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Abstract

As a novel class of materials, topological insulators (TI) have been intensively stud-

ied since the first theoretical prediction in 2006 [11]. Bi2Te3, Sb2Te3 and Bi2Se3

compounds were theoretically predicted and experimentally observed as 3D topo-

logical insulators, which have a large bulk bandgap, but possess metallic surface

states. These spin-polarized surface states have a number of exciting properties

such as the spin/momentum locking and suppression of backscattering. The field

of TIs leads to potential applications in spintronics and quantum computing, and

lots of research efforts are being made.

This dissertation explores the charge-to-spin conversion in topological insulator

thin films of Bi2Te3 grown by molecular beam epitaxy (MBE). It shows a thickness-

dependent spin Hall angle in ultrathin thickness range (3 QL - 10 QL), where QL

refers to quintuple layer.

In the first part, we focus on the growth of high quality Bi2Te3 thin films by

employing molecular beam epitaxy technique. Using in-situ and ex-situ methods

for structural and morphology characterizations, the growth of Bi2Te3 thin films

is optimized. Then we performed electrical measurement on Bi2Te3 thin films to

explore the electronic transport properties, and disentangle contributions from the

bulk and surface states.

xi



In the second part, we use spin torque ferromagnetic resonance (ST-FMR) to

measure spin torques generated by the topological insulator Bi2Te3 onto a magnetic

layer (permalloy) and calculate the spin Hall angle. We find the value of spin Hall

angle reaches maximum at 8 QL Bi2Te3 in a thickness range from 3 QL to 10 QL.

The ST-FMR measurements are performed both at 300K and at 4K, yielding a

larger spin Hall angle at low temperature. The observations suggest significant

contributions of the surface states of the TI to the charge-to-spin conversion.



Chapter 1

Introduction

1.1 Topological insulators

1.1.1 Background of topological insulators

Ever since the discovery of atoms and electrons, one interesting field of condensed

matter physics was putting together these fundamental particles to form new states

of matter. Based on band theory, these ordered states of matter can be classified

based on band theory as conductors, insulators and semiconductors. This classi-

fication is simple, however, it has been proven to be not sufficient to account for

a full description of novel condensed matter systems. A major discovery is the

quantum Hall effect in 1980s, which does not fit into this simple paradigm [12].

In the quantum Hall state, the bulk is insulating, while the edges of the material are

metallic. This phase is reached when electrons are confined in a two-dimensional

slab and subject to a strong magnetic field as shown in Fig. 1.1(a). On the one

hand, a chiral charge current can be found along the edge under the magnetic field,

1



Chapter 1. Introduction 2

on the other hand, the Hall resistance of the system does not increase linearly with

the magnetic field, but shows quantized plateau values in unit of e2

h
. The quanti-

zation of the Hall resistance can be attributed to a global quantity which does not

depend on the details of the system, the so called first-Chern number of the bands

located below the chemical potential. Over 40 years of study, the quantum Hall

effect has led to a different classification concept based on the topological order.

In order to have quantum Hall state, an essential precondition is that the time

reversal symmetry needs to be broken. Nevertheless, if an insulator has time rever-

sal symmetry and an appropriate band gap, another type of topological invariant

which is called Z2 number [13] may exist. Unlike QH state, this system should

be described using the spin Hamiltonian, and is the the joint effect of charge and

spin. Moreover, in QH state the conductance of the edge involves only charge

transport. While for a system which has non-trivial Z2 number, the edge conduc-

tances involve both charge and spin transport as shown in Fig. 1.1(c). Therefore,

it is called Quantum spin Hall (QSH) phase. This theory was first completed

by C. Kane and G. Mele, who further predicted the existence of this phase in

graphene and proposed a generalization of the formalism applicable to multiband

and interacting systems [14, 15]. They demonstrated that spin-orbit interaction

plays an important role in getting the QSH phase. However, since the spin orbit

coupling (SOC) in grephene is very small, which results in a band gap in order of

10−3 meV, the experimental observation of QSHE in graphene is not realistic.

Shortly after C. Kane and G. Mele’s work, A. Bernevig, T. Hughes and S. C.

Zhang proposed that QSH state can be realized in mercury telluride-cadmium

telluride semiconductor quantum wells [3]. More interesting, they demonstrated

the possible topological phase transition in this system by tuning the thickness

of the quantum well. These predictions were experimentally verified by L. W.

Molenkamp’s group who showed that the topological phase is stable when the well
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Figure 1.1: Schematic figures of quantum Hall effect and quantum spin Hall effect.
(a) chiral edge charge current in the QH state [1], (b) quantized Hall resistance [2], (c)
a pair of edge spin current in the QSH state [1], (d) The spin-Hall conductice with a

plateau value close to 2 e
2

h [3]. Figures are adapted from Ref. [1–3].

width d is larger than 6.3 nm [16], and that non-dissipative quantum transport

occurs through edge channels [17].

In addition to the two dimensional (2D) QH and QSH states, the topological

characterization of the QSH effect was soon generalized to three dimensional (3D)

insulators by three theoretical groups based on different models [18–20]. This

type of insulator is termed as “topological insulator (TI)”. In distinguished to the

QSH state which has only one Z2 invariant, the topological insulator has four Z2

invariants which differentiate the insulator from “weak” and “strong” topological

insulators (TIs). Due to the topological similarity, the QSH and QH states are also

regarded as 2D topological insulators. A realistic candidate of the 3D topological

insulator phase was predicted to be the Bi1−xSbx alloy within a certain range of
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composition x [21, 22]. It was soon verified by the angle-resolved photoemission

spectroscopy (ARPES) measurements which measured the electronic band struc-

ture of Bi0.9Sb0.1 and displayed an odd number of topologically nontrivial surface

states [23]. An odd number of crossings lead to topologically pretected metallic

boundary states [24]. Moreover, simpler versions of the 3D topological insulators:

Bi2Se3, Bi2Te3 and Sb2Te3 compounds, which have a large bulk gap and gapless

surface states consisting of a single Dirac cone, were theoretically predicted [25]

and experimentally verfied [26, 27] in 2009. The discovery of TIs triggered a large

number of theoretical and experimental works on searching for TI materials. More

TIs are reported afterwards, such as the TlBiSe2 family [28–31], the KHgSb family

[32], BaBiO3 [33], SmB6 [34–37] and so on.

1.1.2 Surface states in topological insulators

Formally, lots of properties of TIs can be interpreted in terms of the band struc-

ture. For example, one key ingredient of non-trivial topological invariant is the

band inversion at time reversal invariant momenta (TRIM) points in first Brillouin

zone (BZ). As shown in Fig. 1.2, for a normal insulator with conduction band con-

structed from the s orbit and valence band constructed from p orbit, the s band

has higher energy than the p band and they are separated by the band gap. While

for topological insulator, the bands are inverted near the TRIM points, around

which the p band has higher energy than s band. For this reason, the states of

conduction bands and valence bands are mixed together. This actually provides a

good way of understanding the topology in topological insulator. It is impossible

for a normal insulator transforming to a topological insulator through continuous

deformations which does not open or close a band gap. Although the size of band
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gap, the shape of conduction and valence bands can change, they cannot be con-

verted, unless the band gap close first and then open again. Therefore, the NI and

TI are topologically different.

Another resultant phenomena of topology is the surface state. If we construct

a NI/TI interface, the conduction and valence bands constitution at TRIM will

change from s, p in NI to p, s in TI. There must be a critical point when the

conduction band and valence band touch with each other. Because of the topology

difference, the gapless point can only exist on the interface as shown in Fig. 1.2.

Actually, this gapless point is direct analogue of Dirac electron in high-energy

theories and can be described by the massless Dirac equation. It is therefore termed

as Dirac cone and is quite robust against perturbations. The appearance of Dirac

cone is guaranteed by the time reversal symmetry. The reason can be simply

understood in this way:

On the one hand, the energy dispersion satisfies:

E(k, ↑) = E(−k, ↑)

at TRIM because of crystal translation symmetry. On the other hand, according

to time reversal symmetry:

E(k, ↑) = E(−k, ↓)

Finally, we have:

E(k, ↑) = E(k, ↓)

where k is the wave vector of Bloch wave, ↓ and ↑ correspond to electron’s spin.

Therefore, the spin up band and spin down band are degenerated at TRIM points.
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Figure 1.2: Schematic figures of band structures of TI and normal insulator. The red
and blue colours represent different band components.

The gapless surface state is an important signature of TI surface.

1.1.3 Electronic transport and spin-momentum locking

Apart from the linear dispersion properties of the topological surface state which

behaves like a massless Dirac fermion, the spin texture of the Dirac surface state

exhibits striking helical nature. As shown in Fig. 1.3(a), above the Dirac point

energy, the surface states spins are tangential to the Fermi surface contour with

clockwise helicity. In other words, the surface electrons moving in kx direction

have spin polarization directions along -y direction as shown Fig. 1.3(b). While

below the Dirac point energy, the electrons moving in kx direction are locked

with the states whose spin polarization direction is along y direction and shows

anticlockwise helicity. This phenomenon is termed as spin-momentum locking [38,

39].

The spin-momentum locking can be detected using spin- and angle-resolved pho-

toemission spectroscopy (spin-ARPES) [5, 40, 41], polarized optical spectroscopic

techniques [42] or by measuring the hysteresis loops of the in-plane resistance of
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Figure 1.3: Spin momentum locking in TI. (a) Schematic diagram of the spin tex-
ture [4]; (b) Concept drawing of the transport experiment [4]; (c) Fitted values of the
spin polarization vector which demonstrates the topological helicity of the spin-Dirac
cone [5]; (d) ARPES dispersion of Bi2Te3 along the kx cut [5]; (e) ARPES intensity
map at EF of the (111) surface of Bi2Te3 [5]; and (f) Measured y component of spin-
polarization along the Γ - M direction at EB=-20 meV [5]. Figures are adapted from
Ref. [4, 5]. The red arrows in the figure represent the spin directions.

the magnetic tunneling junction devices [43–46]. Shown in Fig. 1.3(c)-(f)) are the

resultant surface states of Bi2Te3 measured by Princeton group. Both the Dirac

cone and chiral spin texture are measured. Moreover, the chiral spin texture, as

well as the chirality inversion above and below the Dirac point energy, have been

explicitly observed in other materials like Bi2Se3, BiTlSe2 and Sb2Te3 [4, 47, 48].

The spin-momentum locking has attracted strong research interests for exploring

various spin functionalities in semiconductor heterostructures and topological ma-

terials ever since it was predicted. On the one hand, the spin-momentum locking
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strongly suppressed the backscattering, resulting in a high conductivity on the sur-

face edge channels. On the other hand, it has been shown that the spin-momentum

locking in the surface states of the topological insulators is able to induce a non-

equilibrium spin accumulation into the adjacent magnetic layer that switches and

manipulates the magnetization of the magnetic layer [49–53].

1.2 Spintronics: spin and charge transport

1.2.1 Fundamental concepts

Spintronics is the area of condensed-matter physics that refers to the study of the

role played by electron spin, with the aim of improving the efficiency of electronic

devices and to enrich them with new functionalities. In contrast to traditional

electronic devices, which involves more charge transport in metals or semiconduc-

tors, spintronics specifically exploit spin properties, and thus has the advantages

of lower power consumption, less heat dissipation and non-volatile.

