crystalinity of the Bi|Sb layers. The inset of Fig. 3.3(a) is a typical nanobeam

di↵raction pattern of the Bi|Sb bilayers. The di↵raction patterns indicate that

the crystal grains consist of Bi1�xSbx nanocrystallites with random orientations

within the film plane.

Figure 3.3(b) shows the element-selected analysis of the HAADF-STEM

images of [Bi|Sb]16/CoFeB heterostructure obtained via energy-dispersive x-

ray spectroscopy (EDS) [105]. EDS line profiles of the atomic ratio for di↵erent

elements averaged over the entire image are shown in Fig. 3.3(c). We find that

Sb tends to di↵use into the CoFeB layer, while Bi is practically immiscible

with any other elements. The di↵usion of Sb can be attributed to the finite
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Figure 3.2: Atomic force microscopy image of 0.5 Ta/[0.35 Bi|0.35 Sb]8/0.3 Bi/2

CoFeB/2 MgO/1 Ta sample. The top figure is the line profile along the blue solid

line represented in the main image.

solubility of Sb with Co and Fe. The EDS mapping shows that Bi and Sb

layers intermix with each other to form an alloy rather other a superlattice,

confirming that the AULD method is e�cient for growing binary compound

alloy. Hereafter, we denote the Bi|Sb bilayers as tBiSb Bi1�xSbx. tBiSb is the

total thickness of Bi|Sb bilayers and x is the corresponding Sb concentration

defined by x ⌘
tSb

tBi+tSb
. We note the concentration defined by thickness is an

apparent value and real value can be di↵erent.

The magnetic moments of Bi1�xSbx/CoFeB heterostructures were mea-

sured using a vibrating sample magnetometer (VSM) at room temperature.

The magnetization hysteresis loops of a 5.6 Bi0.53Sb0.47/2 CoFeB heterostruc-

ture are shown in Fig. 3.4(a). The loops measured under an external magnetic

field Hext along (in-plane) and perpendicular to (out-of-plane) the film plane

are illustrated by the red and blue lines, respectively. As evident, the magnetic

easy axis of CoFeB layer points along the film plane. CoFeB thickness depen-

dence of the saturated magnetic moment of Bi0.53Sb0.47/ CoFeB heterostruc-

tures (tBiSb = 5.6 and 10.9 nm) is presented in Fig. 3.4(b). Little di↵erence

is found between the two series of samples. Therefore, we assume that the
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Figure 3.3: (a) Cross-sectional high-angle annular dark-field scanning transmission

electron microscopy (HAADF-STEM) image of 0.5 Ta/[0.35 Bi|0.35 Sb]16/0.3 Bi/2

CoFeB/2 MgO/1 Ta sample in di↵erent ranges. The inset in the bottom image is

the selected nanobeam di↵raction pattern of the Bi|Sb multilayer. (b) Elemental

energy-dispersive x-ray spectroscopy (EDS) maps. The length of the horizontal bar

represents ⇠2 nm. (c) Line profile of the atomic ratio for di↵erent elements in the

sample. Zero position represents the interface between substrate and

heterostructure.

saturation magnetization Ms and the thickness of a magnetic dead layer tDL,

if any, are independent of the thickness of the BiSb layer. The solid line in

Fig. 3.4(b) is the linear fit of the magnetic moment against tCoFeB. According

to the slope and x-intercept of the linear fitting, Ms and tDL are determined

as 1190 ± 20 emu/cm3 and 0.46 ± 0.04 nm, respectively. In addition, we

measured the saturated magnetic moment of a 10 Bi/2 CoFeB and a 10 Sb/2

CoFeB heterostructure, which are shown in Fig. 3.4(b) as blue circle and black

triangle, respectively. No obvious di↵erence is found in the saturated magnetic

moment when x is changed. Thus, we assume that Ms and tDL are constant

for all heterostructures with di↵erent x.

We used a superconducting quantum interference device to investigate the

relationship between the temperature and the magnetic moment of BiSb al-

loy/CoFeB thin film heterostructures. Fig. 3.5 shows the magnetization hys-

teresis loops of a 5.6 Bi0.53Sb0.47/2 CoFeB heterostructure measured under Hext

along the film plane at 300K and 10K, which are illustrated by blue and red

lines, respectively. The two loops overlap with each other, suggesting that Ms
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(a) (b)

Figure 3.4: (a) Magnetization hysteresis loops of 5.6 Bi0.53Sb0.47/2 CoFeB

heterostructure. Red and blue curves correspond the hysteresis measured under a

field applied along and normal to the film plane, respectively. (b) CoFeB thickness

(tCoFeB) dependence of the saturated magnetic moment in 5.6 Bi0.53Sb0.47/tCoFeB

CoFeB (blue squares) and 10.9 Bi0.53Sb0.47/tCoFeB CoFeB (red squares)

heterostructures. The green circle and black triangle represent the saturated

magnetic moment of a 10 Bi/2 CoFeB and a 10 Sb/2 CoFeB heterostructure,

respectively.

and tDL of CoFeB on Bi1�xSbx layer hardly depend on the temperature.

3.4 Current-spin conversion characterization

In order to investigate current-spin conversion in Bi1�xSbx alloy, Bi1�xSbx/CoFeB

heterostructures were patterned into Hall bar devices. The width w and length

L of the conducting channel of the Hall bar are 10 and 25 µm, respectively.

An optical image of a patterned Hall bar device, the measurement circuit, and

the coordinate system are illustrated in the inset to Fig. 3.6(a). The longitudi-

nal and transverse resistance, Rxx and Rxy, are determined using DC current

transport measurements. The current-induced SOT in Bi1�xSbx/CoFeB het-

erostructures is evaluated using the harmonic Hall technique under di↵erent

Hext. The field is rotated in the film plane; ' is defined as the angle between

Hext and the x-axis. The amplitude and frequency (!/2⇡) of the applied AC

current are 1.5 mArms and 17.5Hz, respectively. The conductivities of BiSb and

CoFeB layer, �BiSb and �CoFeB, are estimated using a parallel resistor model by
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Figure 3.5: Magnetization hysteresis loops of 5.6 Bi0.53Sb0.47/2 CoFeB

heterostructure measured under a magnetic field applied along the film plane at

di↵erent temperatures. The red and blue lines correspond to the results obtained

at 10 K and 300 K, respectively.

measuring the resistance of samples with di↵erent tBiSb and tCoFeB. The cur-

rent distribution within the heterostructures is calculated using the thickness

and conductivities of the conducting layers. Note that we neglect the current

conduction in the 0.5 nm Ta seed and capping layers because of their larger

resistivity compared to BiSb and CoFeB layers.

3.4.1 BiSb thickness dependence

We first study the layer thickness dependence of current-spin conversion

in Bi0.53Sb0.47 at room temperature. The conductivity of Bi0.53Sb0.47 is plot-

ted as a function of tBiSb in Fig. 3.6(a). The slight increase of �BiSb with

increasing tBiSb is likely due to the larger grain size for thicker films that re-

duces the scattering at the grain boundaries. The average value of �CoFeB in

Bi0.53Sb0.47/CoFeB heterostructures is ⇠ 5.5⇥103 ⌦�1
·cm�1. Figs. 3.6(b) and

(c) show tBiSb dependence of the anomalous Hall resistance RAHE and the out-

of-plane anisotropy field Hk, respectively. For a given tBiSb, we studied devices

with three di↵erent CoFeB thicknesses, i.e., tCoFeB ⇠ 2, 3.4, and 4.2 nm. |RAHE|

decreases with increasing tBiSb regardless of the thickness of the CoFeB layer.

This is caused by current shunting into the BiSb layer due to its reduced resis-

tance with increasing tBiSb. Hk is nearly independent of tBiSb but it increases

with increasing tCoFeB. Planar Hall resistance RPHE of Bi0.53Sb0.47/CoFeB het-
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(a) (b)

(c) (d)

Figure 3.6: BiSb thickness (tBiSb) dependence of the conductivity of BiSb (�BiSb)

(a), anomalous Hall resistance RAHE (b), out-of-plane anisotropy field Hk (c) and

planar Hall resistance RPHE (d) in tBiSb BiSb/tCoFeB CoFeB thin film

heterostructures. The inset in (a) is the optical image of patterned Hall bar

devices, measurement circuit and the corresponding coordinate system. The scale

bar represents 30 µm. The All the data were obtained at 300 K.

erostructure is plotted against tBiSb in Fig. 3.6(d). The values are determined

using the first harmonic Hall resistance R! fitted using Eq. 2.28. Represen-

tative '-dependent R! measured under di↵erent Hext in a 5.6 Bi0.53Sb0.47/2

CoFeB heterostructure are presented in Fig. 3.7. The magnitude and shape of

R! show little dependence on the change of Hext, indicating good alignment

of the sample and magnetic field independent RPHE. The average RPHE ob-

tained under di↵erent Hext is used for the analysis hereafter. Note that RPHE

contains contribution from the spin Hall magnetoresistance [51, 106]. We find
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Figure 3.7: Representative azimuthal angle ' dependence of the first harmonic

Hall resistance R! for 5.6 Bi0.53Sb0.47/2 CoFeB thin film heterostructure measured

under di↵erent external magnetic field Hext at 300 K. The black lines are the fit

based on Eq. 2.28.

a peak in |RPHE| at tBiSb ⇠ 5 nm. Such thickness is approximately twice the

spin di↵usion length � of Bi0.53Sb0.47 (⇠ 2.3 nm). The position of |RPHE| peak

is in agreement with spin Hall magnetoresistance theory [49].

Representative second harmonic Hall resistance R2! measured under dif-

ferent Hext are plotted as a function of ' for 5.6 Bi0.53Sb0.47/2 CoFeB and 10.9

Bi0.53Sb0.47/2 CoFeB heterostructures in Figs. 3.8(a) and (b), respectively. The

black solid lines are the best fittings using Eq. 2.27. We find that the strength

of Hext considerably influences the shape and magnitude of R2!. Fig. 3.8(c)

plots the fitting parameter A, i.e., the prefactor of cos' component in R2!,

as a function of Hext for 10.9 Bi0.53Sb0.47/2 CoFeB heterostructure. The black

line is the best fitting to A against Hext and colored lines represent the cal-

culated decompositions of di↵erent contributions according to Eq. 2.29. The

contribution induced by the damping-like spin-orbit torque (DL-SOT) (red

line) dominates in A when Hext is small, whereas R2! changes its signal and

the contribution induced by the ordinary Nernst e↵ect (ONE) (green line)

is dominant under high Hext. The large ONE contribution to R2! is consis-

tent with the results given by Roschewsky et al. [99]. Fig. 3.8(d) displays

B, the prefactor of cos 2' cos' component in R2!, against 1/Hext. The black

line shows the best fitting using Eq. 2.30. The e↵ective fields associated the

DL-SOT and field-like spin-orbit torque (FL-SOT), HDL and HFL, can be ex-
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(a)

(c) (d)

(b)

Figure 3.8: (a,b) Representative azimuthal angle ' dependence of the second

harmonic Hall resistance R2! for 5.6 Bi0.53Sb0.47/2 CoFeB (a) and 10.9

Bi0.53Sb0.47/2 CoFeB (b) thin film heterostructures measured under di↵erent

external magnetic field Hext at 300 K. The solid black lines are the fittings

following Eq. 2.27. (c) Hext dependence of A in R2! for 10.9 Bi0.53Sb0.47/2 CoFeB

heterostructure. The black curve represents the fitting result according to Eq. 2.29.

