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ABSTRACT

Spin-orbit torque (SOT) represents a promising direction in the field of spintronics,
allowing the manipulation of magnetization via electric current. Originating from strong spin-
orbit coupling in materials such as heavy metals or topological insulators, it allows the
generation of large SOT. However, a comprehensive understanding of the SOT mechanism
such as spin accumulation dynamics in these materials remains elusive. Spin accumulation has
been a subject of continued pursuit to understand SOT switching mechanisms for spintronics
device applications. Effective methods to precisely characterize spin accumulation in a

ferromagnet are yet to be demonstrated.

Enhancement in SOT efficiency is highly desired as it allows low-power magnetization
switching. As such, recent SOT studies focus on exploring novel materials and structures to
improve efficiency. The topological insulator has recently drawn much attention as it
demonstrates high charge-spin conversion efficiency due to its spin-momentum locking at the
Dirac surface states. However, integrating the topological insulator into a magnetic
heterostructure remains a challenge as the topological surface state is highly sensitive to

perturbations.

In this thesis, a technique to quantify spin accumulations directly in a heavy
metal/ferromagnet heterostructure via DC-biased harmonic Hall measurement was presented.
This technique relies on the induced anomalous resistance, which is generated by the spin Hall
effect, and alters its sign based on the alignment of accumulated spins to local magnetization.
Spin transport in topological insulators, particularly Bio.ssSho.15, was explored to enhance the
SOT efficiency. Here, | investigate the use of different insertion layers between the Tl and FM,
to promote the crystallinity of the TI. The improvement of crystallinity will affect the
topological surface state (TSS), which results in the enhancement of spin-orbit torque. Lastly,
the influence of magnetic moment on SOT generated by the TSS from TI in a TI/FM
heterostructure was studied. The experimental and analytical results reveal that the out-of-plane
magnet moments disrupts the TSS of the TI, which induces a bandgap. The increment in

magnetic moment induces a larger bandgap, which decreases SOT generated from the TI.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background

Thin film magnetism plays an integral role in contemporary data storage and processing
technologies. Research in thin film magnetization has continually advanced since the
pioneering work in the field [1,2]. The thickness of thin film typically ranges from several
micrometers to a few atoms, providing an ideal platform for manipulating and controlling
magnetic properties [3,4]. These thin films exhibit unique magnetic properties that differ from
their bulk counterparts, largely due to the changes in atomic arrangement, symmetry, and
dimensionality [5-7]. The magnetization of the thin films, referring to the magnetic moment
per unit volume, arises from ordered atomic magnetic moments within the material, with each
moment behaving like a tiny magnet. The alignment of these moments follows specific patterns

determined by the material's intrinsic characteristics and external factors.

Magnetization in thin films can be manipulated through a few methods. One primary
method is applying an external magnetic field, which can align the magnetic moments along
the field direction. Other methods include varying the temperature, and changing the chemical
composition or structure of the film [8-11]. Understanding and controlling magnetization in
thin films is crucial for developing next-generation magnetic and spintronic devices. For
instance, switching the magnetization direction using minimal energy input is a key
requirement for efficient magnetic data storage and low-power spintronic devices. This energy
efficiency is crucial as the rise of big data and the advancement of artificial intelligence
necessitate the development of memory systems with superior energy efficiency and faster
processing speeds [12-14]. The relentless evolution of electronic devices is largely driven by
continuous improvements in the memory systems they rely on. Factors such as enhanced
memory density, reduced latency, and decreased cost per bit have been the industry's pursuits,
guiding the development of the contemporary memory storage hierarchy illustrated in Fig. 1.1.
This hierarchy contrasts different memory technologies used in the present-day and their
respective roles in systems. At the top of the pyramid in Fig. 1.1, CPU and cache have the
fastest access to memory. Their superior speed is largely facilitated by the integration of high-

speed random-access memory (RAM). There are typically two types of RAMs: dynamic
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Chapter 1 Introduction

random-access memory (DRAM) and static random-access memory (SRAM). Assisted by
their multiplexing and demultiplexing circuitry, these memory types are capable of high-speed
operations and are commonly employed to retain large quantities of data for brief durations.
However, one drawback is that this RAM is generally volatile, requiring persistent power to
maintain the stored information. This necessity arises as the electric charge held in capacitors

progressively diminishes over time [15].