The prototypical spintronic devices that have been used in industry, such as a read

head and a memory-storage cell contain:

1). Spin valve which consists of two ferromagnetic (FM) layers separated by a

non-magnetic (NM) metal layer like Cu.

2). Giant magnetoresistance (GMR) devices, designed as a repeated extension

(superlattice) of spin valve, consisting of alternating FM and NM layers.

3). Magnetic tunnel junctions (MTJ) which consist of two FM layers separated

by thin oxide insulating layer of oxide.
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Figure 1.4: Schematic figures of prototypical spintronic devices. (a) Spin valve (b)
GMR (c) MTJ and (d) racetrack

4). Domain wall motion in magnetic nanowires driven by spin-polarized charge

current.

Despite the diversity of the spintronic devices, current effort mainly focus on two

different approaches. The first is to improve the existing GMR-based technology,

such as, developing new materials which has large spin polarization or improv-

ing the spin filtering ability of existing devices. The second one is to find better

ways of generating and utilizing spin-polarized currents. Among these approaches,

the spin transport in semiconductors has attracted increasing research interests.

Compared with the metal-based devices, semiconductors have special advantages,

for example, to amplify signals, to sustain less heat dissipation due to less charge

transport, and being easier to be integrated with traditional semiconductor tech-

nologies.
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While there are clear advantages for introducing semiconductors to novel spintronic

applications, there are still questions pertaining to understand the spin transport

in semiconductors and find good material candidates. Due to the strong SOC and

spin-momentum locking properties of TI, a natural question is whether the TI is

a good candidate for a spin-current generator. The answer turns to be positive,

verified by lots of studies both experimentally and theoretically. However, in spite

of many recent research efforts, there are still questions that need to be answered

like the transport behavior of TI in combination with other materials, or whether

the surface states survive after deposition of adjacent layers in TI heterostruc-

tures. In this thesis, we aim to study TIs interfaced with magnetic materials, and

to find out signatures of surface states combining electrical transport and spin

torque experiments. The fundamental concepts to understand spin torques will

be described in the following sections.

1.2.2 Spin Hall effect and inverse spin Hall effect

Among the several possibilities of generating and controlling the spin currents, the

spin Hall effect (SHE) has become a widely used strategy nowadays. It is described

as the phenomenon of spin accumulations along the edges of a nonmagnetic con-

ductive wire while a charge current passing through, as shown in Fig. 1.5(b). In

comparison to the Hall effect (HE) and anomalous Hall effect (AHE), which con-

centrate on the charge accumulation along the edges and need either the external

magnetic field (HE) or internal magnetic moments (AHE) to break time reversal

symmetry, the SHE results in a pure spin current and does not need a broken time

reversal symmetry (TRS), as illustrated in Fig. 1.5(a).
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Figure 1.5: Schematic figures describing the (a) anomalous Hall effect and (b) spin
Hall effect.

Although SHE was only observed less than twenty years ago [54, 55], it has deep

roots in the history of electricity and magnetism. In 1929, in order to provide di-

rect evidence that spin is an intrinsic property of the free electrons, Mott proposed

his double-scattering experiment [56]. In his proposal, if an unpolarized electron

beam falls on two targets with heavy nuclei and scattered successively, an asym-

metric deflection of the electron beam after the second scattering will occur. This

asymmetric deflection arises because the electron beam becomes spin polarized

after the first scattering. Therefore, to some extent, the Mott-scattering can be

regarded as the SHE in a non-solid-state environment. It was not until in 1971

when Mikhail Dyakonov and Vladimir Perel [57] of the Ioffe Institute in Leningrad

proposed the existence of SHE in semiconductor. In their proposal, they refer to

the extrinsic part of the SHE, which is originated from the scattering of electrons.

In solid-state systems, on the other hand, the electrons can also feel the spin
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Figure 1.6: Schematics of Mott scattering. An unpolarized electron beam is injected
along LT1 direction and scattered by the first target T1. Then the electron beam is
scattered by the second target T2 and finally detected by two detectors, M and M’, which
are set symmetrically. If the electron beam is unpolarized after the first scattering, the
two detectors will get the same amount of electrons. Otherwise the electron beam is
polarized after the first target.

orbit field of a perfect crystal even in the absence of scattering. This fundamental

physics principle gives rise to another part of SHE which is clearly distinct from

the Mott scattering of the free electron beam. Since this part of SHE can be

directly derived from the relativistic band structure of a material, it is termed

as intrinsic SHE. The intrinsic SHE was experimentally predicted by Sinova et al

[58] and Murakami et al [59] and then soon verified by Wunderlich et al [55, 60]

based on the circularly polarized luminescence experiments. These discoveries

soon triggered an intensive research of SHE based on optical methods [61–66].

Heuristically, if we go back to Mott-scattering effect again, another branch of

transport phenomenon in solid-state can be found. According to Mott’s calcula-

tion, if the polarized electron beam falls into the second target and is scattered,

the electron beam will be deflected asymmetrically. Similarly, what will happen

if a polarized spin current are injected to a metal? Hirsch gave his answer in
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1999 [67]. He proposed that, in this case, the electrons with spin up will be scat-

tered preferentially in one direction perpendicular to the flow of current, and spin

down preferentially in the opposite direction. A Hall voltage will be generated

at the edges of the metal because of the transverse charge imbalance. This Hall

voltage was soon measured by different groups [68–70] and this effect is named as

inverse spin Hall effect (ISHE). The ISHE is very attractive not only because of

its importance as a fundamental transport phenomena in solid-state physics but

also due to its potential applications in electrical spin detection. It is gradually

becoming a standard measurement tool for pure spin current , having impact on

a lot of research studies [71–75].

1.2.3 Spin transfer torque

Ever since the discovery of the GMR effect, there is considerable interest in the

study of multilayered heterostructures which consist of magnetic and nonmagnetic

metals or insulators. Recently, the transport properties of these multilayers and

thin films have been widely investigated and have revealed interesting properties

resulting from the joint effect between electron transport and magnetic behavior.

It is known that when an unpolarized charge current passes through a ferromag-

netic film, there are two possible processes as shown in Fig. 1.7(a). For the first

one, the spin-up and spin-down electrons that build up the current have different

transmission probabilities. The transimission probability depends on the magnetic

order of the film. The electrons which have the opposite spin direction to the local

magnetic moment in the film have lower transmission probability and thus may be

reflected backwards. In the second process, there are spin-flip collisions between

the electron beam and the magnetic moment in the film. Part of the electrons flip

their spin direction to the same as the local moment after the collisions [76, 77].
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Figure 1.7: Schematic of spin transfer torque. (a) An unpolarized electron beam is
polarized after passing through a magnetic film, either through a spin-flip collision or
through the backscattering and (b) spins of electrons in the multilayered hetrostructures.

For both cases, the charge current becomes polarized. Specifically, the second

process means that there is a transfer of angular momentum from the ferromagnet

to the electrons. Since angular momentum is conserved, there must be an equal

amount of angular momentum from the electrons to the ferromagnet. This effect is

called spin transfer. The torque which rotate the spin direction is therefore called

spin transfer torque (STT).

On the other hand, for a typical STT device which consist of two ferromagnetic

layers and separated by a spacer layer as shown in Fig. 1.7(b), the spin transfer also

holds and has more practical applications. In this heterostructure, the fixed layer

has its magnetization fixed along M1 direction, whereas the magnetic moment M2

in the free layer is free to move. When an charge current is injected through the

heterostructure, the electrons’ spins are first polarized along M1 direction due to
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Figure 1.8: Schematic of (a) STT-MRAM and (b) racetrack Memory. Figures are
adapted from Ref. [6].

spin transfer and then propagate to the free layer. If M1 is not aligned with M2

direction, the polarized spins will then align with M2 because of exchange interac-

tion. During the process, the change of conduction electrons’ angular momentum

has to be offset by the change of free layer’s angular momentum as a result of con-

servation of angular momentum. Thus the magnetic moment suffers from a torque

which rotate it towards to M1 direction. Notably, the aforementioned torque could

result in two qualitatively different types of magnetic behaviors in the free layer,

either simply switching the magnetic orientation from M2 to M1 or exciting a dy-

namical state where the magnetization undergoes steady-state precession [78, 79].

Although the STT was first considered in the late 1970s by Berger [80], it did

not attract much attention. The most influential paper work which launched the

widely study of STT came in 1996 by Slonczewski [81] and Berger [82]. This

effect was soon confirmed experimentally and observed around 2000 by different

groups [83–85]. The STT effect is exciting because it allows for the efficient manip-

ulation of magnetic configurations without the assistance of external fields, which
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is good for downscaling of devices. It has triggered the study and commercializa-

tion of spin-based technologies, for example, the racetrack memory, which is based

on current-driven domain wall motions, proposed by Parkin [6] and the current-

controlled magnetoresistive random access memory (STT-MRAM) as shown in

Fig. 1.8.

1.2.4 Spin orbit torque

Another setup that can also exhibits current-induced magnetization dynamics is

illustrated in Fig. 1.9. In contrast to the STT devices which uses a fixed layer of

ferromagnet to generate the polarized current, this setup is based on the effective

spin polarization originating from SOC of a nonmagnetic material. When charge

current passes through the nonmagnetic material, the spin will be polarized due to

the effective field and a transverse spin current will be generated [86]. Similarly to

STT, the spin current can be injected to the FM layer and introduce spin torque

in the FM layer. Since this spin torque is generated through SOC, it is called

spin orbit torque (SOT). Normally, the nonmagnetic materials which are used to

fabricate the SOT devices can be classified into several categories:

1). Heavy metals or bulk semiconductors, such as Pt [87], β-Ta [88], GaAs [89].

Generally speaking, the spin current is induced by two effects in heavy metals. The

first one is the SHE effect mentioned in the previous section. The second one is the

interfacial spin-orbit effects such as the Rashba-Edelstein effect (REE) which is

also called inverse spin galvanic effect. Usually, interfaces between a heavy metal

and nonmagnetic materials or 2D electron gases are able to generate a momentum-

dependent Rashba spin-orbit field originating from an asymmetric bonding at the

interface. This Rashba spin-orbit field leads to the REE. According to the REE,
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Figure 1.9: Schematic of SOT setup. When a current is flowing through the NM layer,
a transverse spin current are generated and injected to the FM layer. The torque on the
local magnetic moment in FM layer can be split to two components τFL, which drives
the moment into precession around the effective magnetic field, and τDL, which acts to
bring the moment back to its equilibrium position.

a nonequilibrium spin polarization can be achieved through an electrical current

in systems lacking inversion symmetry [90].

2). Topological insulator, such as Bi2Se3 [49, 91], (Bi0.5Sb0.5)2Te3 [51], in which

electrons’ spin orientation is locked relative to its propagation directions because

of the topological surface states. Such spin-moment locking gives rise to a non-

equilibrium surface spin accumulation during the flow of charge current. It is

conceptually similar to the Rashba-Edelstein effect in non-topological materials.