The colored lines mean the contribution from di↵erent origins. (d) 1/Hext

dependence of B in R2! for 10.9 Bi0.53Sb0.47/2 CoFeB. The black line is the fitting

result based on Eq. 2.30.

tracted from the fitting in Figs. 3.8(c) and (d). The current-induced Oersted

field HOe is estimated based on the Ampère’s law (see Chap. 2). By substi-

tuting HDL, HFL, HOe, RAHE, current density in the BiSb layer jBiSb, Ms and

the e↵ective magnetic layer thickness te↵ (te↵ ⌘ tCoFeB � tDL) into Eq. 2.38,

we obtain the e�ciency of DL-SOT ⇠DL, which is equivalent to current spin
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conversion e�ciency, and the e�ciency of FL-SOT ⇠FL in BiSb/CoFeB thin

film heterostructures.

(a) (b)

Figure 3.9: tBiSb dependence of the e�ciency of DL-SOT ⇠DL (a) and spin Hall

conductivity �SH (b) in Bi0.53Sb0.47/CoFeB heterostructures with di↵erent CoFeB

thickness tCoFeB. All the data were measured at 300 K.

The BiSb thickness dependence of ⇠DL for Bi0.53Sb0.47/CoFeB heterostruc-

tures is shown in Fig. 3.9(a). The sign of ⇠DL is the same as that of Pt [107],

which is in agreement with previous studies on Bi2Se3 [72,74] and MBE-grown

Bi0.9Sb0.1 thin films [98]. ⇠DL reaches a maximum of 0.65 at tBiSb ⇠ 8 nm. This

value is much larger than that of heavy metals (HMs) while a little smaller

than found in other Bi-based topological insulators (TIs) [74, 77, 79, 98]. ⇠DL

is hardly influenced by tCoFeB, indicating current-spin conversion originated

from BiSb. ⇠DL increases with tBiSb until ⇠ 8 nm, whereas it drops slightly

at thicker tBiSb. Note that the conductivity of the BiSb layer also varies with

its thickness. In order to account for this change, we estimate the SHC (�SH)

of Bi0.53Sb0.47 using Eq. 2.39 and plot it as a function of BiSb thickness in

Fig. 3.9(b). �SH increases with increasing tBiSb and tends to saturate when

tBiSb is beyond ⇠ 8 nm. This trend suggests that current-spin conversion in

Bi0.53Sb0.47 is likely due to the SHE rather than the scenario dominated by

surface states [74,108] or a quantum confinement picture [79]. We fit the data

presented in Fig. 3.9(b) using a model based on the spin di↵usion equation.

Similar to Eq. 1.10, �SH reads

�SH = �̄SH[1� sech(
tBiSb

�
)]. (3.1)
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�̄SH is the bulk SHC and � is the spin di↵usion length. We find that, in

Bi0.53Sb0.47, �̄SH = 496 ± 26 (~/e) ⌦�1
·cm�1 and � = 2.3 ± 0.4 nm. The

estimated � is comparable to that of W (⇠ 1.09 nm) and Ta (⇠ 0.77 nm) [51].

⇠FL is plotted as a function of tBiSb for Bi0.53Sb0.47/CoFeB heterostructures

with di↵erent tCoFeB in Fig. 3.10. Contribution from HOe is illustrated by the

dotted lines in Fig. 3.10 with colors corresponding to di↵erent tCoFeB. We find

that HOe has the opposite sign against HFL. ⇠FL shows little dependence on

tCoFeB and tBiSb, with an average value of ⇠ 0.2. The value of ⇠FL is nearly

half of that of ⇠DL. The sign of ⇠FL is consistent with that of Pt/Co/AlOx

heterostructures [39] but di↵erent from that observed in Bi2Te3/Permalloy

heterostructures [74]. The di↵erent tBiSb dependence of ⇠DL and ⇠FL suggests

that the two orthogonal components of SOT (DL-SOT and FL-SOT) originate

from phenomena that are characterized by di↵erent characteristic length scales

[38, 109].

Figure 3.10: BiSb thickness dependence of the e�ciency of FL-SOT ⇠FL for tBiSb

BiSb/tCoFeB CoFeB heterostructures with di↵erent tCoFeB. The dotted lines

correspond to the contributions from the current-induced Oersted field. All the

data were obtained at 300 K.
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Figure 3.11: Sb concentration x dependence of the conductivity �BiSb of 10

Bi1�xSbx thin films. All the data were acquired at 300 K.

3.4.2 BiSb composition dependence

In order to shed light on the origin of the SHE in Bi1�xSbx, we investi-

gate Sb concentration x dependence of current-spin conversion in Bi1�xSbx.

Fig. 3.11 shows the Sb concentration dependence of the conductivity �BiSb

of 10 Bi1�xSbx thin films (without the CoFeB layer, i.e., tCoFeB = 0). �BiSb

increases monotonically with increasing x. This trend is consistent with previ-

ous reports on the transport properties of bulk Bi1�xSbx alloy [110]; Bi1�xSbx

changes from a semiconductor to a semimetal with increasing Sb concentration.

The Hall coe�cient RH of Bi1�xSbx thin films determined by ordinary

Hall e↵ect measurement is plotted as a function of x in Fig. 3.12. In our

measurement set-up, positive (negative) RH corresponds to majority carrier

being electrons (holes). RH decreases monotonically with increasing x and

changes its sign smoothly at x ⇠ 0.55, indicating that Bi-rich thin films are

electron dominant and the majority carrier is hole for Sb-rich samples. These

results reflect the multi-carrier nature of polycrystalline Bi1�xSbx alloy, i.e.,

the Fermi level cut at least one electron pocket and one hole pocket. We note

that this trend is di↵erent from that in (Bi1�xSbx)2Te3 TI where RH abruptly

changes its sign when tuning the Fermi level through the Dirac point [76].

Figures 3.12(b) and (c) illustrateRAHE andHk, respectively, plotted against

x in 10 Bi1�xSbx/2 CoFeB heterostructures. |RAHE| decreases monotonically

with increasing x due to increased current shunting to the Bi1�xSbx layer as
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(a) (b)

(c) (d)

Figure 3.12: (a) Sb concentration x dependence of the Hall coe�cient RH for 10

Bi1�xSbx thin films. (b-d) x dependence of the anomalous Hall resistance RAHE

(b), out-of-plane anisotropy field Hk (c), and planar Hall resistance RPHE (d) for

10 Bi1�xSbx/2 CoFeB heterostructures. All the data were acquired at 300 K.

�BiSb increases with increasing x. Hk slightly increases with increasing x.

Although the mechanism of this change is unclear, variation in Hk indicates

that the PMA, which is predominantly defined at the CoFeB/MgO interface,

is a↵ected by the choice of underlayer [111]. RPHE of the Bi1�xSbx/CoFeB

heterostructures is plotted as a function of x in Fig. 3.12(d). |RPHE| decreases

with increasing x, which is also attributed to the current redistribution between

the Bi1�xSbx and CoFeB layers for di↵erent x.

⇠DL and �SH for 10 Bi1�xSbx/2 CoFeB heterostructures are plotted as a

function of x in Fig. 3.13(a) by red and blue hollow squares, respectively.

⇠DL increases with increasing Bi concentration, reaching a maximum of ⇠ 1.2
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for x ⇠ 0.17. Although Bi1�xSbx with x between 0.07 and 0.22 is known to

form a TI, we emphasize that both BiSb thickness dependence of �SH and

the facet orientation dependent analysis, which will be presented in the next

section, suggest that current-spin conversion in Bi0.83Sb0.17 alloy is due to the

SHE dominated by its bulk property. �SH also increases with increasing Bi

concentration. However, a plateau of �SH ⇠ 600 (~/e) ⌦�1
·cm�1 is observed

for x < 0.35. The strength of SHC in Bi0.83Sb0.17 thin film is comparable to

that in HM W [34] and TI Bi2Se3 [74]. The value and the trend of �SH against

x are surprisingly consistent with the calculation based on a tight-binding

model (shown by the blue line in Fig. 3.13(a)) [88]. This agreement suggests

that the intrinsic value of �SH is observed in Bi1�xSbx and the SHE here is likely

to have a dominant intrinsic contribution from the band structure instead of

the extrinsic side-jump or skew scattering. ⇠FL against Sb concentration x is

presented in Fig. 3.13(b). Similar to ⇠DL, ⇠FL increases monotonically with

increasing Bi concentration, although its value is around half of that of ⇠DL.

(a) (b)

Figure 3.13: (a) Sb concentration x dependence of the e�ciency of DL-SOT ⇠DL

(red squares, left axis) and spin Hall conductivity �SH (blue squares, right axis) in

10 Bi1�xSbx/2 CoFeB heterostructures. The blue line is the calculated Sb

concentration dependence of �SH based on a tight-binding model reproduced from

Ref. [88]. (b) The e�ciency of FL-SOT ⇠FL plotted against x. All the data were

gotten at 300 K.
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3.4.3 Facet dependence

We have also studied the facet orientation dependence of the current-spin

conversion by growing thin films on di↵erent seed layers. Figure 3.14(a) shows

the XRD spectra of 8.9 Bi0.53Sb0.47 thin films grown on di↵erent seed lay-

ers. Here we replace the 0.5 Ta seed layer with 0.5 Ta/2 Te (red) or 2 MgO

(blue). The unit of the thicknesses is nm. The orientation of Bi0.53Sb0.47 thin

film is changed from practically random (0.5 Ta, see in Fig. 3.1) to contain a

dominant (003) (0.5 Ta/2 Te) or (012) (2 MgO) preferential growth. The Sb

concentration dependence of �BiSb in 10 Bi1�xSbx thin films grown on di↵erent

seed layers is shown in Fig. 3.14(b). �BiSb shows little dependence on x for

Bi1�xSbx thin films grown on 0.5 Ta/2 Te seed layer. The trend of �BiSb in

Bi1�xSbx thin films grown on 2 MgO seed layer is similar to that of Bi1�xSbx

thin films grown on 0.5 Ta seed layer, which increases monotonically with in-

creasing x. However, the values of �BiSb are di↵erent between these two sets,

especially in the thin regime. We consider the texture of Bi1�xSbx thin films

influences its longitudinal conductivity.

(a) (b)

Figure 3.14: (a) XRD spectra of 8.9 Bi0.53Sb0.47 thin films grown on 0.5 Ta/2 Te

(red) 2 MgO (blue) seed layers. (b) Sb concentration dependence of the

conductivity of 10 Bi1�xSbx thin films with 0.5 Ta/2 Te (red squares) and 2 MgO

(blue squares) seed layers. All the data were acquired at 300 K.