As such, there has been a surge in research interest in developing new technologies that
would yield non-volatile memories with enhanced energy efficiency. Some examples of such
technologies include, phase-change memory (PCM), resistive random-access memory
(RRAM), and magnetoresistive random-access memory (MRAM). The latter example
embodies a prominent application in the vast research domain known as spintronics, illustrating
the potential and standing out as a promising contender poised to drive the next wave of
memory technologies. Spintronics harnesses the spin of electrons for the manipulation of
magnetic moments, a property that can be exploited for both the storage and processing of

information.
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Fig. 1.1: Memory Hierarchy structure depicting different types of memory tiers
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Chapter 1 Introduction

1.2 Advancement in Spintronics

The field of spintronics received a significant boost in 1989 with the discovery of Giant
Magnetoresistance (GMR) in magnetic multilayer by Albert Fert and Peter Griinberg [16,17].
GMR changes electrical resistance depending on the relative orientation of magnetization in a
spin valve structure. As illustrated in Fig. 1.2, when the magnetizations in the spin valve are
aligned parallel, the system exhibits low resistance, while an antiparallel alignment results in
high resistance. A typical spin valve consists of a tri-layer structure, where a nonmagnetic metal
is sandwiched between two ferromagnetic layers. The magnetization of the reference layer is
fixed via exchange coupling with an antiferromagnet, while the magnetization of the free layer
can switch freely [18]. Utilizing this concept, GMR has been found in numerous applications
in magnetic sensors and computer hard-disk drive read-heads [19,20]. This discovery was
rapidly followed by the introduction of Tunnel Magnetoresistance (TMR), which occurs when
the non-magnetic layer in a GMR structure is replaced with an insulating layer [21]. This TMR
displayed a remarkable improvement in magnetoresistance compared to GMR, leading to its
implementation as a recording unit in Magnetoresistive Random Access Memory (MRAM).
Spintronics continued to progress with the discovery and subsequent investigation of spin-

transfer torque (STT).

Low Resistance State High Resistance State
Ferromagnet (Free) Ferromagnet (Free)
Non-magnet (Spacer) Non-magnet (Spacer)
Ferromagnet (Fixed) Ferromagnet (Fixed)

Fig. 1.2: Schematic of giant magnetoresistance (GMR) concept. (Left) Low resistance state
when parallel (Right) High resistance state when anti-parallel.

Spin-transfer torque (STT) MRAM, introduced more recently, has emerged as a

promising contender for memory storage due to its low power consumption, high density, and
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non-volatility [21,22]. The underlying physical phenomenon is based on the spin interaction of
the 3d-4s electrons in the ferromagnetic layer and the conservation of angular momentum. As
shown in Fig. 1.3, when an unpolarized electron passes through the fixed layer of a magnetic
tunnel junction (MTJ), the 4s electrons become polarized in alignment with the local
magnetization in the fixed layer. This polarized electron then exerts a torque on the free layer,
flipping its magnetization orientation from antiparallel to parallel. On the other hand, to flip
the magnetization from parallel to antiparallel, current will be injected from the free layer. The
reflected spin from the fixed layer enables the magnetization to switch from parallel to
antiparallel in the free layer. When the magnetization of the free layer is parallel to the fixed
layer, they will be in a low-resistance state, likewise, when free and fixed layers are antiparallel
to each other, they will be in a high-resistance state. This mechanism of transferring the angular

momentum of the spins is known as spin-transfer torque.

(:) <:> ___________ N C:) . <>
Electron flow
—

Barrier

Fixed Layer Layer

Free Layer

Fig. 1.3: Schematic of spin-transfer torque (STT) mechanism

The discovery of STT has made remarkable advancements in our MRAM technology
today. A typical bit cell of STT-MRAM consists of an MTJ structure, where the read and write
operation is performed by sensing the magnetoresistance and switching the free layer. Although
STT-MRAM has promising power consumption and magnetic retention performance, it has
certain drawbacks. Since the reading and writing operations share the same current path, it
introduces potential disturbance and interference between these operations. There is a risk of
unexpected writing to an MTJ cell during a read operation, leading to reliability issues.