3). Weyl Semimetal, such as WTe2 [92]. The Weyl semimetal is a new state

of topological quantum matter which has been found recently. Pairs of linear

dispersion points, named as Weyl fermion, can stably exist in its band structure. A

number of novel properties have been observed in this topological semimetals, such

as large magnetoresistence (MR), high carrier mobility, negative MR. Especially,
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there exist unclosed surface states, which are called Fermi arcs, connecting the

projections of the Weyl points with opposite chirality on the surface of the Weyl

semimetal [93]. More importantly, it has been suggested that the Fermi arcs

are also spin-polarized with similar spin-momentum locking effect as having been

observed in the surface states of TIs [92, 94–96]. This spin-momentum locking

will also give rise to a non-equilibrium spin accumulation while injecting an charge

current.

4) Atomically thin transition metal dichalcogenides (TMDs), such as WTe2 [97],

MoS2 [98], WSe2 [99]. The TMDs are 2D materials which have only the interfacial

spin-orbit effect. It was reported the SOT generated by TMDs is dominated by

the in-plane component and it turns out to be almost temperature-independent

[99].

1.3 Motivation and outline

The need for energy-efficient computing nowadays is more urgent than ever before,

covering various domains such as large-scale sensor networks, Internet of Things,

bioelectronics, and neuromorphic/neuro-inspired computing. With the dramatic

increase in device counts to meet the modern system requirements, it is critical

to develop a building block with fundamentally different computing and storage

mechanisms. Non-volatile switches with novel computing mechanisms are consid-

ered as the most promising solution to overcome the energy brick wall. Among

them, spin-based technologies have advantages of non-volatile memory and logic

owing to their supreme features of low-voltage (sub-mV), high-speed operation

(sub-ns), and high endurance (over 1012 cycles).
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In order to fulfill these needs, we are motivated to search for materials to provide

more efficient current-induced torques. Recent experiments have demonstrated

large spin-orbit torques in TIs due to the fact that an electron’s spin orientation

is locked relatively to its propagation direction in the surface states of TIs. Such

spin-momentum locking gives rise to a non-equilibrium surface spin accumulation

while flowing a charge current. If this spin accumulation couples to an adjacent

magnetic film, the resulting flow of spin angular momentum will exert a spin torque

on the magnet.

This thesis is structured as follows: In chapter 2, we introduce the ultra high

vacuum (UHV) technology and MBE as the experimental setup for sample prepa-

ration, followed by the introduction of characterization methods. In chapter 3, we

discuss the epitaxial growth of topological insulator Bi2Te3 thin films. Chapter 4

and 5 contain results for the electronic transport measurements and spin torque

ferromagnetic resonance measurements. Chapter 6 summarizes that the surface

contribution is dominant in the charge-to-spin conversion in Bi2Te3 thin films and

suggests for future work.



Chapter 2

Experimental Instruments and

Techniques

The deposition of topological insulator thin films was carried out in a MBE growth

chamber with a base pressure of 8times10−11 mbar. To optimize the growth recipe,

reflection high-energy electron diffraction (RHEED), x-ray techniques and atomic

force microscopy (AFM) were employed for the stuctural characterization. In the

following, these techniques will be briefly introduced.

2.1 Ultra high vacuum technology

UHV is the vacuum regime characterized conventionally by a pressure better than

10−9 mbar (1 mbar=100 pa). Surface science experiments require a chemically

clean sample surface with the absence of any unwanted adsorbates. Our exper-

iments were performed under a vacuum of the order 10−10 mbar or better. To

give an idea of the absorption rate of residual molecules in the chamber, we shall

20
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perform a rough estimation. At room temperature (T ≈ 293 K) with the sticking

coefficient assumed to be unity, the time constant to form a monolayer on the sur-

face from the gas phase is about one hour when the pressure is 10−9 mbar. Thus,

to keep the sample clean and study the intrinsic physical properties, the usage

of UHV is absolutely necessary. On the other hand, the mean free path of the

gas molecule is much greater than the typical dimensions of the vacuum chamber

when the vacuum is better than 10−9 mbar, which is the ideal scenario for MBE

growth. In this section, we are going to introduce UHV technology and mainly

focus on how to obtain and maintain the vacuum in the chamber [100–102].

A pumping system is normally composed by pumps, gauges and valves. Fig. 2.1

is a typical UHV pumping system. To pump down the system from atmospheric

pressure (1013.25 mbar) to UHV (10−10-10−11 mbar), the pressure needs to be

changed by ∼13-14 orders of magnitude, which is beyond the pumping capacity of

any single pump. So, the pumps for a UHV system often consist of scroll pumps,

turbomolecular pumps, ion pumps and titanium sublimation pumps. Scroll pumps

are widely used for initially pumping the system from atmospheric pressure down

to about 10−2 -10−3 mbar. The principle of the operation of scroll pumps is

illustrated in Fig. 2.2(a). Two interleaved spiral-shaped scrolls are used to pump

gases. One of the scrolls is fixed, while the other orbits eccentrically without

rotating, thereby trapping and pumping fluids between the scrolls. It is noteworthy

that scroll pumps are oil free, which can avoid oil vapor backstreaming and prevent

the whole vacuum system from contamination.

A turbomolecular pump consists of a stack of rotor and stator blades (Fig. 2.2(b)).

When the blades are rotated at very high speed (> 10000 rpm), the gas molecules

are hit and led towards the exhaust connected to the foreline. The operating

range of turbomolecular pumps is from 10−2 -10−10 mbar, so they cannot work
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Figure 2.1: Schematic diagram of a routine UHV pumping system for a typical MBE
machine.

at atmospheric pressure, thus a scroll pump is conventionally used as a backing

pump.

Ion pumps and titanium sublimation pumps are often used together and connected

directly to the UHV chamber. The basic mechanism of both pumps is the genera-

tion of titanium atoms inside the vacuum chamber. The gases react with the fresh

Ti film to form non-volatile compounds. Ion pumps are the most popular UHV

pumps. The working principle is shown in Fig. 2.2(c). The main components of an

ion pump are anode (a stack of stainless steel tubes), cathode (Ti plates mounted

close to the two open ends of anode) and a magnet. By applying a DC voltage

of 3-7 kV between the cathodic plates and anodic tubes (Penning trap), electrons

are emitted from cathodic plates and move along helical trajectories in the anodic

tubes, then the molecules are ionized and accelerated. Stroked by the ionized

molecules, titanium is sputtered. The fresh Ti film coats the tubes with strong
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sorption ability. Ion pumps help to reach the 10-11 level the 10−11 mbar level,

which is perfect to maintain UHV together with the advantages of cleanliness,

long operation life, vibration-free operation etc. Titanium sublimation pumps are

usually used as a plus to ion pumps. The structure of a titanium sublimation

pump is shown in Fig. 2.2(d), titanium is sublimated from the Ti-covered fil-

ament heated by passing through a high electrical current (typically around 40

A) continuing a short time (1 minute). Ti film coats the surrounding chamber

walls and reacts with the residual gas to improve the vacuum quickly. However,

it cannot work continuously since the Ti film will not be clean anymore and the

sorption capacity is reduced after some time. Usually, it needs to be re-heated

after a certain time manually or with an automated program.

In addition to the pumping system, gauges are needed to read the pressure of

the vacuum system. Like pumps, there is no universal gauge that is able to

work along the whole range from atmospheric pressure to UHV. Different gauges

are chosen depending on the chamber pressure. Mechanical gauges are usually

used to check whether a vacuum exists at all, but they are not necessary in a

UHV system. Pirani gauges operate in the range of 10-10−3 mbar, which are

mostly used in foreline monitoring. Ionization gauges are the basic instrument

to measure pressures lower than 10−4 mbar. The most widely used one is the

hot-filament ionization gauge by using thermionic emission of electrons from a hot

filament. The electrons are accelerated to the grid at a DC potential of about

+150 V. These electrons collide with gas molecules and ionize them. The ionized

gases are attracted to the central-situated ion collector, such that the resulting

ion current is proportional to the amount of gas molecules on the chamber, being

indicated as pressure reading. Strictly speaking, ion gauge measurement depends

on the gas composition, because the ion current differs for different gases at same

pressure. In practice, they are calibrated for nitrogen.
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Figure 2.2: Schematic diagrams of designs and operations for (a) scroll pump; (b)
turbomolecular pump; (c) ion pump and (d) titanium sublimation pump.

Besides pumps and gauges, valves also play a key role in the vacuum system.

Sometimes, one needs to isolate one section of a vacuum system from another one.

For example, the valve connecting the sample preparation chamber and sample

loading chamber (load lock) needs to be closed to keep the UHV in the preparation

chamber. The most common valves are angle valves and gate valves. The usage

of the valves can be found in Fig. 2.1.

So far, a UHV pumping system can be built with all the above components, but

there are additional hints to obtain and preserve a good vacuum. It is worthy to

learn the aspects that can affect the vacuum. The two main issues are leaks and
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degassing, which are typically originated from desorption of gases on the surface,

diffusion of gas inside materials, penetration of atmosphere and vapor pressure

of the materials etc. Therefore, it is important to choose the materials which

are less prone to mechanical leaks while designing a UHV system. Normally, the

material for the chamber body is 304 stainless steel and the flanges are connected

by using copper gaskets. For the construction of evaporators and sample holders,

the common materials are tantalum, tungsten and molybdenum. These materials

not only have low vapor pressures, but are able to endure chamber bakeout, and

additionally can sustain very high local temperatures (> 1000 ◦C). The chamber

bakeout is an essential step to reach a desired vacuum. Once the system is exposed

to air, the surfaces of the inner walls and components within the chamber(s) will be

covered by water, nitrogen, oxygen and other atmospheric gases. When the system

is pumped down again, desorption of the adsorbed gases is very slow at room

temperature which hampers the achievement of a good vacuum. If the whole UHV

system is heated to a higher temperature, gas desorption can be accelerated and,

hence the gas coverage on the surface will be decreased tremendously. Afterwards,

the system is cooling down to room temperature and the desorption rate is reduced

as well as less residual gases are left over in the chamber. As a result, lower base

pressures can be obtained. Typically, the system is baked at 150 ◦C - 250 ◦C for

24-48 hours, which is sufficient to reach the expected vacuum. Additionally, some

of the evaporators could reach a high temperature at working mode, which also

affects the vacuum, so it is prerequisite to install cooling water for the evaporators

with evaporation temperatures above 400 ◦C, and recommended for those below

400 ◦C. The purpose is to reduce local degasing and maintain the vacuum during

growth.
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2.2 Molecular beam epitaxy

MBE [101–104] is a versatile technique for growing high-quality epitaxial thin films,

which is applicable for a wide material range, such as semiconductors, metals or

insulators. In MBE, the constituent elements for the film growth are delivered

to the substrate surface using molecular or atomic beams which are evaporated

from a typically solid or liquid source. The substrate is kept at an appropriate

elevated temperature, which means that, on the one hand, it ensures the migration

of the atoms over the surface, on the other hand, it should not be too high to

induce agglomeration (clustering) or diffusion intermixing into the substrate or

adjacent layers when growing multilayer compounds. It plays a key role in epitaxial

growth to choose the proper type of substrates and prepare them chemically and/or

thermally to ensure a homogeneously clean and flat surface.