Figure 3.15(a) illustrates the Sb concentration dependence of ⇠DL in 10

Bi1�xSbx/2 CoFeB heterostructures grown on 0.5 Ta/2 Te and 2 MgO seed

layers. ⇠DL increases with increasing Bi concentration, whereas the rate of the
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(a) (b)

Figure 3.15: Sb concentration x dependence of the e�ciency of DL-SOT ⇠DL (a)

and spin Hall conductivity �SH (b) obtained from 10 Bi1�xSbx/2 CoFeB

heterostructures grown on 0.5 Ta/2 Te (red) and 2 MgO (blue) seed layers. All the

data were measured at 300 K.

increase against x is slower for heterostructures grown on 0.5 Ta/2 Te. The

corresponding SHC is shown in Fig. 3.15(b). The x dependence of the SHC

in Bi1�xSbx is robust against the change of Bi1�xSbx texture and longitudinal

conductivity. The TSS of Bi1�xSbx is intimately related to the facet orien-

tation [96, 112]. If TSS exists in our polycrystalline samples and contribute

to current-spin conversion, the SHC of BiSb should have depended on the

facet orientation. Although contribution from the TSS on the overall current

conduction may be negligibly small, the thickness dependence of �SH suggest

that current-spin conversion in BiSb is predominantly caused by the SHE.

Therefore, we assume that the TSS of Bi1�xSbx, if present, plays little role

in current-spin conversion. The robustness of SHC against �BiSb also consoli-

dates our suggestion that the observed SHE in Bi1�xSbx is due to an intrinsic

mechanism.

3.4.4 Temperature dependence

To provide further information on the origin of the SHE in Bi1�xSbx, we in-

vestigate the temperature dependence of transport and current-spin conversion

properties of 10 Bi1�xSbx/2 CoFeB heterostructures with selected x (x =0.17,

0.47, and 0.65). Here, the seed layer is fixed to 0.5 Ta.
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(a) (b)

(c) (d)

Figure 3.16: (a) Temperature dependence of �BiSb for 10 Bi1�xSbx thin films.

(b-d) Temperature dependence of the anomalous Hall resistance RAHE (b),

anisotropy field Hk and planar Hall resistance RPHE for 10 Bi1�xSbx/2 CoFeB

heterostructures.

The conductivity of 10 Bi1�xSbx thin films with di↵erent x is plotted as a

function of temperature in Fig. 3.16(a). �BiSb slightly increases with increasing

temperature regardless of x. This is a typical characteristic of semiconductors

or semimetals. The temperature dependence of RAHE, Hk, and RPHE for 10

Bi1�xSbx/2 CoFeB heterostructures are shown in Figs. 3.16(b), (c), and (d),

respectively. For all x studied, |RAHE|, Hk, and |RPHE| decrease with increasing

temperature. The changes of RAHE and RPHE are mainly due to the di↵erent

temperature dependences of the conductivity between the Bi1�xSbx and CoFeB

layers. As shown in Fig. 3.16(a), �BiSb increases slightly with temperature,
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whereas the conductivity of CoFeB is almost independent of temperature [113].

This di↵erence results in redistribution of current flowing in the two layers upon

changing temperature.

(a) (b)

(c) (d)

z z

Figure 3.17: (a,b) Field dependence of the ordinary Hall resistance Rxy (a) and

magnetoresistance (b) for 10 Bi0.83Sb0.17 thin film measured under di↵erent

temperature. (c-d) Hall coe�cient RH (c) and magnetoresistance coe�cient � (d)

for 10 Bi1�xSbx with di↵erent Sb concentration x plotted as a function of

temperature.

As described in Section 3.4.2, both electrons and holes contribute to carrier

transport in BiSb. Therefore, we utilize a classical two-carrier model [114] to

estimate the concentration and mobility of carriers in the thin films without

the CoFeB layer. The experimental inputs of the model include RH, �BiSb at

Hext = 0, and the quadratic component of the longitudinal magnetoresistance
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measured under an out-of-plane external magnetic field Hz. The relations

obtained from the model reads [115]:

RH =
1

e

(neµ
2
e � nhµ

2
h)� (nh � ne)µ2

hµ
2
e(µ0Hz)2

(nhµh + neµe)
2 + (nh � ne)

2
µ
2
hµ

2
e(µ0Hz)2

, (3.2)

�BiSb = e (nhµh + neµe) , (3.3)

and

MR =
⇢BiSb (µ0Hz)� ⇢BiSb (µ0Hz = 0)

⇢BiSb (µ0Hz = 0)

=
neµenhµh (µh + µe)

2 (µ0Hz)2

(nhµh + neµe)
2 + (nh � ne)

2 (µhµe)
2 (µ0Hz)2

.

(3.4)

ne (nh) and µe (µh) are the carrier concentration and mobility of electrons

(holes), respectively. We assume that ne⇡nh⌘n for all Bi1�xSbx thin films

since Bi and Sb have the same number of valence electrons. Eqs. 3.2, 3.3 and

3.4 are then simplified as

RH =
ne (µ2

e � µ
2
h)

�
2
BiSb

, (3.5)

�BiSb = ne (µh + µe) , (3.6)

and

MR = µeµh(µ0Hz)
2 = �(µ0Hz)

2
. (3.7)

n, µe, and µh are estimated by substituting the parameters obtain by the exper-

iments into these equations. Representative temperature dependences of Rxy

and magnetoresistance for 10 Bi0.83Sb0.17 thin films are shown in Figs. 3.17(a)

and (b), respectively. Both Rxy and magnetoresistance are plotted as a func-

tion of Hz. Figs. 3.17(c) and (d) present the temperature dependence of the

extracted RH and �, respectively. We note that a quasi-linear magnetoresis-

tance is observed at 10K, which is attributed to the weak anti-localization

originating from the strong spin-orbit coupling of Bi [116]. Therefore, we limit

our estimation of carrier concentration and mobility to temperature ranging

from 50K to 300K.

The estimated carrier concentration n of 10 Bi1�xSbx thin films with dif-

ferent x is plotted as a function of temperature in Fig. 3.18. n increases with

increasing temperature for all x studied here. We infer this enhancement is due
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Figure 3.18: Temperature dependence of the carrier concentration n of 10

Bi1�xSbx thin films with di↵erent Sb concentration x.

(a) (b)

Figure 3.19: Temperature dependence of the mobility of electron µe (a) and hole

µh (b) of 10 Bi1�xSbx thin films with di↵erent Sb concentration x.

to thermal broadening of the Fermi-Dirac distribution. Figs. 3.19(a) and (b)

show the temperature dependences of µe and µh, respectively. In contrast to

n, both µe and µe decrease with increasing temperature. The carrier concen-

tration at 77K for bulk single-crystal Bi and Sb are ⇠ 4.6⇥ 1017 cm�3 and ⇠
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3.9⇥ 1019 cm�3, respectively [82,117]. At the same temperature, the mobility

of electron in Bi is µe ⇠ 6⇥ 105 cm2
·V�1

·s�1 [82] and the mobility of hole in Sb

is µh ⇠ 2⇥ 104 cm2
·V�1

·s�1 [117]. From Fig. 3.18 and Fig. 3.19, we observe

the carrier concentration of Bi1�xSbx thin films increases with increasing x,

whereas the mobilities decrease with increasing x. These trends are consistent

with those of bulk Bi and Sb single crystals. However, the values of n in the

thin films studied here are one to two orders of magnitude larger than that of

bulk and the mobility are several orders of magnitude lower. These di↵erences

are expected as the defect density contained in sputtered polycrystalline thin

films is likely significantly higher than that of bulk single crystals [90].

(a) (b)

(c) (d)

Figure 3.20: (a-c) Temperature dependence of ⇠DL (a), �SH (b) and ⇠FL (c) in 10

Bi1�xSbx/2 CoFeB thin film heterostructures with di↵erent Sb concentration x.

(d) Temperature dependence of ⇠DL and corresponding �SH in 5.6 Bi0.53Sb0.47/2

CoFeB thin film heterostructure.

The temperature dependences of ⇠DL and the corresponding �SH in 10

Bi1�xSbx/2 CoFeB heterostructures with di↵erent x are shown in Figs. 3.20(a)
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and (b), respectively. Surprisingly, both ⇠DL and �SH increase with increasing

temperature from 10K to room temperature. These results are in contrast

to what has been observed in HM/FM thin film heterostructures, where the

⇠DL decreases with increasing temperature [35] or is independent of temper-

ature [109]. The most significant change is observed in Bi0.83Sb0.17/CoFeB,

where ⇠DL (�SH) increases by a factor of two (three) from 10K to 300K. The

temperature dependence of ⇠DL (�SH) may originate from the temperature de-

pendence of � or Ms (see Eqs. 2.38 and 3.1). Fig. 3.20(d) illustrates the

temperature dependence of ⇠DL and �SH in another Bi0.53Sb0.47/CoFeB het-

erostructure, with a di↵erent BiSb thickness (tBiSb ⇠ 5.6 nm). ⇠DL and �SH

increase with increasing temperature in the same manner as that of the thicker

BISb/CoFeB film, suggesting that � is not changing with temperature. We

have verified that the saturation magnetization of CoFeB hardly changes with

temperature (see Fig. 3.5). Thus, we exclude possibilities that temperature de-

pendence of ⇠DL in Bi1�xSbx/CoFeB heterostructure is caused by variation in

the spin di↵usion length or CoFeB magnetization with the temperature. The

change in ⇠DL (�SH) with temperature should be attributed to the temperature-

dependent �SH of Bi1�xSbx.

Figure 3.20(c) presents the temperature dependence of ⇠FL in Bi1�xSbx/CoFeB

thin film heterostructures. ⇠FL increases with increasing temperature. How-

ever, ⇠FL approaches zero by decreasing temperature while ⇠DL is finite at 10K

for all x studied here. The value of ⇠FL is nearly half of that of ⇠DL The di↵er-

ences on the trend and strength between ⇠DL and ⇠FL reconfirm our suggestion

proposed above: the origin of the DL-SOT and FL-SOT should be attributed

to di↵erent phenomena.

3.5 Discussion

As introduced in Chap. 1, the mechanism of the SHE can be distinguished

according to the relaxation time ⌧ dependence of �SH: �SH / ⌧
1 in the case

of extrinsic skew scattering and �SH / ⌧
0 when the intrinsic or extrinsic side-

jump mechanism dominates. Within the Drude model, ⌧ is characterized by

the mobility via the relation: µ = e⌧/m
⇤, where m

⇤ is the e↵ective mass of

carrier. With regard to the relation with n, the intrinsic contribution of SHE

should scale with n if the analogy to the anomalous Hall e↵ect (AHE) applies

(see Fig. 3.21) [118]. Calculations have also pointed out a similar scaling see

between �SH and n for the extrinsic SHE [119]. Thus, one must take the ratio

�SH/n to eliminate the e↵ect of n on �SH to study its scaling with ⌧ . Here, we

regard �SH/n as the equivalent carrier mobility of transverse spin current and

define it as spin current mobility.
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Figure 3.21: Scaling plots of normalized anomalous Hall resistivity |⇢xy/nh| against

resistivity ⇢ in the ferromagnetic spinel semiconductor CuCr2Se4�xBrx measured

at 5K. A scaling relation of |⇢xy/nh| = A⇢
↵, where ↵ = 1.95± 0.08 and

A = 2.24⇥10�25, is observed. The figure is originally from Ref. [118].