Moreover, due to the large write current and thin oxide barrier in STT-MRAM, the dielectric
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breakdown might occur in the tunnelling barrier after repeated usage, thus reducing the
reliability of STT-MRAM. A potential solution to these read-write disturbances and dielectric

breakdown is the application of spin-orbit torque (SOT) switching.

As shown in Fig. 1.4, the SOT-MRAM structure has separate word bit-lines and read
bit-lines for read and write operations, respectively. The read operation is similar to that in
STT-MRAM devices, where a current less than the threshold current, I, is passed through the
read bit-line, and the MTJ resistance is determined based on the magnetization of the free layer
relative to the fixed layer. In the write mode, current from the write bit-line and access transistor
switches the magnetization direction of the perpendicular MTJ. This design allows separate
optimization for read and write operations. The SOT-MRAM switching employs an in-plane
current-induced SOT, which does not pass through the tunnelling barrier, enhancing endurance
and reliability compared to STT-MRAM. A more in-depth understanding of the principles and

mechanism of SOT is discussed in Chapter 2.

Read Line

—_—

l Fixed Layer

Tunnel Barrier

Free Layer

'3y

Write Line

Fig. 1.4: Schematic of SOT-MRAM structure

Spin-Orbit torque (SOT) vs Spin-Transfer Torque (STT)

Although SOT-MRAM employs a larger cell size due to its 3-terminal design, it generally
outperforms STT-MRAM at both the cell and array levels, as evidenced by comparative
metrics such as read/write times and write energy (Table 1), where SOT-MRAM demonstrates
significantly superior performance. Moreover, the endurance of SOT-MRAM is anticipated to

exceed that of STT-MRAM, primarily because of the lower current densities required for
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switching, which consequently reduce the stress on the device and extend its lifespan. This

aspect is crucial in prolonging device reliability and is particularly beneficial in applications.

Table 1: Adapted from [23], performance comparison between STT-MRAM and SOT-
MRAM

Parameters STT-MRAM SOT-MRAM
Write Time (ns/bit) 5 1
Write Energy(fj/bit) 160 46

Read Time (ps) 146 82
Write Latency (ns) 1.27 0.95
Read Latency (ns) 2.50 2.14

1.3 Motivation

Spin-orbit torque (SOT) has emerged as a highly promising technique for achieving
efficient and reliable magnetization switching for memory storage and other applications.
Extensive research is being undertaken to identify materials exhibiting a high charge-to-spin
conversion efficiency. In order to characterize the SOT efficiency in a material, several
quantification techniques are typically employed. These techniques include, spin-torque
ferromagnetic resonance (ST-FMR), time-resolve magneto-optical Kerr effect (TR-MOKE),
hysteresis loop shift, and harmonic Hall technique [24-31]. However, these characterizations
technique have limitations, for instance, not accounting for the spin backflow and spin memory
loss. Due to the existence of spin backflow, where the spins are reflected back into the HM
layer, and spin memory loss, where the spin flips beyond the spin diffusion length [32-34],
quantification of the net spins that diffused into the FM layer from the HM layer has remained
unsolved, specifically for FM/HM bilayer structure. The quantification of spin accumulation
encounters distinct challenges due to the inherently low signal magnitude associated with this
phenomenon. This inherently low signal often imposes limitations on the spatial imaging
capabilities, consequently restricting the resolution to the constraints of the optical diffraction
limit [35]. A more direct approach to quantify spin accumulation in a ferromagnetic layer
within a heavy metal/ferromagnetic (HM/FM) structure is by X-ray magnetic circular
dichroism (XMCD). However, applying XMCD necessitates access to a synchrotron facility,
a requirement that substantially limits its accessibility and broad applicability. Therefore, a

robust and easily accessible characterization technique that can directly quantify the spin
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accumulation in the FM layer has been a subject of continued pursuit in the effort of

understanding the SOT mechanism.