In comparison to other deposition techniques, MBE has several advantages. First,

MBE growth is carried out in a UHV environment which can greatly lower the

impurity level to get high purity epitaxial thin films. Secondly, the growth rate

is low and beam fluxes can be precisely controlled, which ensures that the surface

migration of atoms or molecules and the composition of the grown epilayer can

be tuned with atomic resolution. Moreover, MBE growth proceeds at conditions

far from thermodynamic equilibrium and is governed mainly by the kinetics of

the surface when the impinging molecular beams react with the outermost atomic

layers of the substrate crystal. This allows the growth of some materials which can

hardly grow at conditions near thermodynamic equilibrium. Furthermore, due to

the UHV environment and the compatible geometry of standard MBE chamber,

RHEED can be employed for in-situ monitoring the crystalline quality of deposited

films. The more detailed information about RHEED is referred in the following

section.
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Figure 2.3: Schematic diagram of a simple MBE chamber showing the effusion cells,
shutters, substrate heater and RHEED system.

Fig. 2.3 depicts a typical MBE chamber. The essential elements are effusion cells,

substrate heating assembly and RHEED system. The typical effusion cell used

in MBE is Knudsen effusion cell (K-cell) (Fig. 2.4). An important part of the

K-cell is is the crucible, where the beam fluxes are evaporated from solid or liq-

uid materials. The crucibles are often made by Pyrolytic Boron Nitride (PBN),

sapphire (Al2O3), graphite or quartz. Due to the temperature requirements and

potential reactions between materials, it depends on the deposition materials for

choosing different types of crucibles. In a K-cell, the crucible is heated by metal

wire (W or Ta wire) to reach the desirable temperature. At the bottom of the

crucible, a thermocouple is loaded to measure and monitor the cell temperature.
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Figure 2.4: (a) A standard K-cell (MBE-Komponenten GmbH, WEZ 40-10-22-KS),
(b) schematic of the wire heating assembly.

In addition, radiation shields are surrounded to improve both temperature sta-

bility and thermal efficiency. It is recommended to install cooling water for all

evaporators while it is a must for evaporators working at high temperatures. This

can prevent the generation of unwanted outgassing from high-temperature parts.

The maximum operating temperature for K-cells is reported to 1900 ◦C by our

manufacturer (MBE Komponenten) which can satisfy the requirements for most

materials. For the materials with higher evaporating temperatures, i.e. Mo, Nb,

Ta, W, etc. electron beam evaporation is employed. The basic principle is that

an electron beam is generated from a filament and the beam strikes source mate-

rial by the application of a high voltage towards the source. Thereby, the surface

atoms will have sufficient thermal energy to evaporate. The highest temperature

at local points can reach up to 2500 ◦C.

Another important part in MBE chamber is the substrate heating assembly. There

are two conventional methods to heat substrates, direct current heating and radia-

tive heating, respectively. For conductive substrates, they can be heated by direct

current and the temperature can be measured by infrared thermometer (pyrome-

try) which can read the temperature directly on the sample. On the other hand,

insulating substrates are transparent in this optical range, which makes errors
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by measuring temperatures with infrared thermometer. As a result, insulating

substrates are always heated via radiation and the temperature is measured by

thermocouple. As thermocouples cannot be mounted on the samples but on nearby

surface, the measured temperature is not the real temperature on the sample and

it always has an offset and a temporal hysteresis for reflecting the temperature

change of the samples. In our case, the most often used substrates are insulating

materials, so one should keep in mind for the hysteresis of temperatures during

optimizing the growth recipe for thin films.

2.3 Structural characterizations

2.3.1 Reflection high energy electron diffraction

It is important to characterize the structural and surface quality of thin films to

optimize the parameters of thin film growth. In MBE growth setup, RHEED is

a very powerful technique with high surface sensitivity to gain information of the

surface quality, as well as to monitor real time growth of thin films [105]. Un-

like most structural characterization tools, RHEED is always built inside MBE

chamber and the glancing-incidence-angle geometry of RHEED offers the advan-

tage that it will not affect the growth procedure while monitoring the quality of

epitaxial growth of thin films. Without RHEED, we are blind to the quality of the

film during growth and can only do ex-situ characterizations after the sample is

taken out of the chamber. This would be a time consuming effort to get feedback

for film growth optimization. Therefore, RHEED is the most widely used in-situ

analytical tool in MBE. We would like to briefly present the principle of RHEED

operation hereinafter.
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The RHEED setup in a MBE system is shown in Fig. 2.3. A RHEED system

requires an electron gun and a detector. From the electron gun, the electron beam

is emitted with a primary energy E (1 keV < E < 30 keV) and guided by electro-

magnetic lenses. The electron beam is incident at a small glancing angle (about 1◦

- 2◦) relative to the sample surface, from where the electrons undergo diffraction

owing to the crystalline lattice of the substrate or the film. With the help of phos-

phor detector screen, the diffraction patterns can be collected and digitally imaged

by a charge-couple-device (CCD) camera, which is transfered to the computer for

analysis using commercial software. Due to the small incident angle, electrons do

not penetrate into the bulk of the material, but only get diffracted by very few

atomic layers at the surface.

Fig. 2.5(a), (d) and (g) show electron diffraction from three different crystalline

materials, respectively. These collected diffraction patterns, which are related to

the intersection of Ewald sphere with the reciprocal lattice rods, reflect the crystal

structures and surface quality.

2.3.2 Complementary ex-situ characterizations

Besides in-situ monitoring of the film deposition, we also check the quality of

MBE-grown Bi2Te3 films with ex-situ methods. Atomic force microscopy (AFM)

and x-ray techniques were employed to investigate the surface morphology and

crystalline quality.

The basic application of AFM as a microscopic technique is to measure the to-

pography of a sample at the nanometer scale. There are various operating modes,

depending on the applications, which are described as contact, tapping mode and

non-contact modes. Among those modes, contact mode is the simplest one, which
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Figure 2.5: Schematics of electron diffraction geometries, film morphologies, and crys-
talline structures for:(a) A single crystal. (d) Single-crystal islands. (g) Polycrystalline
islands. Corresponding Ewald sphere constructions are seen in b, e, and h and corre-
sponding RHEED patterns in c, f, and i. Figures are adapted from [7].

is applied in our investigation. The working principle of the contact mode is de-

scribed basically in the following. A sharp tip attached to the end of a cantilever

scans across the surface of the sample, the position of which is finely controlled

by the cantilever displacement using piezoelectric actuators. The laser beam is re-

flected on the top of the cantilever and collected by a photodiode detector with an

output signal amplified and correlated to the height profile of the sample’s surface.
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Figure 2.6: Basic working principle of an contact mode AFM. By scanning a tip across
the sample surface, changes of the cantilever deflection is monitored with photodiode
detector.

Having the height data, we can easily generate images with analysis software. The

feedback loop is shown in Fig. 2.6.

In addition to AFM, x-ray technique is another powerful tool to probe the crys-

tal structure as well as the thickness of the Bi2Te3 thin films. X-ray diffraction

(XRD) is based on the elastic scattering of x-ray photons by the crystal lattice of

the probed sample. The monochromatic x-rays scattered at specific angles give

constructive interference, from which the diffraction peaks are produced. Fig. 2.7
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Figure 2.7: Schematic diagram of diffraction of x-rays by a crystal (Bragg condition).

illustrates the diffraction of x-rays by crystal planes and how one can derive lattice

spacing with Bragg’s law (Eq. 2.1).

2d sin θ = nλ(n∈N) (2.1)

Where d is interplanar spacing, θ is the angle between the incident beam and the

crystal planes that diffract, n is the order of reflection, and λ is the wavelength of

x-rays (we use λ =1.54056 Å, the wavelength of the Kα1 emission line for Cu). By

varying the incident angle θ, the detector at the diffraction angle 2θ can collect the

diffraction spectra, from which one can calculate d by using Bragg’s law, further-

more, crystal structure of the material can be determined by analyzing the main

peakwidth and the satellite diffraction spectra (Kiessig fringes). This is achieved

via a θ-2θ scan, which is frequently used in crystalline structure determination.
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On the other hand, the x-ray reflectivity (XRR) measurement can be used to de-

termine the thickness of thin films. The x-rays undergo total reflection for the

incident angle smaller than the critical angle (θc) and penetrate inside the film for

the incident angle greater than θc. The interference between the x-rays reflected

from different interfaces result in interference fringes (Kiessig fringes). By using

Eq. 2.2 and 2.3, we can easily estimate the thickness of thin films.

2t
√

sin2 θm − sin2 θc = mλ (2.2)

θ2m − θ2c = m2(
λ

2t
)2 (2.3)

Where t is the layer thickness, θm is the angle position of the m-th maximum in

Kiessig fringes, θc is the critical angle for the total external reflection, λ is the

x-ray wavelength [106].



Chapter 3

Epitaxial Growth and

Characterization of Bi2Te3 Thin

Films

3.1 General considerations

As mentioned in the previous section, we employ the MBE technique to grow

high-quality single crystalline Bi2Te3 thin films [107, 108]. As shown in the Bi-Te

phase diagram (Fig. 3.1(a)), bismuth and tellurium can only form stoichiometric

Bi2Te3 compound and excess Te, without any secondary phase, when the atomic

percentage of tellurium is more than 0.6. This gives us the idea that we do

not have to keep Te/Bi (θ) flux ratio strictly at 3:2, but under highly Te-rich

condition (θ= 8-20) with the substrate temperature satisfying Tsub ≥ TTe . At

fixed temperature, the saturated vapor pressure of Te is much larger than that of

Bi, therefore we can set TBi >Tsub≥ TTe, then the extra Te molecules cannot be

35
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incorporated into the film and will desorb. Thus, we can guarantee the growth of

Bi2Te3 thin films under such conditions. Here, TTe and TBi are the temperatures

of Te and Bi Knudsen cells, which were used to precisely control the deposition

flux. The crystal structure of Bi2Te3 is schematically shown in Fig. 3.1(b). It

has a rhombohedral structure and belongs to space group R3m. The a-b (111)

plane has hexagonal structure with the lattice constant 4.38 Å. Along the [111]

crystallographic direction, the unit cell contains five atomic layers with a stacking

sequence of Te(1)-Bi-Te(2)-Bi-Te(1), in which the middle Te layer is coordinated

differently than the side Te layers. The unit cell is called a quintuple layer (QL)

and is ∼1 nm in height. The lattice constant along this direction is 10.17 Å.

The interaction between two adjacent QLs is of van der Waals type, while the

interaction between two atomic layers within a QL relies on covalent bonding.

As a result, a bulk Bi2Te3 crystal always gives a Te-terminated cleaved surface

due to its low surface energy. Our experiments were conducted in a home-made

MBE growth chamber (details in chapter 2) with the base pressure better than

1x10−10 mbar. High purity Bi (99.9999%) and Te (99.9999%) were evaporated

from individual standard Knudsen cells. The substrate was heated by radiant

heating and the temperature was controlled by a proportional–integral–derivative

(PID) controller.