�SH/n as a function of µ (here the mobility of majority carrier is used,

i.e., µe for x=0.17, 0.47 and µh for x=0.65) is illustrated in Fig. 3.22. The

spin current mobility increases with increasing µ for all x studied here. The

slope of �SH/n versus µ tends to increase positively with increasing the Sb

concentration. For the Bi-rich BiSb alloys, �SH/n is nearly independent of

µ, suggesting that the extrinsic skew scattering contribution is negligible. In

contrast, �SH/n slightly increases with µ for Sb-rich BiSb alloys, indicating that

it may contain contribution from skew scattering. As shown in the schematic of

the band structure of Bi-rich Bi1�xSbx alloy in Fig. 3.23, the transport property

is dominated by the massive Dirac electrons in the L valley [86,96,110,120,121].

By substituting Sb for Bi, holes from the T and H valleys with quadratic-

like dispersion become more important on the conduction, which has been

confirmed by the x dependence of RH presented in Fig. 3.12(a). The Dirac-like

property of electrons in the L valley also gradually reduces with increasing the
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Figure 3.22: �SH/n as a function of the mobility of majority (µe for x = 0.17 and

0.47; µh for x = 0.65) for 10 Bi1�xSbx/2 CoFeB thin film heterostructures.

substitution. Therefore, our spin current mobility analysis suggests that the

massive Dirac-like electrons in the L valley, rather than the holes in the T or H

valley with quadratic dispersion, play a key role in obtaining the large intrinsic

SHE in Bi1�xSbx. This picture can explain the large enhancement of �SH
and ⇠DL with increasing temperature: thermal broadening of the Fermi-Dirac

distribution introduces more massive Dirac electrons at higher temperature.

A direct comparison of the density of massive Dirac electrons between high

and low temperature is schematically shown in Fig. 3.23.

To provide quantitative comparison of the spin current mobility with other

materials, we estimate the �SH/n of a typical HM, Pt, which has the highest

theoretical intrinsic SHC (�SH ⇡ 2000 (~/e)⌦�1
·cm�1 at 0 K [122]). �SH/n of

Pt is ⇠ 20 ⇥ 10�20 (~/e)⌦�1
·cm2 with the assumption that n of Pt is ⇠ 1022

cm�3. This value is more than one order of magnitude smaller than that of

Bi0.83Sb0.17 evaluated at room temperature (�SH/n ⇠ 800⇥10�20 (~/e)⌦�1
·cm2).

In addition, Fig. 3.22 shows that �SH/n in Bi-rich alloy (Bi0.83Sb0.17) is nearly

one order of magnitude larger than that of Sb-rich one (Bi0.35Sb0.65). These

results reveal the higher spin current generation e�ciency and mobility of the
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Figure 3.23: Schematic illustration of the band structures, focusing around L and

T (or H) valleys, of the Bi-rich Bi-Sb alloy with di↵erent thermal broadening at

high (left) and low (right) temperature.

L-valley massive Dirac electrons in Bi-rich BiSb alloys compared to the holes

in Sb-rich BiSb and the s-like conduction electrons in Pt.

3.6 Conclusion

We have characterized current-induced SOT in polycrystalline Bi1�xSbx

alloy/CoFeB heterostructures to study current-spin conversion e�ciency (⇠DL)

of Bi1�xSbx alloy. The BiSb thickness dependence of SHC in Bi0.53Sb0.47 thin

films is in accordance with the spin di↵usion model, indicating that current-

spin conversion take place in the bulk of BiSb alloy. ⇠DL ⇠ 1.2 is found in

Bi0.83Sb0.17 at room temperature. The SHC of Bi1�xSbx exhibits a plateau

with a value of ⇠ 600 (~/e) ⌦�1
·cm�1 for x < 0.35 and decreases gradually

with increasing x. This trend is in good agreement with the calculation based

on a tight-binding model, suggesting the intrinsic contribution from the band

structure is likely to dominate the SHE in Bi1�xSbx. The SHC is robust against

the facet orientation of Bi1�xSbx thin film, indicating that the TSS, if present,

plays little role in current-spin conversion. An unexpected enhancement of

SHC with increasing temperature is observed in Bi1�xSbx. By spin current

mobility analysis, we infer that such enhancement is due to the thermally-
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excited massive Dirac electrons in the L valley.
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Chapter 4

Current-spin conversion in
carrier-doped Bi thin films

4.1 Introduction

In the previous chapter, we have demonstrated large current-spin conver-

sion e�ciency in BiSb alloy generated by the intrinsic spin Hall e↵ect (SHE).

Based on our observation of the increase in spin Hall conductivity (SHC) with

increasing temperature in BiSb alloy, we assume that the strong SHE of BiSb

alloy is related to the thermally-excited massive Dirac electrons presided at the

L valley. However, solid experimental or theoretical evidence is still necessary

to confirm this assumption. Because the Dirac-like character of the carriers in

BiSb alloy originates from Bi, a good strategy to address this issue is to in-

vestigate the Fermi-level dependence of the current-spin conversion e�ciency

in Bi. Considering the simplified band structure of Bi with L and T valleys,

as illustrated in Fig. 4.1, the Fermi level (EF) in pristine Bi can be tuned by

carrier doping. If the massive Dirac carriers contribute to the SHE, the SHC

of Bi should depend on the position of Fermi level.

In this chapter, we present studies on current-spin conversion in carrier-

doped Bi thin films. Te (valance electron configuration as 5p4) and Sn (valance

electron configuration as 5p2) are doped to pristine Bi as electron and hole

dopants, respectively, to tune the Fermi level. Previous studies have shown the

e↵ectiveness of carrier doping by substituting Te and Sn for Bi0.9Sb0.1 [123].

Here, we use current-induced SOT in doped Bi/CoFeB heterostructures to

study the current-spin conversion e�ciency.
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Figure 4.1: Schematic illustration of Bi band structure and Fermi level shift via

carrier doping.

4.2 Sample description

Te-doped Bi (Bi1�xTex) and Sn-doped Bi (Bi1�ySny) alloy thin films were

grown by magnetron sputtering using the alternating ultrathin layer deposition

(AULD) method on 10 ⇥ 10 mm2 Si substrate at ambient temperature. x and

y represent the nominal doping concentration of Te and Sn in Bi, respectively.

The base structures are Sub./0.5 Ta/[tBi Bi|tSn Sn]N=16/0.3 Bi/tCoFeB CoFeB/2

MgO/1 Ta and Sub./0.5 Ta/[tBi Bi|tTe Te]N=16/0.3 Bi/tCoFeB CoFeB/2 MgO/1

Ta (thickness in units of nanometer, nm). tBi(Te, Sn) is the thickness of each

Bi (Te, Sn) layer. N = 16 represents the repeat number of Bi|Sn and Bi|Te

bilayers. The thickness of the bilayer is set to satisfy tBi+tTe(Sn) ⇠ 0.63 nm and

the total thickness of the multilayer (including the Bi termination layer) is ⇠

10.4 nm. The Te (Sn) concentration is defined as x(y) ⌘ tTe(Sn)/(tBi + tTe(Sn)).

tCoFeB is the thickness of the CoFeB layer. We refer to films with tCoFeB = 0

as Bi1�xTex and Bi1�ySny thin films and tCoFeB =2nm as Bi1�xTex/CoFeB

and Bi1�ySny/CoFeB heterostructures. The nominal composition of CoFeB

is Co:Fe:B = 20:60:20 in atomic %. The bottom 0.5 Ta acts as a seed layer

and the 2 MgO/1 Ta capping layer is used to protect the films from oxidation.

A 15 nm-thick pristine Bi thin film and 15 Bi/2 CoFeB heterostructure, i.e.,

Sub./0.5 Ta/15 Bi/tCoFeB CoFeB/2 MgO/1 Ta (tCoFeB = 0 or 2), were grown

as reference samples (non-doped Bi).
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4.3 Structure and magnetization characteriza-

tion

The bulk binary phase diagram of Bi-Te shows limited solubility of Te

in rhombohedral Bi, whereas Bi and Sn are practically immiscible [124]. In

thin films, however, non-equilibrium phases with extended solubility may be

stabilized. ✓ � 2✓ x-ray di↵raction (XRD) spectra of pristine and doped Bi

thin films with di↵erent x and y are shown in Fig. 4.2(a). There is no CoFeB

layer in these films. All the films are polycrystalline with predominant Bi (012)

and (104) di↵raction peaks. These results indicate that there are two primary

orientations normal to the film plane for x and y up to 0.4. Focusing on the

(012) di↵raction, the corresponding interatomic plane distance d(012) deduced

from the Bragg’s law (Eq. 2.1) is plotted as a function of x and y in Fig. 4.2(b).

d(012) changes linearly with x and y, which is in accordance with the Vegard’s

law. The opposite slope of d(012) against x and y for Bi1�xTex and Bi1�ySny

is attributed to the di↵erent atomic radii r of Bi, Te and Sn, with a relation:

rTe  rBi < rSn [125]. The appearance of �-Sn (200) peak for y � 0.3 may

indicate agglomeration of �-Sn clusters in Bi.

(a) (b)

Figure 4.2: (a) XRD spectra of pristine, Te- and Sn-doped Bi thin films grown on

substrates with 0.5 nm Ta seed layers. (b) Doping concentration (x for Te and y

for Sn) dependence of Bi (012) interatomic plane distance, d(012) deduced from

Bragg’s law. The nominal thickness of all the thin films are 10.4 nm.

The magnetic properties of carrier-doped Bi/CoFeB heterostructures were

investigated using a vibrating sample magnetometer (VSM) at room temper-
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(a) (b)

Figure 4.3: The magnetization hysteresis loops for 10.4 Bi1�xTex/2 CoFeB (a) and

10.4 Bi1�ySny/2 CoFeB (b) heterostructures with di↵erent doping level x and y.

The data is obtained under an external field applied along the film plane at room

temperature.

ature. The magnetization hysteresis loops of 10.4 Bi1�xTex/2 CoFeB and 10.4

Bi1�ySny/2 CoFeB heterostructures with di↵erent x and y (x, y = 0.2, 0.5 and

0.8) are shown in Figs. 4.3(a) and (b), respectively. The magnetization hys-

teresis loops are measured with an external magnetic field Hext applied along

the film plane. The saturated magnetic moment Msat is defined as

Msat = Ms·te↵ = Ms (tCoFeB � tDL) , (4.1)

where Ms is the saturation magnetization and te↵ is the magnetic e↵ective

thickness of the CoFeB layer. We find that the saturated magnetic moment

decreases with increasing x and y. We assume the Ms of CoFeB is equal to

1190 emu·cm�3 (the value deduced in Chap. 3), independent of the choice of the

underlayer, and use this value to estimate the magnetic dead layer thickness

tDL. The x and y dependences of tDL in doped Bi/CoFeB heterostructures are

presented in Fig. 4.4. tDL increases with increasing x or y. A linear function

is used to fit tDL against x and y with a fixed interpolation for x = y = 0. The

values of tDL in Bi1�xTex/CoFeB and Bi1�ySny/CoFeB heterostructures with

di↵erent x and y are estimated according to this fitting.
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Figure 4.4: x and y dependence of the estimated dead layer thickness (tDL) of 10.4

Bi1�xTex/2 CoFeB (a) and 10.4 Bi1�ySny/2 CoFeB (b) heterostructures. The

magnetization Ms is controlled as 1190 emu·cm�3. The red and blue lines are the

linear fitting for tDL against x and y, respectively, with a fixed interpolation for

x = y = 0.