Given the growing interest in identifying materials that can enhance SOT efficiency,
the need for a more efficient characterization technique is becoming increasingly apparent.
This SOT efficiency quantifies the conversion of charge to spin current, driving torque on
magnetization through spin-orbit coupling. The existing methods for quantifying SOT, as
mentioned above, commonly involve the fabrication of micro- or nanoscale devices, which
necessitate a series of lithographic processes. These additional steps not only consume valuable
resources but also add significantly to the overall processing time. Hence, developing a
technique that could reliably characterize SOT efficiencies with minimal processing
requirements, reduced equipment dependency, and lower time investment is currently a

significant area of focus in the field of spintronics research.

Today, the commonly used material to generate high charge-to-spin conversion are the
heavy metal, Platinum (Pt), Tantalum (Ta), and Tungsten (W). These heavy metals can
generate a conversion efficiency ranging from 10 to 30%, which are relatively high compared
to other normal metals where the conversion is negligible [14,36-43]. Apart from the choice
of material, researchers have been continually exploring methods to enhance SOT efficiency,
employing techniques such as interfacial engineering, doping, alloying, and strain-
engineering [44-51]. While heavy metal-based SOT devices have shown notable
advancements, their development still limited by charge-to-spin conversion efficiency of less
than 100%. To address this efficiency gap, researchers have investigated alternative materials
that might provide higher conversion efficiency. In recent years, attention has been directed
towards using unconventional materials, such as topological insulators (TIs). Due to its unique
spin-momentum locking and topologically protected surface states, it can generate high charge-
to-spin conversion of larger than 100%. Large spin Hall angle, 6y, has been reported in several
Tls, such as 85y = 3.5 in Biz2Ses, 65y = 18.6in BixSeix, and s, = 52 in BiSb/MnGa [52—
54]. However, one should be aware that the generally low bulk conductivity state can lead to
an overestimation in 6gy if not accurately accounted for in the evaluation. Despite the potential
of Tls, the topological surface state (TSS) is sensitive to perturbations. For instance, when a Tl
interfaces directly with a FM, the discrepancy in the work function between the Tl and FM can

cause a shift in the TSS below the Fermi energy level. This displacement may lead to the
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hybridization of these surface states with the metal bands, subsequently disrupting the helical
spin structure, which result in the spin-momentum locking property not preserved [55-58].
Hence, it is crucial to implement interface engineering techniques to preserve the TSS. By
investigating the TI-FM interface, we can optimize the device performance by maintaining the
TSS, preserving the unique spin-momentum locking property, and thus maximizing the

potential of TI-based spintronic devices.

As mentioned earlier, the spin-momentum locking at the TSS is prone to disturbance
such as adjacent to a topological insulator with a ferromagnet material. Previously theoretical
studies have shown that the SOT generated from the TIs vanished with it is coupled with a
ferromagnet with in-plane magnetic anisotropy (IMA) [59-62]. On the contrary, other studies
have shown that SOT can be generated even with it is coupled with a ferromagnet with in-plane
magnetization [63]. Meanwhile, a ferromagnet with perpendicular magnetic anisotropy (PMA)
allows the opening of a gap at the Dirac point, causing the Dirac fermions to be massive [59,60].
These discrepancies in the TI/FM interface are yet to be fully understood. In addition,
numerous theoretical models propose varying influences of these magnetic moments on the
SOT induced by TIs, but there is still limited experimental work to verify these
models [59,60,64,65]. Therefore, a systematic investigation is required to study the influence

of magnetic moment on the spin-orbit torque generated by the topological insulator.

1.4 Thesis Outline

The thesis is structured as follows:

Chapter 2 provides a comprehensive examination of the fundamental principles and
theoretical framework that govern spin-orbit torque. This chapter begins with a discussion on
spin-orbit coupling. We then delved into the generation of spin current from the phenomenon
of spin Hall effect and Rashba-Edelstein effect. In the latter part of Chapter 2, | then delved
into the discussion on topological insulators in spintronics application. This discussion includes
the fundamental properties of topological insulators, such as quantum Hall effect and quantum
anomalous Hall effect, which leads to high charge-to-spin conversion, which are crucial for

spintronics applications.
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Chapter 3 will cover the details of the fabrication process and characterization
techniques employed in this work. Here, | also introduce on my work, where | quantify the

spin-orbit torque directly in a blanket film without any lithography processes.