3.2 Epitaxial growth of Bi2Te3 thin films

Bi2Te3, Bi2Se3 and Sb2Te3 all belong to the same TI family and share the same

crystal structure as shown in Fig. 3.1(b) for Bi2Te3. The growth mechanism of

these materials is similar. As the study of TIs has become a hot topic, plenty of

successful growth experiments of epitaxial Bi2Se3 and Bi2Te3 thin films on variety

of substrates have been reported. For example, Bi2Te3 and Bi2Se3 have been grown
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Figure 3.1: (a) Binary alloy phase diagram of Bi-Te and (b) Tetradymitetype crystal
structure of Bi2Te3. Figures are adapted from Ref. [8, 9]

.

on Si(111) [107], and Cr0.15(Bi0.1Sb0.9)1.85Te3 has been grown on STO(111)[109],

and Bi2Se3 has been grown on Al2O3(0001) [110]. In our work, Bi2Te3 thin film is

grown on SrTiO3(111) and Al2O3(0001) substrates, respectively.

3.2.1 Growth of STO(111)/Bi2Te3

Polished single crystal STO(111) substrates were purchased from commercial ven-

dors (CrysTec GmbH). The miscut of such substrates is less than 0.1◦. The sub-

state was cleaned with acetone and ethanol ultrasonically and soaked in DI water

at 140 ◦C for 90 minutes, which was followed by annealing the substrate in the

furnace at 880 ◦C with flowing oxygen for 3 hours. Then an atomically flat sur-

face with average surface roughness less than 4 Å is obtained, which is crucial

for epitaxial growth of thin films. After the cleaning and annealing procedure,

the substrate was loaded into the growth chamber. Inside the growth chamber,
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the substrate was heated to ∼350 ◦C. This helps to remove the adsorbates and

contaminants which can be pumped away. After 1 hour at 350 ◦C, the substrate

was brought to growth temperature. Meanwhile, Bi and Te sources were heated

to evaporation temperature. We let the substrate and sources stabilize thermally

for at least 30 minutes before starting the deposition.

The critical growth parameters are the Te2/Bi flux ratios (θ) and STO substrate

temperatures (Tsub). The fluxes of Bi and Te were tested separately before co-

deposition of Bi2Te3. In our case, we set evaporation temperature of Bi at ∼515 ◦C

and substrate temperature at ∼160 ◦C, while the evaporation temperature of Te

is fixed at ∼210 ◦C. At these temperatures, the Te/Bi flux ratio is ∼15-20 which

satisfies the condition of forming Bi2Te3. After the Te/Bi flux ratio is set, the

growth of Bi2Te3 is mainly controlled by the temperature of the substrate. From

the initial temperature that Te will not stick on the STO surface, we increase Tsub

step by step to monitor the real time growth with help of RHEED. By a system-

atic study of the growth conditions and parameters, we established the optimal

conditions for layer-by-layer growth of Bi2Te3 and the temperature of substrate

was set to 160 ◦C. Under such growth condition, the growth rate of Bi2Te3 thin

film was ∼0.1 QL per minute. It should be noted that all the temperatures of

sources and substrate can only be a reference. It might be different from another

MBE system.

We investigate the RHEED patterns of cleaned STO (111) surface and the Bi2Te3

film which were captured during the deposition of Bi2Te3 thin film. The electron

beam incidence is along the Γ - K direction. Fig. 3.2(a) shows the RHEED pattern

of the cleaned substrate. The RHEED pattern after 3 QL growth is shown in

Fig. 3.2(b). Fig. 3.2(c) shows RHEED pattern of a 10 QL film at the end of growth

with substrate temperature at 160 ◦C. The clear and sharp streaky pattern shown

in Fig. 3.2(c) indicates that the film has an atomically flat surface morphology.
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Figure 3.2: RHEED patterns of (a) STO (111) substrate, (b) Bi2Te3 film of 3 QL on
STO(111) with Tsub=160 ◦C, (c) Bi2Te3 film of 10 QL on STO(111) with Tsub=160 ◦C
and (d) Bi2Te3 film on STO(111) with Tsub=140 ◦C.

As comparison, Fig. 3.2(d) is the RHEED pattern for a sample growing with a

substrate temperature of 140 ◦C displaying a spotty pattern characteristic of 3D

growth. These last patterns indicate that the growth condition is not optimized

and that the crystallinity of Bi2Te3 is very sensitive to the substrate temperature.

After the film is taken out from the chamber, it is investigated by AFM and x-ray

technique. Fig. 3.3(a) and (b) display the surface topography of a 10 QL Bi2Te3

film deposited by MBE on a STO (111) substrate with substrate temperature

at 140 ◦C and 160 ◦C, respectively. In Fig. 3.3(a), the film topography is not

characteristic of layer by layer growth which agree with the RHEED pattern shown

in Fig. 3.2(d). Fig. 3.3(b), in contrast, shows a film surface with flat terrace, except

for a tiny amount of nanoscale islands and voids. Fig. 3.3 (c) shows the line profile
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Figure 3.3: AFM images showing the surface morphology of the Bi2Te3 films growing
with substrate temperature at 140 ◦C (a) and 160 ◦C (b), respectively, (c) The line
profile taken across the area shown in (b).

taken across the area in (b). The height of the islands is 1 QL (∼1 nm).

Fig. 3.4(a) shows θ-2θ XRD patterns of Bi2Te3 thin films grown on STO (111)

substrate. The (006), (0015), (0018) and (0021) XRD peaks are very clear, which

are all collinear with the (001) direction, indicating single-crystal epitaxial growth

with the c-axis in growth direction. The thickness of Bi2Te3 film is 5 QL (∼ 5 nm).

The insert panel in Fig. 3.4(a) is the XRR pattern which can be used to determine

the thickness of the layers, fitted by an analysis software (Leptos). The in-plane

phi scan of the film by XRD is shown in Fig. 3.4(b). It shows the peaks from the

(015) plane of Bi2Te3 (0001). The film show six-fold symmetry, as expected from

the in-plane crystalline structure of Bi2Te3.

3.2.2 Growth of Al2O3(0001)/Bi2Te3

The growth mechanism of Bi2Te3 film on Al2O3(0001) substrate is similar with that

on STO(111). Polished single crystal Al2O3(0001) substrates were purchased from

commercial vendors (CrysTec GmbH). The miscut of such substrates is less than

0.1 ◦. The pre-treatment of Al2O3(0001) substrate can be found in Appendix which
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Figure 3.4: The XRD curves for 5 QL Bi2Te3 thin film. (a) θ-2θ scan shows the peaks.
The XRR scan is performed between 0-6◦ (2θ) as shown in the insert panel. (b) phi
scan profile using the (015) planes for the Bi2Te3 layer.
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Figure 3.5: Characterization of Bi2Te3 film grown on Al2O3(0001). (a) and (b) are
RHEED patterns of Al2O3(0001) and 7 QL Bi2Te3 film on Al2O3(0001), respectively;
(c) is an AFM image of Bi2Te3 film and (d) is the profile taken across the blue area in
(c).

is different from STO(111) and involves more steps. The evaporation temperature

of Bi and Te was set 545 ◦C and 240 ◦C, respectively, while the temperature of

substrate was at 230 ◦C. Both the clear and sharp streaky RHEED pattern (Fig.

3.5(b)) and the AFM image (Fig. 3.5(c)) indicate the high quality of the thin film.

In summary, taking advantage of in-situ and ex-situ characterizations, the growth

procedure of Bi2Te3 thin films by MBE has been optimized on both STO(111)
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and Al2O3(0001) substrates. Therefore we start with high-quality samples for the

measurements in next chapters.



Chapter 4

Electronic Transport

Measurements

In Chapter 2 and 3 we discussed the growth and structural characterization of

Bi2Te3 thin films. In order to understand the charge-to-spin phenomena associate

with those films, we first investigate the charge transport, by performing electrical

and magneto transport characterizations of our samples.

4.1 Measurement geometry

For the measurement of electrical properties of thin films, either the Hall bar

geometry or the Van der Pauw (VdP) geometry is mostly used, both of which

are schematically shown in Fig. 4.1. Both measurements employ a four-point

contact scheme, which can avoid the measurement of contact resistances and lead

resistances. For two-point measurements, these issues are unavoidable. In our

electrical measurements, Hall bar geometry is employed. We aim to measure the

44
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Figure 4.1: Electrical measurement geometries: Van der Pauw geometry (left panel)
and Hall bar geometry (right panel). The black circles represent measurement leads and
the magnetic field is applied perpendicular to the plane.

longitudinal resistance (Rxx) and Hall resistance (Rxy) of the given samples. From

these measured data, we can extract carrier density and mobility of the film, which

are the most relevant parameters related to the electrical properties of the thin

films.

In the Hall bar geometry, the resistivity ρxx = V23/I14×(w×t/l) and Hall resistivity

ρxy = V25/I14 × (w× t/l), where w, l and t are the width, length and thickness of

the sample, respectively.

In practice, the measurement leads are never perfectly aligned. Such misalignment

brings mixing of longitudinal and Hall voltages. In other words, experimentally

measured longitudinal resistance Rxx picks up a small portion of the Hall resistance

Rxy and vice versa. This problem can be solved by the properties of longitudinal

and Hall resistance with post data analysis. As we know, Rxx is an even function

of magnetic field, while Rxy is an odd function of magnetic field. The raw data

can be processed with respect of magnetic field to get unmixed values of Rxx and

Rxy using following equations:
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Rxx(B) =
Rxx,exp(B) +Rxx,exp(−B)

2

Rxy(B) =
Rxy,exp(B)−Rxy,exp(−B)

2

(4.1)

4.2 Hall effect

In a semi-classical model, charged particles (electrons or holes) experience Lorentz

force in the presence of electric field and magnetic field given by F = q(E+v×B).

v and q = ±e are the velocity and the charge of the carriers, E is the electric field.

As shown in Fig.4.2, by applying a current along x direction and an out-of-plane

magnetic field along z direction, a voltage develops along y direction (Ey). At

steady state qEy = qvB. This is the Hall effect which was first demonstrated by

Edwin Hall. The Hall resistance is given as Rxy = VH/I. Furthermore, I can be

written in terms of current density as I = jwt = nqvt, where n is the areal carrier

density and t is the thickness of the sample. As a result, we can get the expression

Rxy = B/nq. The 2D carrier density can be determined by n = 1/(qRH), where

the Hall constant RH is defined as RH = Rxy/B. In practice, for a single type of

carrier, RH can be determined from a linear fit to the transverse magnetoresistance

trace Rxy(B). Making use of the Drude formula for the electrical conductivity

σxx = nqµ, the carrier mobility µ is determined.
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Figure 4.2: Hall effect measurement setup for electrons. By applying a current along x
direction and an out-of-plane magnetic field along z direction, a voltage develops along
y direction (Ey).

4.3 Temperature dependence of resistivity, car-

rier density and mobility

The magneto-transport studies are done on the samples using the Hall bar geom-

etry and standard DC measurement in a physical property measurement system

(PPMS), with magnetic fields up to 14 T and temperature down to 2 K.