4.4 Direct current transport measurement

First, we study the DC current transport properties of pristine Bi, Bi1�xTex,

and Bi1�ySny thin films at room temperature using micro-sized Hall bar de-

vices. The same device is used both for transport and spin-orbit torque (SOT)

measurement (see Fig. 3.6(a)). The longitudinal resistivity ⇢xx of pristine and

doped Bi thin films is plotted as a function of x or y in Fig. 4.5. ⇢xx exhibits

a sharp peak and decreases monotonically with increasing x and y. We at-

tribute this trend to the enhanced carrier concentrations via chemical doping,

as shown below.

The Hall resistance Rxy of Bi1�xTex and Bi1�ySny thin films with di↵erent

x and y are plotted as a function of an out-of-plane external magnetic field

(Hz) in Figs. 4.6(a) and (b), respectively. The sign of the slope of Rxy in

Bi1�xTex is opposite of that of Bi1�ySny, confirming that the majority carrier

changes from electron to hole by varying the dopant from Te to Sn. The

concentration, n, and mobility, µ, of carriers in doped Bi is estimated based

on the single-carrier model. For pristine Bi, both carriers contribute to the

transport due to the electron and hole pockets at the L and T valleys. Thus,
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Figure 4.5: x and y dependence of resistivity ⇢xx in pristine and carrier-doped Bi

thin films. The black hollow circles is the value for 15 nm pristine Bi thin film. The

thickness of all the doped Bi thin films is fixed as 10.4 nm. All the data were

acquired at 300 K.

we adopt the two-carrier model, which has been introduced in Chap. 3, to

estimate the carrier concentration and mobility in pristine Bi using the results

of additional magnetoresistance measurements.

Figure 4.6(c) shows n as a function of x and y. Positive (negative) n cor-

responds to the majority carrier being electron (hole). The concentration of

majority carrier (electron) in pristine Bi (⇠ 3.8⇥ 1019 cm�3) is one or two

orders of magnitude smaller than that of doped Bi. These results are in accor-

dance with the simple rigid-band illustration shown in Fig. 4.1: starting from

pristine Bi, electron and hole doping shift EF away from the Dirac point, lead-

ing to a dramatic enhancement of |n|. Assuming that Te or Sn substitutes Bi

and provides one carrier, the black line in Fig. 4.6(c) the calculated n versus x

or y, which is in reasonable agreement with experimental data. The di↵erence

in n with Te and Sn doping may be attributed to the di↵erent solubility of

the two elements in Bi and/or the influence of the heavier hole bands at the

T valley. Hereafter, we choose n as an indicator of the Fermi level positioning

relative to the Dirac point. The x and y dependence of µ for the majority

carrier, i.e., electrons for pristine Bi and Bi1�xTex and holes for Bi1�ySny, is

presented in Fig. 4.6(d). µ decays rapidly with increasing doping. Within the
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(a) (b)

(c) (d)

Figure 4.6: (a,b) Hall resistance Rxy of Bi1�xTex (a) and Bi1�ySny (b) thin films

(tCoFeB = 0) with di↵erent x and y as a function of external field (Hext). (c,d) x

and y dependence of carrier concentration n (c) and the mobility µ for majority

carrier (d) in pristine and carrier-doped Bi thin films. The signal of n of hole is

defined as negative. The thickness of all the doped Bi thin films is fixed as

10.4 nm. The black hollow circles in (c) and (d) are the values for 15 nm pristine Bi

thin film. The line in (c) represents the calculated results based on the assumption

that each Te or Sn atom provides one carrier. All the data were acquired at 300 K.

Drude model, µ is proportional to ⌧/m⇤, where ⌧ and m
⇤ are the relaxation

time and e↵ective mass of carriers, respectively. Thus, the decrease of µ upon

doping can be attributed to two reasons. First, the scattering of carriers in-

creases with increasing doping, contributing to the decrease of ⌧ . Second, EF

is shifted away from the Dirac point by increasing x or y, resulting in the loss

of Dirac-like character of carriers, i.e., the increase of m⇤. Given the significant

change of µ, we infer the latter is more likely to be dominant.
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4.5 Current-spin conversion characterization

The current-induced SOT in 15 Bi/2 CoFeB, 10.4 Bi1�xTex/2 CoFeB and

10.4 Bi1�ySny/2 CoFeB heterostructures were quantified using the harmonic

Hall resistance technique. The amplitude of applied AC current was set in the

range of 1⇠4.5 mArms and the frequency (!/2⇡) was set as 17.5Hz. Typical

first harmonic Hall resistance R! of a 10.4 Bi0.89Te0.11/2 CoFeB heterostructure

measured under di↵erent Hext is plotted against ' in Fig. 4.7(a). We use

Eq. 2.28 to fit the data and obtain the planar Hall resistance RPHE. RPHE

changes little upon varying Hext, suggesting negligible sample misalignment

and weak external field dependence of RPHE. Therefore, we treat RPHE as the

average value obtained under di↵erent magnetic fields. Fig. 4.7(b) illustrates

RPHE for 15 Bi/2 CoFeB, 10.4 Bi1�xTex/2 CoFeB and 10.4 Bi1�ySny/2 CoFeB

plotted as a function of n. The magnitude of RPHE decreases with increasing

n. We consider this trend is mainly due to the enhanced current shunting in

the doped Bi layer.

(a) (b)

Figure 4.7: (a) Representative azimuthal angle, ', dependence of first harmonic

Hall resistance (R!) of 10.4 Bi0.89Te0.11/2 CoFeB heterostructure measured at

di↵erent external fields Hext. The black curves are the fitting results according to

Eq. 2.28 (b) Planar Hall resistance (RPHE) of di↵erent doped Bi/CoFeB

heterostructures plotted as a function of carrier concentration n.
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(a) (b)

(c) (d)

Figure 4.8: (a,b) Representative azimuthal angle, ', dependence of second

harmonic Hall resistance (R2!) of 10.4 Bi0.89Te0.11/2 CoFeB (a) and 10.4

Bi0.92Sn0.08/2 CoFeB heterostructures measured at di↵erent external fields Hext.

The black curves are the fitting results according to Eq. 2.27 (c,d) Hext

dependence of the magnetitude of cos' part, A, in R2!. The colored lines are the

contributions from di↵erent origins and the black lines are the summation of all

the contributions.

Representative '-dependent R2! for 10.4 Bi0.89Te0.11/2 CoFeB and 10.4

Bi0.92Te0.08/2 CoFeB heterostructures measured at di↵erent Hext are plotted

in Figs. 4.8(a) and (b), respectively. Black solid lines are the best fits using

Eq. 2.27. First, we focus on A of R2!, i.e., the prefactor of cos' component

in R2!, to extract the e↵ective field HDL associated with the damping-like

spin-orbit torque (DL-SOT). The Hext dependence of A for 10.4 Bi0.89Te0.11/2

CoFeB and 10.4 Bi0.92Sn0.08/2 CoFeB heterostructures are plotted using black

hollow circles in Figs. 4.8(c) and (d), respectively. The black lines show the

best fits using Eq. 2.27. Other colored lines represent decompositions of various
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contributions. For both samples, contributions induced by the DL-SOT (red

lines) are dominant in small Hext, whereas contributions from the ordinary

Nernst e↵ect (ONE) (green lines) become more important at larger fields.

The sign of the latter contribution in Bi1�xTex/CoFeB is opposite of that of

Bi1�ySny/CoFeB heterostructures, which can be related to the change of the

majority carriers in these two series of doped Bi thin films. In contrast, the

SOT maintains its sign upon changing the carrier type, which is in agreement

with theoretical predictions [86–88].

(a) (b)

(c) (d)

Figure 4.9: (a,b) Carrier concentration n dependence of the e�ciency of DL-SOT

⇠DL (a) and spin Hall conductivity �SH (b) in 15 Bi/2 CoFeB, 10.4 Bi1�xTex/2

CoFeB and 10.4 Bi1�ySny/2 CoFeB heterostructures. (c,d) n dependence of ⇠DL (c)

and �SH (d) in 11 Bi/2 CoFeB, 11 Bi1�xTex/2 CoFeB and 11 Bi1�ySny/2 CoFeB

heterostructures without Ta seed layers. All the data were obtained at 300 K.

The e�ciency of DL-SOT ⇠DL can be obtained by substituting HDL, the

current density in doped Bi layer jBi, anomalous Hall resistance RAHE, out-of-
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plane anisotropy field Hk, Ms and te↵ into Eq. 2.38. jBi is calculated using a

parallel circuit resistor model with an assumption of ⇢xx,CoFeB ⇠ 150 µ⌦ · cm

[104]. RAHE and Hk are acquired in separate anomalous Hall e↵ect (AHE)

measurements. Ms and te↵ are determined by the VSM measurement. ⇠DL of

pristine Bi, Bi1�xTex and Bi1�ySny are plotted as a function of n in Fig. 4.9(a).

⇠DL is positive (same as that of Pt [107] and BiSb alloy shown in the previous

chapter) for both types of doping. ⇠DL decreases rapidly and monotonically

with increasing n. For highly resistive pristine Bi, we obtain ⇠DL ⇠ 2.7, which

is comparable to the prototype Bi2Se3 topological insulator (TI) [74]. This is

one of the largest values of ⇠DL reported for Bi [89–92]. We note there is an

important di↵erence between our samples and those in previous studies: the

stacking order of the heterostructures is di↵erent. In our samples, CoFeB is

deposited on Bi whereas the stacking is opposite in past studies [89–92]. We

have also prepared a 3 CoFeB/11 Bi heterostructure and found ⇠DL ⇠0.09,

which is comparable to the values in previous reports but much smaller than

that of Bi/CoFeB heterostructure. We infer that such di↵erence originates

from the change in the Bi near the CoFeB interface. Although the exact

origin remains to be identified, these results suggest the stacking significantly

influence the measurement of current-spin conversion of Bi.

As shown in Fig. 4.9(b), the SHC (�SH, given by Eq. 2.39) shows a weak

n dependence in the low-doping regime (n < 2⇥ 1021 cm�3 or x, y < 0.1)

with �SH ⇠ 600 (~/e) ⌦�1
·cm�1 before dramatically decreasing for higher

doping and larger |n|. In order to investigate the SHC in the low-doping

regime, lightly doped Bi/CoFeB heterostructures with |n|  2⇥ 1021 cm�3

are made and studied. The lightly doped Bi thin films are grown using the

AULD method, however, with an increased Bi layer thickness (⇠ 2 nm) to form

the [Bi|Te (Sn)] bilayers. Pristine Bi thin film is also grown together. Note

that there is a break in the deposition for every 2-nm-thick Bi deposition. In

addition, there is no Ta seed layer in light-doped Bi thin films.