The longitudinal resistivity is plotted versus temperature from 2 K to 300 K for

Bi2Te3 samples with thickness of 5 QL, 10 QL and 20 QL, which is show in

Fig. 4.3. The Rxx vs T curves show metallic behavior at high temperatures with

positive slope for all three samples. Below ∼ 20 K, the resistivity remains almost

constant and is quite thickness independent, except for thickness 5 QL, which

shows slight increase in resistivity with decreasing temperature, indicating static

disorder and scattering at grain boundaries [111, 112], more likely to happen at

low film thicknesses. An upturn due to Kondo effect is unlikely as there are no

magnetic impurities in the Bi2Te3 layers. Also, the resistivity of the film with

thickness of 5 QL is much higher than the other two films, which suggest the

supression of bulk conductivity.
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Figure 4.3: Temperature dependence of longitudinal resistivity for temperature vary-
ing from 2 K to 300 K with film thickness d=5 QL, 10 QL and 20 QL. The inset shows
the resistivity for 5 QL Bi2Te3 ranging from 2 K to 30 K.

Fig. 4.4 shows the normalized MR of the film with d=5 QL measured at different

temperatures in a perpendicular magnetic field. At T=2 K, the MR shows a sharp

cusp in the weak field regime. As T increases, the MR dip decreases until T=20 K

and diminishes at T=50 K. Also, we can notice that the MR displays more linear

dependence rather than a parabolic dependence in the high field regime. This

is consistent with the reports on Bi2Se3 thin film grown on sapphire [113] and

Bi2Te3 thin film grown on Si (111)-(7×7) [114]. The linear MR can be understood

by the linear quantum MR model [115], as the topological states are zero-gap with

linear E-K dispersion [116]. It is an evidence that the surface state dominates the

electronic transport.
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Figure 4.4: The normalized magnetoresistance of the film with d=5 QL measured at
various temperatures. In the weak H regime, the MR shows a steep increase character-
istic of WAL with temperature below 20 K.

As shown in Fig. 4.5(a), the 2D carrier density of electrons changes with different

thickness of Bi2Te3 films. The total 2D carrier density estimated from the Hall

coefficient is around 2.8×1013/cm2 at 2 K for the 5 QL film, and reaches to around

10 × 1013/cm2 for the 20 QL film. From 2 K to 300 K, the carrier density and

mobility remain almost constant for 5 QL, and do not change so much for 10 QL

and 20 QL, which suggests the contribution of the bulk states is still weak. As

reported in [110, 117], the selection of substrates presumably plays a role in the

values of 2D carrier density. Bansal et al. [110] and Kim et al.[117] grow Bi2Se3

films on Al2O3(0001) and Si(111) respectively. In their results, for films grown on

Si, it also shows a thickness dependence, while for films grown on Al2O3, nearly
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thickness independent values of 2D carrier density are observed. The films grown

on STO (111) in this dissertation have similar properties like the former.

For the thickness-related transport in TIs, Bansal et al. [110] reported the evidence

of two surface channels in Bi2Se3 films. They claim that the two surface channels

are TI band and two-dimensional electron gas (2DEG) by measuring electrical

properties on Bi2Se3 film with thickness ranging from 256 - 2 QL. We plot n2D vs

thickness as shown in Fig. 4.6 and find the carrier density changes less than an

order of magnitude between 5 and 20 QL, a scenario compatible with the presence

of topological surface states rather than 2DEG channels. For the 2DEG case, the

carrier density is expected to decrease abruptly in the region of band bending (t=8

nm for Bi2Se3) [110]. For the case of the parent Bi2Te3 studied here, however, a

thinner 2DEG formation (t<5 QL) cannot be ruled out from the present data. This

observation suggests we likely have a TI channel but not a 2DEG one [111, 112].
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Figure 4.5: (a) 2D carrier density of electrons and (b) mobility of electrons in Bi2Te3
films grown on STO(111) obtained by Hall measurements at various temperatures with
thickness d=5 QL, 10 QL and 20 QL.
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Figure 4.6: Dependence of 2D carrier density on film thickness for Bi2Te3 films grown
on STO(111) at various temperatures .



Chapter 5

Spin Torque Ferromagnetic

Resonance Experiments

5.1 Spin torque ferromagnetic resonance

To measure the spin transfer torque in TI/FM bilayers, the method of spin torque

ferromagnetic resonance (ST-FMR) is employed, where the oscillation of a ferro-

magnetic layer is modified by the spin torque generated by a radio frequency (RF)

current. By applying a RF current, the alternating Oested field can drive the

ferromagnet into resonant precession when the frequency of the current matches

the intrinsic precession frequency of the magnetic layer. Similar to the well-known

ferromagnetic resonance technique where a RF magnetic field is applied to drive

precession of a ferromagnet thin film, this is on an individual micrometer-sized de-

vice where the resonance condition is modified by any spin torque at RF frequency.

The precession of the magnetic moment leads to the oscillation of the resistance,

53
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Figure 5.1: The wiring of the circuit to the device. RF generator is attached on high
frequency port of the bias tee. Voltage meter is on the DC port.

because of the anisotropic magnetoresistance of the ferromagnetic layer, so the dy-

namics of the moment can be detected by measuring the voltage across the device.

The illustration of the circuit is shown in Fig. 5.1.

In a typical ST-FMR measurement, the device is placed 45◦ to the magnetic field,

where aniotropic magnetoresistance, and hence the change in device resistance as

magnetization direction precesses, is largest, giving better resonance signal. A

Keysight N5183B is used as RF current generator and attached on the RF port

of the Bias Tee. A Keithley 2182A nanovoltmeter is connected on the DC port

to detect the mixing voltage. With the RF current I(t) = Irfcos(ωt) (Irf , ω are

the amplitude and the frequency of RF current, respectively) passing through the

device, the resistance of the device changes, since moment of the magnetic layer

is oscillating due to both RF field and spin torque from SHE. The resistance is

time dependent, R(t) = R0 +δRcos(ωt+ ϕ). δR is the amplitude of the resistance

oscillation and ϕ is caused by the phase difference which directly relates the shape

of the resonance peaks in the DC mixing voltage spectrum to the direction of

spin transfer torque as illustrated in Fig.5.2. The voltage arising from current-

resistance mixing can be expressed as 1
2
IrfδR[cosϕ + cos(2ωt). The first term is
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independent of time, while the second term is the second harmonic term. So we

can detect Vmix ∼ 1
2
IrfδRcosϕ via the multimeter.

To study the signal of the mixing voltage, it is necessary to understand the dynam-

ics of the magnetization procession. As shown in Fig. 5.1, an oscillating transverse

spin current is generated in the NM layer by the SHE and injected into the adja-

cent FM layer, thereby exerting an oscillating spin torque on the FM layer. On

the other hand, an out-of-plane torque is induced by the Oersted field. We model

the motion of the FM layer magnetic moment m by the Laudau-Lifshitz-Gilbert

equation containing the spin torque term [118]:

dm̂

dt
= −γm̂× ~Heff +αm̂× dm̂

dt
+ γ

~
2eµ0Mst

× Js(m̂× σ̂× m̂)− γm̂× ~Hrf (5.1)

Where γ is the gyromagnetic ratio, Heff is the sum of Hext and the demagnetiza-

tion field 4πMeff , α is the Gilbert damping coefficient, µ0 is the permeability in

vacuum, e is the electron charge, ~ is the reduced Planck’s constant, Ms is the sat-

uration magnetization of the FM layer, t is the thickness of the FM layer, Js~/2e

is the oscillating spin current density injected into FM layer, σ is the direction of

the injected spin moment, Hrf is the Oersted field generated by the RF current in

the NM layer. The third and fourth terms of equation 5.1 are the result of in-plane

spin torque and the out-of-plane torque due to the Oersted field, respectively.

At the resonance point, the projection of the magnetization precession reaches

maximum. If the torque is only within the plane, the in-plane projection is in-

phase with the RF drive. Since AMR is only sensitive to the in-plane component,

the resistance oscillation and torque are in-phase. This results in a symmetric

Lorentzian line-shape for the ST-FMR spectrum as shown in Fig. 5.2(c). On
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Figure 5.2: Illustration of the relation between the ST-FMR line-shape and the di-
rection of the torque. (a)-(c) represent the in-plane torque at the resonance point. The
resistance oscillation is in-phase with the driving current, leading to a symmetric line-
shape. (d)-(f) describe the out-of-plane torque at the resonance point. The resistance
oscillation is 90◦ out-of-phase with the driving current, leading to an anti-symmetric
line-shape [10].

the other hand, if the torque is purely perpendicular, the out-of-plane projection

becomes in-phase, so the resistance oscillation and torque are 90◦ out-of-phase.

This leads to an anti-symmetric Lorentzian line-shape for the ST-FMR spectrum

as shown in Fig. 5.2(f). With these analysis, one can determine the magnitude of

both in-plane and out-of-plane torques by fitting experimental ST-FMR data to a

sum of a symmetric Lorentzian and an anti-symmetric Lorentzian.
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The mixing signal has been calculated in the context of ST-driven FMR[119, 120],

which can be translated to the notation as following [121]:

Vmix = −1

4

dR

dθ

γIrfcosθ

Hpp2π(df/dH)|Hext = H0

[S
H2
pp

H2
pp + (Hext −Hres)2

+A
Hpp(Hext −Hres)

H2
pp + (Hext −Hres)2

]

(5.2)

Where S = ~Js/(2eµ0Mst), A = Hrf [1 + (4πMeff/Hext)]
1
2 ,Hres is the resonance

field and Hpp is the linewidth. Equation 5.2 shows that the resonance signal

consists of two components, a symmetric Lorentzian function proportional to Js

and an anti-symmetric Lorentzian function proportional to Hrf . The Oersted

field Hrf can be approximately calculated by Ampere’s law, Hrf = Jcd/2. The

spin Hall angle (SHA, θSH) is the ratio of the spin current density entering the

FM layer to the RF current density in the NM layer, which can be determined

quantitatively.[121]

θSH =
Js
Jc

=
S

A

eµ0Mstd

~
[1 + (4πMeff/Hres)]

1
2 (5.3)

5.2 Sample preparation and device fabrication

In the thesis, we use Bi2Te3/Py bilayers for the ST-FMR experiment. The details

of film growth can be found in chapter 3. Here, we would like to briefly describe

the procedure of device fabrication. The microstrip devices is fabricated using a

standard photolithographic process. The maskless laser writer (MLA150, Heidel-

berg instruments) is used to write the patterns. Then we etch the microstrips

using the ion milling, and deposit the contacts with 5 nm ruthenium / 50 nm gold
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Figure 5.3: Microscope image of a typical microstrip device after fabrication used for
ST-FMR measurements.

in a sputtering system (SCIA Coat 200). The active regions of our devices range

from 10-75 µm long and 5-25 µm wide. A typical device is shown in Fig. 5.3.

5.3 Experiments and results

The system setup is shown in Fig. 5.4. It consists of an electromagnet to apply

in-plane magnetic field and microscope to observe the device. The position of the

RF probe is fixed in the center. By moving the sample stage in three directions,

the device and the probe can be well contacted. The system is programmed with

LabView to realize automated measurement.
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Figure 5.4: System setup of ST-FMR measurement. The RF probe is fixed in the
center of the magnetic field and sample holder can be moved in three directions. On the
top of the magnet, a microscope is used to observe the position of the device and the
probe.