Figures.4.9(c) and (d) illustrate the carrier concentration dependence of

⇠DL and �SH in light-doped Bi. ⇠DL decreases with increasing n whereas �SH is

nearly independent of n. The value of �SH in such plateau is slightly smaller

than that shown in Fig.4.9 (b) with n ⇠ 0. We assume the discrepancy is due to

the di↵erence in the growth procedure. We assume n represents the position of

EF relative to the Dirac point in Bi. The trend of �SH in Bi against the Fermi

level positioning is consistent with theoretical results [86, 88]. Interestingly,

the value of SHC is in quantitative agreement with the tight-binding model

calculation [88]. These results suggest the intrinsic SHE, not the TSS, is the

origin of current-spin conversion in pristine Bi. The Fermi level dependence of

�SH in Bi agrees with the AHE of a ferromagnetic kagome metal with massive
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Dirac fermions: the Berry curvature is concentrated in the vicinity of the Dirac

gap [126]. In our case, as EF shifts away from the Dirac point with increasing

n- or p-type doping, the carriers progressively lose their Dirac-like character

and current-spin conversion decreases. This trend also explains why doping

Bi with Sb, which roughly maintains the same valence band filling and EF

positioning to Bi, can sustain a robust �SH plateau against wider doping level,

up to Bi0.65Sb0.35. We note that the decay of �SH against n for both electron

and hole doping is nearly symmetric across n ⇠ 0, which suggests the carriers

in heavy T -hole valley has negligible contribution to �SH.

(a) (b)

(c) (d)

Figure 4.10: (a,b) 1/Hext dependence of the magnitude of cos 2' cos' part, B, in

R2! for 10.4 Bi1�xTex/2 CoFeB (a) and 10.4 Bi1�ySny/2 CoFeB (b)

heterostructures with di↵erent x and y. The black lines are the linear fitting

results. (c,d) Carrier concentration n dependence of the e�ciency of FL-SOT ⇠FL

(c) and field-like spin Hall conductivity (FL-SHC) �FL (d). All the data were

measured at 300 K.
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The e�ciency of field-like spin-orbit torque (FL-SOT) ⇠FL of pristine and Te

(Sn)-doped Bi/CoFeB heterostructures are estimated by extracting the sum of

FL-SOT e↵ective field and Oersted field, HFL+HOe, from the Hext dependence

of B, i.e., the prefactor of cos 2' cos' component in R2!. 1/Hext dependences

of B for Bi1�xTex/CoFeB and Bi1�ySny/CoFeB heterostructures with di↵erent

x and y are illustrated in Figs. 4.10(a) and (b), respectively. The solid lines

show linear fits. The slope of these fitted lines is proportional to HFL + HOe

according to Eq. 2.30. HOe can be estimated using the Ampère’s law (see

Chap. 2). The sign of HOe is opposite of that of HFL. HOe is subtracted

from HFL +HOe to obtain HFL. ⇠FL and the corresponding field-like spin Hall

conductivity (FL-SHC) �FL are then obtained using Eqs. 2.38 and 2.39.

⇠FL of pristine and Te (Sn)-doped Bi/CoFeB heterostructures are plotted

as a function of n in Fig. 4.10(c). We find the sign of ⇠FL is positive in all

samples. This sign agrees with Pt/Co/AlOx [39] and BiSb/CoFeB, whereas

it is opposite of that of Bi2Se3/Py [74]. ⇠FL exhibits a maximum near n ⇠ 0

and decreases with increasing n. For a given n, the magnitude of ⇠FL is almost

half of that of ⇠DL. Fig. 4.10(d) shows the carrier concentration dependence of

�FL. We find �FL shares similar n dependence with that of �SH except for an

abrupt drop for |n| >1.5⇥ 1021 cm�3 in the regime of hole doping. The origin

of the n dependence of ⇠FL and �FL is unclear.Further studies are required to

understand the physics behind.

4.6 Discussion

4.6.1 Robustness of SHC in Bi

To illustrate the robustness of SHE in Bi that originates from the Dirac

point, we have also investigated the current-induced SOT in pristine Bi/CoFeB

heterostructures with Bi layers grown under di↵erent conditions. Four 15 nm-

thick pristine Bi thin films, including the one which has been studied above,

were grown with di↵erent combinations of sputtering conditions (including Ar

gas pressure and sputtering power) and seed layers. These samples are referred

to as S1 to S4. The growth conditions of the four pristine Bi thin films have

been summarized in Table 4.1.

Fig. 4.11(a) shows the XRD spectra of the four pristine Bi thin films.

Although both Bi (003) and (012) di↵raction peaks are observed in the spectra,

the ratio of the two peaks changes in all samples, indicating that the facet

orientation of the Bi thin films is tunable by the growth condition. After

depositing a 2 nm-thick CoFeB layer onto the Bi thin films, the magnetic

properties of the samples were investigated using a VSM. The magnetization
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hysteresis loops in Bi/CoFeB heterostructures measured under an Hext applied

along the film plane are presented in Fig. 4.11(b). Little di↵erence in the

saturated magnetic moment is observed, suggesting negligible influence of the

Bi structure on Ms and tDL in pristine Bi/CoFeB heterostructures.

Table 4.1: Growth condition and the seed layer of the four Bi thin films

Sample Condition Seed layer

S1 20 W, 0.5 Pa n/a

S2 20 W, 0.5 Pa 0.5 nm Ta

S3 12 W, 1.0 Pa n/a

S4 12 W, 1.0 Pa 0.5 nm Ta

(a) (b)

Figure 4.11: (a) XRD spectra of the pristine 15 Bi thin films grown with di↵erent

combinations of sputtering conditions and seed layers. (b) The magnetization

hysteresis loops of di↵erent 15 Bi/2 CoFeB heterostructures. The loops were

measured at a field along sample plane. All the data were acquired at 300K.

The mobility of electron (µe) and hole (µh), carrier concentration, and

resistivity for S1 to S4 are summarized in Table. 4.2. The two-carrier model is

used to determine the value of n, µe and µh using additional magnetoresistance

measurements. ⇢xx increases dramatically by inserting a 0.5 nm-thick Ta seed

layer; the di↵erence is nearly a factor of five for the samples with and without

the seed layer. n has the same order of magnitude in all films. However, the

majority carrier of film can be electron or hole depending on the sputtering
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Table 4.2: Resistivity ⇢xx, carrier concentration n, mobility of electron µe and hole

µh, the e�ciency of DL-SOT ⇠DL, and spin Hall conductivity �SH in S1 to S4.

Sample ⇢xx n µe µh ⇠DL �SH

µ⌦ · cm 1019 cm�3 cm2V�1s�1 cm2V�1s�1 (~/e) ⌦�1
·cm�1

S1 970 3.2 108 120 1.21 622

S2 3060 1.0 101 94 3.70 604

S3 665 2.6 178 204 0.64 478

S4 2250 3.8 49 39 2.66 590

condition. We assume that the large change in ⇢xx is due to the di↵erence

in the density of impurities of the films controlled. ⇠DL and SHC of the four

pristine Bi/CoFeB heterostructures are summarized in Table. 4.2. Unlike the

notable changes of the transport properties, �SH is almost constant for the

four Bi thin films; the mean value is ⇠ 574± 65(~/e)⌦�1
· cm�1.The dominant

facet orientation of the Bi thin films hardly changes the SHC. We note that

the SHC of BiSb alloy is saturated at a thickness of ⇠ 8 nm. Considering the

same intrinsic origin of SHE in Bi and BiSb alloy, we assume the value of SHC

is also saturated in the samples we have studied here.

4.6.2 Current-spin conversion in Te-rich Bi1�xTex thin

films

Bi2Te3 (x = 0.6) is a typical TI where the Dirac cone of TSS forms at the

� point [65]. To understand whether the TSS of Bi2Te3 may contribute to the

large ⇠DL and �SH in our samples, we have also investigated the transport and

current-spin conversion properties ofs Bi1�xTex thin films with 0.5 < x < 0.8.

✓� 2✓ XRD spectra of 10.4 Bi1�xTex thin films for x = 0.5� 0.8 are shown in

Fig. 4.12(a). Unlike the XRD spectra of the Bi1�xTex thin films with x  0.4,

Bragg di↵raction peaks corresponding to Bi2Te3 (006) and (0015) are found.

Bi(012) and (104) di↵raction peaks gradually disappear with increasing x and a

weak Te (100) peak appears for Bi0.2Te0.8. These results indicate the formation

of polycrystalline Bi2Te3 for x � 0.5. The ⇢xx of Bi1�xTex thin films for

0 < x < 1 is shown in Fig. 4.12(b). ⇢xx increases dramatically with increasing

Te concentration for x > 0.4, which we interpret as a manifestation of the

phase transition from semimetallic Bi to semiconducting Bi2Te3.

The estimated ⇠DL and �SH in Bi1�xTex are plotted as a function of x in

Fig. 4.12(c). For x > 0.4, ⇠DL is considerably smaller than that of Bi-rich
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(a) (b)

(c) (d)

Figure 4.12: (a) XRD spectra of 10.4 Bi1�xTex thin films with x � 0.5. (b) x

dependence of resistivity ⇢xx of Bi1�xTex thin films for 0 < x < 1. (c,d) x

dependence of ⇠DL with corresponding �SH (c) and ⇠FL with corresponding �FL (d)

in 10.4 Bi1�xTex/2 CoFeB heterostructures with 0 < x < 1. All the measurements

were conducted at 300 K.

Bi1�xTex (x < 0.25) and increases slightly with increasing x for x > 0.6.

The enhancement of ⇠DL for x > 0.6 is attributed to the significant increase

of the resistivity. �SH of Bi1�xTex with x > 0.6 decreases monotonically with

increasing x and is one order of magnitude (⇠40 (~/e) ⌦�1
·cm�1) smaller than

that of Bi-rich thin films. This value is consistent with that of bulk Bi2Te3
reported in previous studies [127]. We thus find no evidence that Bi1�xTex
thin films with Bi2Te3 phase can enhance �SH. ⇠FL and �FL of Bi1�xTex are

presented in Fig. 4.12(d) as a function of x. ⇠FL (�FL) increases (decreases) with

increasing x for x > 0.6. However, there is a sudden drop in the magnitude of

�FL at x ⇠ 0.7, where the crystallization of Bi2Te3 takes place. Further studies

are required to confirm whether such a drop of FL-SOT is related to the phase
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transition from Bi to Bi2Te3.

4.7 Conclusion

In this work, we have investigated current-spin conversion in carrier-doped

Bi thin films. Te and Sn are doped to Bi as electron and hole dopants, respec-

tively, to tune the Fermi level. We show that the SHC of Bi is significantly

dependent on the position of Fermi level relative to the Dirac point, suggesting

that massive Dirac carriers play a critical role in controlling current-spin con-

version in Bi. The SHC of Bi shows little dependence on the facet orientation

and resistivity. We exclude the TSS contribution on the large current-spin

conversion. These results thus demonstrate the robust current-spin conversion

process of massive Dirac carriers.
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Chapter 5

Structure, magnetic anisotropy
and current-spin conversion in
Pt1�xBix/Co/MgO trilayers

5.1 Introduction

Obtaining large perpendicular magnetic anisotropy (PMA) in magnetic

devices is critical to developing modern storage devices. Although we have

demonstrated spin Hall e↵ect (SHE)-induced current-spin conversion in BiSb

and Bi, with an e�ciency significantly larger than that of heavy metal (HM),

the ferromagnetic metal (FM) layers used in our studies show in-plane mag-

netic anisotropy (IMA). Technologically, it is important to find a system ex-

hibiting large current-spin conversion e�ciency and PMA. Peng et al. have

predicted that MgO/CoFe/Bi structure gives rise to large PMA using first-

principle calculations [128]. It has also been proposed that topological insu-

lator (TI)/HM/FM/oxide heterostructures can be used to set PMA in such

structure by making use of the PMA at the HM/FM interface [79, 127]. This

approach can also be applied to Bi-based materials. However, introducing

an adjacent HM layer with strong SHE will prevent the spin current from Bi

to the FM layers. Alternating ultrathin layer deposition (AULD) method has

been confirmed as an e�cient means to form a Bi-based alloy with controllable

concentration. The question is whether one can exploit the AULD method to

develop systems that possess large current-spin conversion e�ciency and PMA.

In this chapter, we show studies on the magnetic transport characteristics

of Pt1�xBix/Co/MgO trilayers deposited by the AULD method. Pt/Co/MgO

trilayer is chosen as the prototype due to its strong interface PMA [100–102,

129,130]. We investigate the influence of Bi doping on the structure, magnetic

property, and current-spin conversion e�ciency in Pt1�xBix at room tempera-
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ture.

5.2 Sample description

Pt1�xBix/Co/MgO trilayers were grown by radio frequency (RF) mag-

netron sputtering at room temperature. The base structure is Sub./3 Ta/2

Pt/[tBi Bi|tPt Pt]N=8/tCo Co/2 MgO/1 Ta (unit in nanometer, nm), where

Pt1�xBix/Co/MgO layers were grown using the AULD method. tPt (Bi) is the

thickness of Pt (Bi) ultrathin film in the Bi|Pt bilayer. tBi+ tPt is set to satisfy

⇠ 0.9 nm. N = 8 represents the repeat number of the Bi|Pt bilayer. tCo is the

thickness of Co layer, which is set to 0.6 or 1.5 nm. 3 Ta/2 Pt and 2 MgO/1

Ta are the seed and capping layers, respectively. We assume the 2 nm-thick Pt

layer in the seed layer also contributes to the alloying of Pt1�xBix. Therefore,

Bi doping level x is defined as x ⌘
tBi⇥8

(tPt+tBi)⇥8+2 and the total thickness of the

Pt1�xBix layer tPtBi is 9.2 nm.

5.3 Structural characterization

The binary phase diagram of Pt-Bi shows that the alloy experience three

phase transitions by increasing x: Pt to PtBi, PtBi to PtBi2, and PtBi2 to

Bi [124]. ✓� 2✓ x-ray di↵raction (XRD) spectra of 9.2 Pt1�xBix thin films and

a reference 3 Ta/2 Pt seed layer sample are shown in Fig. 5.1(a). The Pt (111)

di↵raction peak is observed in Pt1�xBix thin films for x  0.51 and the refer-

ence sample. The intensity of Pt (111) peak is much sharper in Pt1�xBix thin

films which is thicker than reference sample. The corresponding interatomic

distance of Pt (111) planes, d(111) deduced from the Bragg’s law (Eq. 2.1) is

plotted as a function of x in Fig. 5.1(b). d(111) can be fitted linearly against

x, as expected from the Vegard’s law. The increasing d(111) with x can be un-

derstood by the larger covalent radii of Bi than that of Pt [125]. These results

indicate Pt1�xBix thin film forms a Pt-Bi solid solution.

For a 9.2 Pt0.38Bi0.62 thin film, PtBi2 (00n) di↵raction peaks are observed

(the space group of PtBi2 is P 3̄). In this sample, the Pt (111) peak shifts

toward the PtBi2 (003) peak, suggesting that Pt1�xBix thin film forms a

Pt-PtBi2 mixture. PtBi2 has been predicted as a three-dimensional Dirac

semimetal [131]. The Dirac band in the bulk and the surface state have been

confirmed using angle-resolved photoemission spectroscopy (ARPES) [132].
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Figure 5.1: (a) XRD spectra of Pt1�xBix alloy thin films with di↵erent Bi doping

level x and a seed layer reference sample. The nominal thickness of all the

Pt1�xBix alloy thin film samples is 9.2 nm. (b) x dependence of Pt (111)

interatomic plane distance d(111) for Pt1�xBix thin films with x  0.51.

5.4 Magnetic properties

The magnetic properties of 9.2 Pt1�xBix/tCo Co/MgO trilayers with tCo =

0.6 nm are investigated using a vibrating sample magnetometer (VSM) at room

temperature. It has been known that Pt/Co/oxide trilayers with an ultrathin

Co layer exhibit PMA [133,134].

The magnetization hysteresis loops of 9.2 Pt1�xBix/0.6 Co/MgO trilayers

are presented in Fig. 5.2. The loops measured under Hext applied along and

perpendicular to the film plane are represented in blue and red lines, respec-

tively. For Pt-rich films (x  0.51), the magnetic easy axis of the Co layer

points along the film normal. The easy axis of ultrathin Co film in the 9.2

Pt0.38Bi0.62/0.6 Co/MgO trilayer, where Pt1�xBix thin film is a Pt-PtBi2 mix-

ture, lies in the film plane. We cannot exclude the possibility that the easy

axis of the Co layer points along the film normal by further decreasing tCo

because the e↵ective magnetic anisotropy energy, i.e., the integrated areal dif-

ference between the easy-axis and hard-axis magnetization hysteresis loops, is

relatively small. Nevertheless, these results imply the PMA is weakened by

the structural change in Bi-rich Pt1�xBix thin films [129,130].

The PMA of 9.2 Pt1�xBix/0.6 Co/MgO trilayers with more x values is stud-

ied using the anomalous Hall e↵ect (AHE) measurement after micro-fabricating
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Figure 5.2: Magnetization hysteresis loops for 9.2 Pt1�xBix/0.6 Co/MgO trilayers

with di↵erent x under Hext applied normal to (OP) or along (IP) the film plane.

the samples into Hall bar devices. Optical image of a representative Hall bar

device and the coordinate system are shown in Fig. 5.3(a). Fig. 5.3(b) illus-

trates the normalized Hall resistance Rxy hysteresis loops for 9.2 Pt1�xBix/0.6

Co/MgO trilayers with di↵erent x. The loops are measured under an external

magnetic field along the z-axis (Hz). It is found that the easy axis of the Co

layer changes from out-of-plane to in-plane when x is 0.56 ⇠ 0.60, which is

consistent with the results obtained by the VSM measurements.

5.5 Current-spin conversion characterization

Current-spin conversion in Pt1�xBix is first studied using 9.2 Pt1�xBix/1.5

Co heterostructures, where the easy axis of 1.5 nm-thick Co thin film lies in the
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(a) (b)

Figure 5.3: (a) Optical image of the micro-fabricated Hall bar device and the

coordinate system defined in the transport measurement. The scale bar represents

20 µm. (b) Normalized Hall resistance Rxy hysteresis loops for 9.2 Pt1�xBix/0.6

Co/MgO trilayers with di↵erent x. The loops were obtained under an external

field applied perpendicular to the film plane Hz.

Figure 5.4: Bi doping level x dependence of resistivity ⇢xx of 9.2 Pt1�xBix thin

films.

film plane. The current-induced spin-orbit torque (SOT) in 9.2 Pt1�xBix/1.5

Co heterostructures is characterized using the harmonic Hall resistance tech-

nique. The amplitude and frequency (!/2⇡) of the applied AC current in the

measurements were 3 mArms and 17.5Hz, respectively. Bi concentration de-
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Figure 5.5: Bi doping level x dependence anomalous Hall resistance RAHE (a) and

out-of-plane anisotropy field Hk (b) of 9.2 Pt1�xBix/1.5 Co heterostructures.

pendence of the resistivity of the Pt1�xBix layer (⇢xx) is shown in Fig. 5.4.

⇢xx of a Pt0.82Bi0.18 thin film possesses a value of 28.4 µm · cm, comparable

to that of pure Pt thin film [135]. ⇢xx increases with increasing Bi doping.

For x � 0.60, the resistivity is close to that reported in PtBi2 single crys-

tal [136]. Typically, the resistivity of materials increases in sputtered sample

because of the enhanced scattering from the higher density of impurity. Thus,

we suggest that the phase segregation of Pt and PtBi2 occurs and Pt consid-

erably contributes to conduction in this regime. RAHE and the out-of-plane

anisotropy Hk for 9.2 Pt1�xBix/1.5 Co heterostructures are determined by the

AHE measurements. The values of RAHE and Hk are plotted as a function of

x in Figs. 5.5(a) and (b), respectively. |RAHE| increases monotonically with

increasing x, which is attributed to the reduction of current shunting into the

PtBi layer. Hk increases with increasing x; while there is an abrupt jump for

x � 0.6, which is likely to be related to the phase transition in the Pt1�xBix
layer.

The harmonic Hall resistance of 9.2 Pt1�xBix/1.5 Co heterostructures was

measured under Hext with di↵erent strength (from 1 to 80 kOe) applied along

the film plane. The angle between Hext and the x-axis is defined as '. Rep-

resentative ' dependence of the first harmonic Hall resistance R! for a 9.2

Pt0.30Bi0.70/1.5 Co heterostructure is presented in Fig. 5.6(a). The '-dependent

R! is hardly influenced by the strength ofHext and can be fitted using Eq. 2.28.

From the fitting parameter, we obtain planar Hall resistance RPHE, which is

plotted as a function of x in Fig. 5.6(b). |RPHE| increases with increasing x

for x  0.6. This trend is attributed to the reduced current shunting into the

Pt1�xBix layer with increasing x |RPHE| slightly decreases for x ⇠ 0.6. We
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Figure 5.6: (a) Representative azimuthal angle ' dependence of R! signals for 9.2

Pt0.40Bi0.60/1.5 Co heterostructure measured under di↵erent external magnetic

field Hext applied along the film plane. (b) Planar Hall resistance RPHE for 9.2

Pt1�xBix/1.5 Co heterostructures as a function of Bi doping level x.

infer that such a decrease is associated with the phase transition (formation

of PtBi2).

Figures 5.7(a) and (b) show representative ' dependence of the second har-

monic Hall resistance R2! for 9.2 Pt0.82Bi0.18/1.5 Co and 9.2 Pt0.40Bi0.60/1.5 Co

heterostructures, respectively. The black lines are the best fitting results using

Eq. 2.27. Unlike the results of BiSb alloy/CoFeB and carrier-doped Bi/CoFeB

heterostructures, the sign of A, which is the prefactor of cos' component in

R2!, does not change in the high field regime, indicating that contribution

from the ordinary Nernst e↵ect (ONE) on R2! is small. Thus, we simplify

Eq. 2.29 by removing the ONE contribution term, giving

A = RAHE
HDL

Hext +Hk
+
↵w�T

I0
. (5.1)

The A of R2! in 9.2 Pt1�xBix/1.5 Co heterostructures with di↵erent x is plotted

as a function of 1/ (Hext +Hk) in Fig. 5.7(c). All the data can be fitted with

a linear line. The B of R!, which is the amplitude of cos 2' cos' component

in R2!, in 9.2 Pt1�xBix/1.5 Co heterostructures with di↵erent x is plotted as a

function of 1/Hext in Fig. 5.7(d). The proportional relationship between B and

1/Hext is illustrated by the linear fitting. The e↵ective fields associated with

the damping-like spin-orbit torque (DL-SOT) HDL and the field-like spin-orbit

torque (FL-SOT) HFL in 9.2 Pt1�xBix/1.5 Co heterostructures are obtained
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Figure 5.7: (a,b) Representative ' dependence of second harmonic Hall resistance

R2! for 9.2 Pt0.82Bi0.18/1.5 Co (a) and 9.2 Pt0.40Bi0.60/1.5 Co (b) heterostructures

measured under di↵erent external field Hext. The bad fitting in (b) may be due to

local asymmetry of devices induced during deposition or fabrication. (c)

1/(Hext +Hk) dependence of cos' part, A, in R2! for samples with di↵erent x. (d)

cos 2' cos' part, B, in R2! for samples with di↵erent x plotted as a function of

1/Hext.

from these fitting using Eq. 5.1 and Eq. 2.30. Current-induced Oersted field

can be estimated based on the Ampère’s law (see Chap. 2). We estimate the

e�ciency of DL-SOT ⇠DL and the e�ciency FL-SOT ⇠FL by substituting the

HDL (or HFL), the current density in Pt1�xBix layers and Ms·te↵ (given by

the VSM measurement) into Eq. 2.38. The spin Hall conductivity (SHC) �SH
and the field-like spin Hall conductivity (FL-SHC) �FL are determined using

Eq. 2.39.
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Figure 5.8: Bi doping level x dependence of the e�ciency of DL-SOT ⇠DL with

corresponding spin Hall conductivity �SH (a) and e�ciency of FL-SOT ⇠FL with

corresponding FL-SHC �FL (b) of 9.2 Pt1�xBix/1.5 Co heterostructures. Blue

dashed line in (a) represents the average value of �SH in Pt1�xBix for x  0.51.