Fig. 5.5 shows ST-FMR spectra measured on 10 QL Bi2Te3/5 nm Py bilayers for

RF frequencies varying between 4 and 14 GHz. Vmix is plotted versus Hext for var-

ious RF frequencies f . As expected , the resonance peak shapes can be very well

fit with equation 5.2 [fits are shown as lines in Fig. 5.5]. Fig. 5.6 (a) is a typical

mixing voltage measured at f=8 GHz and fitted with a symmetric component and

an antisymmetric component, from which the ratio of S/A in equation 5.3 can be

extracted, as well as the resonant field and the line width. The resonant peak posi-

tions (Hres) are summarized in Fig. 5.6 (b). By fitting the frequency as a function

of the resonant field using the Kittel formula [122] f = γ
2π

√
(Hres + 4πMeff )Hres,
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Figure 5.5: ST-FMR spectra measured on a 10 QL Bi2Te3/5 nm Py sample versus
external magnetic field Hext. Solid lines represent fits.

the demagnetization field 4πMeff can be determined. In parallel, we measure

Ms by superconducting quantum interference device (SQUID) magnetometry for

a 30-nm Py film. For the size and shape of devices used here, Ms measured by

SQUID of test sample is in agreement with Meff determined by fitting to the

FMR resonance field, whereas the demagnetization field can deviate from Ms for

nanoscopic devices or strange shapes.

We have performed similar measurements on sets of samples with Bi2Te3 thick-

nesses of t=3 QL, 5 QL, 8 QL and 10 QL while the thickness of the magnetic

layer Py is fixed at 5 nm. For each film thickness, spin Hall angle was extracted

from the ST-FMR measurements using equation 5.3. Fig. 5.7 is a summary of
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Figure 5.6: (a) Fitting curve for Meff by using the Kittel formula and (b) a typical
mixing voltage signal at resonance, showing the fit and its two components: the black
solid line is fit to the data using equation 5.2 where the blue and green lines are the
symmetric and antisymmetric Lorentzian fits.

Figure 5.7: SHA of Bi2Te3 films on STO substrate. (a) The frequency dependence
and (b) the thickness dependence of SHA for 3 QL, 5 QL, 8 QL, 10 QL Bi2Te3 with 5
nm Py, respectively.

SHA calculated for various thickness of Bi2Te3 (t)/Py (5 nm) thin films. The

value of SHA shows little variation with frequency in the high frequency regime,

but changes below 6 GHz. As we can see from Fig. 5.5, the spectra curves do not

reach flat until zero field when the frequency is below 6 GHz, which cannot provide

a good background for the consequent fitting. This can lead to the uncertainty

of parameters extracted from the fitting results. These compare favorably with
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reports previously reported by M Jamali et al [123], who reported values of SHA

characterized from ST-FMR at high frequencies of 0.3 (increasing to 1.7 at low

measurement frequencies) for a Bi2Se3 (10 QL)/CoFeB (5 nm) bilayer.

The SHA extracted from ST-FMR measurements performed at high frequencies

show a dependence on the thickness of our TI layers. For the Bi2Te3 (3 QL)/Py (5

nm) bilayer, the value of SHA is about 0.05 whereas it is about 0.4 for Bi2Te3 (8

QL)/Py (5 nm) bilayer. However, to the best of our knowledge, there is no report

about the thickness-dependent spin-to-charge conversion on Bi2Te3. Instead, in

Table 5.1, we compare with SHA in the family of 3D topological insulators, which

share similar properties with Bi2Te3.

Table 5.1: Comparison of SHA in topological insulators.

Material structures Sample
growth

Measurement
technique

θSH References

Bi2Se3(10 QL/5 QL)/
CoFeB(5 nm)

MBE Spin pumping 0.43 Ref.[123]

Bi2Se3 (8 QL)/
Py(16 nm)

MBE ST-FMR 2.0-3.5 Ref.[124]

Bi2Se3 (9 QL) MBE Scanning
photovoltage
microscope

0.0085 Ref.[125]

Bi2Se3 (20 QL)/
Py (20 nm)

MBE Spin pumping 0.0093 Ref.[126]

(Bi0.5Sb0.5)2Te3(3 QL)
/(Cr0.08Bi0.54Sb0.38)2Te3

(6 QL)

MBE Second-
harmonic

140-425 Ref.[127]

Bi2Se3(20 QL)/
CoFeB(5 nm)

MBE ST-FMR 0.047 Ref.[128]

Bi2Te3(6 QL)/
CoFeB(1 nm)

MBE Second
harmonic and

MOKE

1.76 Ref.[129]

As can be seen in Table 5.1, the value of SHA varies with the film thickness and

measurement techniques. Except for the large values of θSH in TI reported in
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Ref. [124] and Ref.[127], the values are comparable with our values of θSH ranging

from ∼0.05 to ∼0.4 with different thickness, are also consistent with the smaller

values.

The method we used above is line-shape analysis. We also employed an alternative

technique of ST-FMR called line-width analysis as an independent check. Line-

width analysis is based on measuring changes in the linewidth as a function of

applied DC current. The linewidth Hpp can be written as

Hpp =
2πf

γ
(α +

sinθ

(Hext + 2πMeff )µ0Mst

~Js
2e

) (5.4)

To determine θSH by equation 5.4, it can be further expressed as

θSH =
δHpp/δIdc

2πf
γ

sinθ
(Hext+2πMeff )µ0Mst

~
2e

RFM +RTI

RFM

AC (5.5)

RFM and RTI are the resistances of the ferromagnetic layer and TI layer, respec-

tively, and AC is the cross-sectional area of the device. By fitting the data shown

in Fig. 5.8, the slope δ∆Hpp/δIdc can be determined. By using Eq. 5.5, θSH can

be calculated. As for the sample Bi2Te3 (5 QL)/Py (5 nm), this yields θSH∼0.064

which agrees with the value determined from the FMR line shape analysis. Hav-

ing confirmed the agreement between the two measurement techniques, we only

use line-shape results for the discussions of thickness-dependent SHA in the next

section.

We also grew several Bi2Te3/Py bilayers on Al2O3(0001) substrates and measured

SHA in these films, as show in Fig. 5.9. The value of SHA shows similar tendency

with the films grown on STO(111) substrates. This can be explained by the fact

that the main role of changing the substrate would be to seed a slightly different
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Figure 5.8: Change of linewidth (∆Hpp) versus DC current for Bi2Te3(5 QL)/Py(5 nm)
at 8 GHz.

growth quality into the Bi2Te3 film, however, the similar values of SHA suggest

that Bi2Te3 films grown on both Al2O3 and STO have similar properties. This

is confirmed by the structural measurements of the films reported above, which

confirm a similar crystal structure quality for both set of samples.

In addition, the samples with stack Al2O3/Bi2Te3(3 QL/5 QL)/Py(5 nm) un-

derwent ST-FMR measurements performed in the PPMS at low temperature.

Fig. 5.10 shows ST-FMR spectra measured on 5 QL Bi2Te3/5 nm Py bilayers

at different temperatures for RF frequencies varying between 5 and 12 GHz. Vmix

is plotted versus Hext for various RF frequencies f . The method to fit the curves

to symmetric and anti-symmetric components is the same as the former. Then we
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Figure 5.9: The frequency dependence of measured SHA for 3 QL, 5 QL, 8 QL Bi2Te3
with 5 nm Py on Al2O3 substrate, respectively.

calculated the SHA as shown in Fig. 5.11. The value of SHA at 4 K is bigger than

that at 300 K for those two devices.

5.4 Discussion

TI/FM heterostructures have drawn much attention since A. R. Mellnik et al. [124]

first reported the large SHA found in a Bi2Se3 thin film. The discussions are mainly

focused on the mechanism of the charge-spin conversion in TIs. It is reported that

a current-induced spin accumulation is produced due to spin-momentum locking of

the topological insulator surface state [123, 124, 127, 130, 131]. Meanwhile, another
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Figure 5.10: ST-FMR spectra measured on a 5 QL Bi2Te3/5 nm Py device versus
external magnetic field Hext at (a) 4 K and (b) 300 K. Solid lines represent fits.

Figure 5.11: The frequency dependence of SHA measured at 4 K and 300 K for (a) 3
QL and (b) 5 QL Bi2Te3 with 5 nm Py on Al2O3 substrate, respectively

feature of TIs is the bulk behavior as a semiconductor. A perfect semiconductor

will conduct poorly and generate a small contribution to SHE, but in reality the

TI thin films are defective semiconductors with metallic-like behavior, which can

contribute to spin accumulation via SHE as well [125, 126, 132, 133]. Furthermore,

the Edelstein-Rashba effect can also play a role in the spin accumulation [123, 127,

128, 132, 134–137].

In our case, we performed thickness-dependent ST-FMR measurements on Bi2Te3/Py
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bilayers with the thickness of Bi2Te3 ranging from 3-10 QL. The choice of thick-

ness range is based on three reasons. Firstly, it is reported the topological features

start to appear above 2 QL [108] for Bi2Te3. Secondly, it is noted that Zhang, J. et

al. [138] reported the coupling between the top and bottom surfaces for ultrathin

films of Bi2Te3 with thickness d <4 QL. Thirdly, there is experimental evidence

[110] showing thickness-independent transport channels in Bi2Se3 thin films from

256 QL down to 8 QL, but changing from 8 QL to 2 QL.

Theoretically, a 3D topological insulator only has a metallic surface state and the

bulk is insulating. However, such ideal thin film is hard to obtain experimentally

because defects occurring during film growth contribute bulk charge carriers.

In chapter 4, we studied the transport properties on Bi2Te3 thin films with different

thickness. The resistivity versus temperature of the film with a 5 QL thickness

shows different properties from those with 10 QL and 20 QL thicknesses below

20 K, which is similar to the results shown in Ref. [110], with this observation

suggesting the resistivity is dominated by some surface transport channels.

Here, Bansal et al. [110] also measured the Hall effect and claimed the surface

transport channel as a combination of topological surface states and 2DEG chan-

nels, since they observed non-linear Rxy vs H curves characteristic of multi-band

carriers. In our case, we observed a linear line for Rxy vs H. The carrier density

and electron mobility remains almost constant for entire temperature range 2 K -

300 K for 5 QL, which suggests surface-dominated transport. For 10 QL and 20

QL, the carrier density slightly increases with increasing temperature, while the

electron mobility decreases. This observation suggests bulk conduction starts to

play a role in thicker films.

Having demonstrated that transport is dominated by surface states in our Bi2Te3

films with thickness less than 10 QL, we note that our Bi2Te3 film has two surfaces,
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however, the bottom surface has contributions to the spin accumulations with a

sign opposite that of the upper surface. So the spin accumulation increases with

the film thickness due to the diminished cancellation of the spin accumulation from

the bottom surface [139]. For the thickness of 3 QL and 5 QL, the bulk state can be

neglected and the spin accumulation is dominated by surface channels. However,

the spin torque efficiency is low which is caused by the coupling between top and

bottom surfaces. On the other hand, the spin accumulation may increase with the

film thickness due to the diminished cancellation of the spin accumulation from the

bottom surface [139]. Therefore, when the thickness increases to 8 QL, the surfaces

coupling diminishes and vanishes, and the value of SHA reaches the peak around

the 8 QL thickness. As the thickness is increased to 10 QL, the value of SHA

decreases. This is because, as discussed above, at thickness of 10 QL conducting

bulk states are found in our Bi2Te3 films. A portion of current will therefore flow in

these states as opposed to the spin-momentum locked surface states, thus reducing

the efficiency of charge-to-spin current conversion. It is worthy to note that there

are several reports [125, 133, 137, 140] about the thickness-dependent spin-charge-

conversion on Bi2Se3, with thickness ranging from 2-20 QL, which all illustrate

the similar tendency with our results. Due to different measurement techniques

and the quality of materials, the critical thickness of TI varies slightly from 6-

9 QL. It has also been experimentally shown that bulk states may diminish the

spin accumulation torques [125, 140–145]. However, we note that here we present

the first reports of thickness dependence of SHA in Bi2Te3 thin films, finding a

maximum of charge-to-spin current conversion efficiency at a thickness of 8 QL.

Finally, the SHA measured at 4 K and 300 K for 3 QL and 5 QL Bi2Te3 with 5

nm Py is an evidence for the surface contribution to the SHA. The values of SHA

measured at 4 K are bigger than that at 300 K, which highlights the dominant
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contributions of the surface state channels, since the bulk electrons freeze out at

low temperatures and do not contribute to the charge-to-spin conversion.



Chapter 6

Summary and Outlook

6.1 Summary

We start this dissertation describing in detail the epitaxial growth of Bi2Te3 thin

film. We introduce UHV technique which is essential for growing highly pure thin

films and describe the design and implementation of a MBE system for telluride-

based topological insulators. The mechanism of TI growth is then briefly described.

With a large flux ratio of Te/Bi (8-20) being set, the growth is mainly controlled

by the temperature of substrate and flux of Bi. Through systematic experiments,

we developed an optimized growth recipe for Bi2Te3 film grown both on STO(111)

substrate and Al2O3 substrate. The structure and morphology of the films are

characterized by using both in-situ and ex-situ methods.

In a second stage we perform electrical transport measurements on these well-

grown thin films in PPMS. For the film of 5 QL in thickness, the inferred carrier

density and electron mobility show almost temperature-independent with temper-

ature ranging from 2 K - 300 K. On the other hand, the carrier density increases
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and electron mobility decrease with increasing temperature from 2 K to 300 K for

the films of 10 QL and 20 QL in thickness. This observation suggests the surface

dominated transport channel for the thinner film, which is important for explaning

the STFMR results in next section.

In chapter 5, we measure SHA of Bi2Te3 thin films by ST-FMR. Lineshape analysis

is used for all tested samples and we have cross check their validity also by linewidth

analysis. The values obtained from the two analysis methods agree well. We find

the value of SHA is thickness dependent. With thickness increasing from 3 QL to

10 QL, the SHA increases first and reaches maximum at 8 QL, then decreases at

10 QL. It can be understood as the different contributions of spin accumulation

from surface channels and bulk state. For the thickness of 3 QL and 5 QL, the

coupling between top and bottom surfaces reduces the spin accumulation. When

the thickness increases to 8 QL, the surfaces coupling diminishes and vanishes,

so the value increases. As for 10 QL, the bulk state play a more important role

than the other three samples and the decreased value is a sign that the bulk state

reduces the effective spin accumulation. To support this assumption, we measure

two samples at temperature 4 K and 300 K, respectively. The SHA at 4 K is

bigger than at 300 K, which indicates that the surface contribution is dominant

in the charge-to-spin conversion process..

6.2 Outlook

The aim of this dissertation is to understand the spin-charge conversion in TIs by

coupling to a magnetic layer. All the research results we present in this disser-

tation indicate the key role of the surface states, yet more efforts are required to

deeply understand the mechanism and improve the SHA for device applications.
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It is important to create real bulk insulating thin films, but it is hard due to the

intrinsic defects. An alternative way is to grow antimony doped Bi2Te3. Truly

insulating bulk and tunable surface states can be achived via band structure en-

gineering. Moreover, TIs are highly resistive comparing to the normal magnetic

layer (permalloy, cobalt, et al.) we used, which leads the charge current flowing

mostly from the conductive layer. It is meaningful to try couple TIs to ferro-

magnetic insulators. On the other hand, there are reports on large spin-orbit

torque in Cr-doped TI which can be further developed. Beyond understanding

the charge-to-spin conversion in TIs, a very exciting research direction is to study

the quantum anomalous Hall effect (QAHE) in magnetic TIs. The experimental

observation of the QAHE in a magnetic TI was first reported by C. Chang et

al. [109] in 2013, but it can only be observed in extremely low temperature which

is limited to 2 K [146, 147]. It is of great interest to realize the QAHE at higher

temperature, which is necessary for applications such as dissipationless spintronics

and low-energy electronics technologies [148, 149].



Appendix A

Cleaning of Al2O3(0001)

Substrates

1) Soak the substrate in ethanol for 12 hours.

2) Clean the substrate in ultrasonic bath of acetone or isopropanol for 10 minutes

to remove bulky dissolvable contaminants and particulates materials.

3) Rinse thoroughly in deionized water thoroughly and blow with dry nitrogen

gas.

4) Heat the substrate in NH4OH: H2O2: H2O = 1: 1: 5 to about 80 ◦C for 10

minutes. NH4
+ ion in the cleaning solution will complex with heavy metal on the

substrate surface to form a soluble metal salts which is removed.

5) Rinse thoroughly in deionized water thoroughly and dry with pure nitrogen gas.

6) Soak the substrate in solution of HCl (hydrochloric acid): H2O2: H2O =1: 1:

3 at about 80 ◦C for 10 minutes. H+ ion in the cleaning solution will replace with

the light metal impurities to form soluble salt and be removed.
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7) Rinse thoroughly in DI water thoroughly and dry with pure nitrogen gas.

8) Clean in H2SO4 (sulphuric acid): H3PO4 (orthophosphoric acid)=1:3 at about

250 ◦C for 10minutes to move the oxide layer on the sapphire substrate.

9) Fully rinse with deionized water and dry with a stream of high speed pure

nitrogen.

11) Annealing in the atmosphere furnace for 3 hours at 1200 ◦C to gain atomically

flat surface.
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ant spinâeur”orbit torque in a magnetically doped topological insulator het-

erostructure,” Nature Materials, vol. 13, no. 7, pp. 699–704, 2014.

[52] P. B. Ndiaye, C. A. Akosa, M. H. Fischer, A. Vaezi, E.-A. Kim, and A. Man-

chon, “Dirac spin-orbit torques and charge pumping at the surface of topo-

logical insulators,” Phys. Rev. B, vol. 96, p. 014408, Jul 2017.

[53] S. Ghosh and A. Manchon, “Spin-orbit torque in a three-dimensional topo-

logical insulator–ferromagnet heterostructure: Crossover between bulk and

surface transport,” Phys. Rev. B, vol. 97, p. 134402, Apr 2018.

[54] Y. K. Kato, R. C. Myers, A. C. Gossard, and D. D. Awschalom, “Observa-

tion of the spin hall effect in semiconductors,” Science, vol. 306, no. 5703,

pp. 1910–1913, 2004.

[55] J. Wunderlich, B. Kaestner, J. Sinova, and T. Jungwirth, “Experimental

observation of the spin-hall effect in a two-dimensional spin-orbit coupled

semiconductor system,” Phys. Rev. Lett., vol. 94, p. 047204, Feb 2005.

[56] N. F. Mott and N. H. D. Bohr, “The scattering of fast electrons by atomic

nuclei,” Proceedings of the Royal Society of London. Series A, Containing

Papers of a Mathematical and Physical Character, vol. 124, no. 794, pp. 425–

442, 1929.

[57] M. I. Dyakonov and V. Perel, “Current-induced spin orientation of electrons

in semiconductors,” Physics Letters A, vol. 35, no. 6, pp. 459–460, 1971.

[58] J. Sinova, D. Culcer, Q. Niu, N. A. Sinitsyn, T. Jungwirth, and A. H.

MacDonald, “Universal intrinsic spin hall effect,” Phys. Rev. Lett., vol. 92,

p. 126603, Mar 2004.



Bibliography 82

[59] S. Murakami, N. Nagaosa, and S.-C. Zhang, “Dissipationless quantum spin

current at room temperature,” Science, vol. 301, no. 5638, pp. 1348–1351,

2003.

[60] K. Nomura, J. Wunderlich, J. Sinova, B. Kaestner, A. H. MacDonald, and

T. Jungwirth, “Edge-spin accumulation in semiconductor two-dimensional

hole gases,” Phys. Rev. B, vol. 72, p. 245330, Dec 2005.

[61] V. Sih, R. C. Myers, Y. K. Kato, W. H. Lau, A. C. Gossard, and D. D.

Awschalom, “Spatial imaging of the spin hall effect and current-induced

polarization in two-dimensional electron gases,” Nature Physics, vol. 1, no. 1,

pp. 31–35, 2005.

[62] N. P. Stern, S. Ghosh, G. Xiang, M. Zhu, N. Samarth, and D. D. Awschalom,

“Current-induced polarization and the spin hall effect at room temperature,”

Phys. Rev. Lett., vol. 97, p. 126603, Sep 2006.

[63] V. Sih, W. H. Lau, R. C. Myers, V. R. Horowitz, A. C. Gossard, and D. D.

Awschalom, “Generating spin currents in semiconductors with the spin hall

effect,” Phys. Rev. Lett., vol. 97, p. 096605, Sep 2006.

[64] N. P. Stern, D. W. Steuerman, S. Mack, A. C. Gossard, and D. D.

Awschalom, “Drift and diffusion of spins generated by the spin hall effect,”

Applied Physics Letters, vol. 91, no. 6, p. 062109, 2007.

[65] H. J. Chang, T. W. Chen, J. W. Chen, W. C. Hong, W. C. Tsai, Y. F.

Chen, and G. Y. Guo, “Current and strain-induced spin polarization in

InGaN/GaN superlattices,” Phys. Rev. Lett., vol. 98, p. 136403, Mar 2007.

[66] S. Matsuzaka, Y. Ohno, and H. Ohno, “Electron density dependence of the

spin hall effect in gaas probed by scanning kerr rotation microscopy,” Phys.

Rev. B, vol. 80, p. 241305, Dec 2009.

[67] J. E. Hirsch, “Spin hall effect,” Phys. Rev. Lett., vol. 83, pp. 1834–1837, Aug

1999.



Bibliography 83

[68] E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara, “Conversion of spin current

into charge current at room temperature: Inverse spin-hall effect,” Applied

Physics Letters, vol. 88, no. 18, p. 182509, 2006.

[69] S. O. Valenzuela and M. Tinkham, “Direct electronic measurement of the

spin hall effect,” Nature, vol. 442, no. 7099, pp. 176–179, 2006.

[70] H. Zhao, E. J. Loren, H. M. van Driel, and A. L. Smirl, “Coherence control

of hall charge and spin currents,” Phys. Rev. Lett., vol. 96, p. 246601, Jun

2006.
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