⇠DL and �SH in Pt1�xBix are plotted as a function of x in Fig. 5.8(a). ⇠DL

increases with increasing x for x  0.51 and saturates beyond x ⇠ 0.51. �SH
exhibits a plateau for x  0.51 and drops when x is larger than ⇠0.51. The

average value of the SHC in the plateau is ⇠ 830 (~/e) ⌦�1
·cm�1, illustrated by

blue dashed line in Fig. 5.8(a). The value and sign of �SH are similar to those

of Pt/NiFe [32, 137] and Pt/Co(Fe) [33, 138] heterostructures. For x > 0.60,

XRD spectra have shown that the film is a Pt-PtBi2 mixture. As mentioned

above, PtBi2 has been predicted and confirmed as a three-dimensional Dirac

semimetal [131, 132]. Therefore, the topological surface state (TSS), referred

to as Fermi arcs in Dirac semimetals [139], exist in PtBi2. It has been reported

that the spin-momentum locking property of Fermi arcs can generate current

induced spin accumulation in Weyl semimetal WTe2 [140] and Dirac semimetal

Cd3As2 [141]. We thus infer that the current-spin conversion in Pt1�xBix thin

films with x > 0.51 may include such contribution. Further studies are required

to understand the origin of current-spin conversion in Pt1�xBix with x > 0.51.

⇠FL and �FL of 9.2 Pt1�xBix/1.5 Co heterostructures are plotted as a func-

tion of x in Fig. 5.8(b). ⇠FL hardly depends of x, whereas �FL decreases

monotonically with increasing x. The average value of ⇠FL is ⇠ 0.03, which

is consistent with that of Pt/CoFeB heterostructures [104]. ⇠DL and ⇠FL ex-

hibit di↵erent trend against x, suggesting the DL-SOT and the FL-SOT in

Pt1�xBix/Co heterostructures may originate from di↵erent sources.
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For x ⇠ 0.51, �SH of Pt1�xBix is robust regardless of the change of ⇢xx
(by a factor of ⇠ 3) when x is increased from 0.18 to 0.51. These results

indicate that the DL-SOT in Pt1�xBix/Co heterostructures with x smaller

than ⇠ 0.51 is likely attributed to the intrinsic SHE of Pt. Note that Ta in

the seed layer possesses a strong SHE, which can generate spin current flowing

into Pt1�xBix/Co bilayers. However, the sign of the spin Hall angle in Ta is

opposite to that of Pt [31]. The spin di↵usion length in Pt is ⇠ 1.5 nm [137],

which is smaller than the thickness of the Pt1�xBix layer. Such short di↵usion

length indicates that the spin current from the Ta layer is reduced within

the Pt1�xBix layer before flowing into the Co layer. Thus, we consider the

Ta seed layer plays little role in the SOT of Pt1�xBix/Co heterostructures.

The enhancement of ⇠DL upon doping Bi is simply due to the increase in the

resistivity with larger x. Similar enhancement of ⇠DL in Pt by tuning the

resistivity has been reported in Pt-Al/Co and Pt-Hf/Co heterostructures [37].

However, the SHC of Pt-Al and Pt-Hf is found to decrease with increasing

Al or Hf doping. These results indicate that introducing Bi into Pt provides

means to modify the current-spin conversion e�ciency in Pt without reducing

the intrinsic SHE property.

5.6 Conclusion

In conclusion, we have studied the structure, magnetic anisotropy and

current-spin conversion in Pt1�xBix/Co/MgO trilayer system with di↵erent

Bi doping level x. Pt and Bi form a solid-solution thin film for x ⇠ 0.5.

When x is larger than ⇠ 0.6, formation of crystalized P 3̄ PtBi2 is observed in

Pt1�xBix thin film in the matrix of Pt. The PMA of an ultrathin Co layer in

Pt1�xBix/Co/MgO trilayer is sensitive to the structure of Pt1�xBix; the mag-

netic easy axis of Co layer changes from out-in-plane to in-plane at x ⇠ 0.6.

The resistivity of Pt-rich Pt1�xBix thin film increases with increasing Bi dop-

ing. Nevertheless, the SHC of Pt1�xBix remains a constant against the change

of x, resulting in an enhancement of the current-spin conversion e�ciency in

Pt1�xBix by increasing x. The value of SHC for Pt-rich Pt1�xBix is also con-

sistent with previous studies on Pt, indicating the SOT in Pt1�xBix/Co for

x ⇠ 0.5 is likely attributed to the intrinsic SHE of Pt. These results sug-

gest the doping of Bi is a reliable method to enhance current-spin conversion

e�ciency in Pt.
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Summary & Outlook

In this thesis, I presented my studies on the characterization of current-

induced spin-orbit torque (SOT) in Bi-based material/ferromagnetic metal

(FM) heterostructures to estimate the current-spin conversion e�ciency.

After a brief introduction (Chap. 1) and description of the experimental

methods (Chap. 2), in Chap. 3, I show systematical studies on current-induced

SOT in polycrystalline Bi1�xSbx alloy/CoFeB thin film heterostructures. The

spin Hall conductivity (SHC) of Bi1�xSbx increases with increasing Bi1�xSbx

thickness before it saturates, indicating that the spin Hall e↵ect (SHE) pre-

dominantly dominates the current-spin conversion in Bi1�xSbx. The SHC of

Bi1�xSbx exhibits a plateau for Bi-rich compositions, i.e., x  0.35, and de-

creases with increasing Sb concentration x. This trend and the value of SHC

are consistent with calculations based on a tight-binding model, suggesting the

intrinsic contribution is dominant. The SHC is independent of the film facet

orientation of Bi1�xSbx thin films, implying the topological surface state (TSS)

contribution, if present, plays little role in the current-spin conversion. Un-

expectedly, the current-spin conversion e�ciency (⇠DL) and SHC of Bi1�xSbx

increase with increasing temperature. For example, the ⇠DL of Bi0.83Sb0.17

exhibits a twofold enhancement from 5K to 300K, reaching ⇠ 1.2 at room

temperature. The enhancement indicates that the thermally-excited massive

Dirac electrons in the L valley are responsible for the SHE in Bi-based alloys.

Since the L-valley Dirac-like states are associated with Bi, the e↵ect of

Fermi-level positioning on SHC is studied in Bi. These results are presented in

Chap. 4. The Fermi level of Bi is controlled by electron and hole doping via Te

and Sn substitution. The SHC exhibits a plateau when EF is close to the Dirac

point and drops dramatically by increasing electron and hole concentration.

These results provide evidence of Fermi level-dependent current-spin conver-

sion in Bi. For pristine Bi with EF close to the Dirac point, the current-spin

conversion e�ciency reaches a maximum of ⇠2.7, which is one to two orders of
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magnitude larger than that reported in previous studies. The value of SHC in

the plateau is consistent with calculations based on the tight-binding model. In

addition, the SHC of pristine Bi is shows little dependence on crystallographic

orientations and variation in the resistivity. These results further support the

notion that the intrinsic SHE, induced by the gapped Dirac band of Bi at the

L point, dominates the current-spin conversion in Bi. It should be noted that

the SHC of heavily doped Bi decreases monotonically with increasing x. For

example, the SHC of Bi2Te3 is ⇠40 (~/e) ⌦�1
·cm�1, which is in agreement with

that of bulk Bi2Te3 in previous report, indicating the current-spin conversion

is likely not dominated by the TSS of Bi2Te3.

In Chap. 5, I discuss the results on the structure, magnetic anisotropy and

current-spin conversion in Pt1�xBix/Co/MgO trilayers with di↵erent Bi doping

level x. In Pt-rich Pt1�xBix with x ⇠ 0.5, the film is a Pt-Bi solid solution.

In this regime, PMA is found for ultrathin Co layer. Crystallization of PtBi2 is

observed for x larger than ⇠ 0.6 and Pt1�xBix forms a Pt-PtBi2 mixture. The

easy axis of the ultrathin Co layer of this phase points along the film plane.

The SHC of Pt1�xBix with x ⇠ 0.5 exhibits a plateau against x despite a

threefold change in the longitudinal resistivity, resulting in an enhancement

of ⇠DL with increasing x. The value of SHC in the plateau is in accordance

with previous studies on Pt thin films, implying the current-spin conversion in

Pt1�xBix originated from the SHE of Pt. These results suggest introducing Bi

into Pt is a reliable method to enhance the current-spin conversion e�ciency

in Pt.

To summarize, I have demonstrated significant current-spin conversion e�-

ciency in BiSb alloy and Bi, unveiling the important role of the electrons Dirac

character on the spin Hall e↵ect experimentally for the first time. The non-zero

Berry curvature induced by Dirac character gives the transverse anomalous

velocity to the electrons, converting charge current into spin current. I have

also established a Bi-based system, i.e., Pt1�xBix/Co/MgO trilayer, exhibiting

PMA and strong current-spin conversion e�ciency. These results provide solid

understanding on current-spin conversion in materials with Dirac-like carriers.

These results open pathways to explore material systems with strong SHE,

e.g., Weyl semimetals with broken inversion symmetry and/or time-reversal

symmetry.

There are several unsolved issues to be addressed. First, the origin of the

field-like spin-orbit torque (FL-SOT) we find in our samples is not well under-

stood. It has been predicted that a Rashba-like e↵ective field in an asymmetric

system can generate the FL-SOT [42–46]. This prediction has been confirmed

in di↵erent systems [109, 142–144]. A careful quantitative characterization of

the FL-SOT in Bi(Sb)/FM/oxide trilayer with tunable structural inversion
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asymmetry, e.g., varying the oxide layer type, may provide better understand-

ing. Second, the e↵ect of PtBi2 in Pt1�xBix/Co/MgO trilayer remain elusive.

Whether the Dirac semimetal character of PtBi2 prevails in sputtered poly-

crystalline thin films and its influence on current-spin conversion is of great

interest, both for scientific and technological point of view of topological ma-

terials. The structural optimization of PtBi2 thin film and characterization of

TSS are required.
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