In Chapter 4, | establish an all-electrical novel quantification of spin accumulation in
the ferromagnetic layer using DC bias harmonic Hall measurements. This newly introduced
technique provides an all-electrical alternative to determine spin accumulation by utilizing the

easily accessible harmonic Hall characterization technique.

Subsequently, in Chapter 5, | demonstrate the use of various non-magnetic insertion
layer materials between the topological insulator and ferromagnet interface to preserve the
topological surface state and promote spin-orbit torque efficiency through the crystallinity

control of topological insulator.

Next, in Chapter 6, | explore on the influence of magnetic moments on spin-orbit torque
that is generated by the topological insulator surface state in a topological insulator —
ferromagnet heterostructure. We then constructed a theoretical model to simulate the surface
states and provide theoretical evidence for the impact of perpendicular magnetic anisotropy on

spin-orbit torque.
Lastly, in Chapter 7, we summarized the work presented in this thesis. In addition,

potential future works are proposed to further enhance the strength of spin-orbit torque using

topological insulators.
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Chapter 2

Background in Spin Transport and Topological Insulator

In this chapter, a thorough examination of the underlying principles and theoretical
framework of spin-orbit torque is presented. The discussion commences with an analysis of
magnetization dynamics, elucidating the diverse components that impact the magnetization of
ferromagnetic materials. Subsequently, the generation of spin currents via the spin Hall effect
mechanism is explored, providing a deeper understanding of the fundamental processes
governing spin-orbit torque. In the later part of this chapter, a detailed discussion on topological
insulators in Spintronics is covered. This discussion includes the fundamental properties of
topological insulators, such as the quantum Hall effect and quantum anomalous Hall effect,
which lead to high charge-to-spin conversion, which are crucial for spintronics applications.
Lastly, this Chapter also includes a literature review on the current state of the art for

topological insulators for spin-orbit torque applications.

2.1 Spintronics: Spin-Orbit Coupling to Spin-Orbit Torque
2.1.1 Spin-Orbit Coupling

The spin-orbit coupling (SOC) is a relativistic interaction between the spin of electrons
and their orbital motion around the nucleus in a finite electric field [1-5]. In the electron frame
of reference, the electric field generated by the nucleus gives rise to an effective magnetic field
that is orthogonal to the electron's trajectory. This effective magnetic field interacts with the
magnetic moment associated with the electron's spin, resulting in a Lorentz force that acts
perpendicular to the electron's motion. Considering two frames of reference, s for the nucleus,
and s’, for the electron. The electric field, E and magnetic field, B can be expressed in the

respective frame of reference using Lorentz transformation,

E, =E, B, =B, (2.1)

! ! 1
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is the Lorentz factor, and c is the speed of light. The interaction between

1
where Y = \/TZ/CZ
this B, ' and the electron’s spin is thus call the spin-orbit coupling. The electron possesses an
intrinsic spin angular momentum, S, which gives rise to a magnetic moment ug. The relation

between the magnetic moment and the spin angular momentum can be described as pug =

—mis, where e is the electron charge and m, is the effective mass of electron. Due to the
e

Heisenberg uncertainty principle, the precise measurement of § is not possible. Instead, we can

visualize S as a vector precessing around the Z -axis. For an electron, the projections of S can
. 1 . . .
assume two quantized values, S, = im,, where mg = +~, representing the magnetic spin

quantum number. The energy interaction between the magnetic moment and the magnetic field
is expressed as Esoc = —ps. B, '. This interaction gives rise to two distinct energy states for
the system: the low-energy state, where ug II B, ', and the high-energy state, where —ug |l
B, '. Consequently, due to energy minimization, the most favorable configuration occurs when
the spins align parallel to the magnetic field. Thus, the Hamiltonian that arises from SOC,

Hgo can then be defined as [6],

h
4m?2c?

Hgpe = (VV X p).o (2.3)

This spin-orbit coupling can be categorized into (i) Symmetry-independent, and (ii) symmetry-
dependent. The former originates from atomic orbitals and is present in all types of crystals,

while the latter only exists in crystals without inversion symmetry [6].

In a periodic crystal, the spin degeneracy of electron and hole states arises from the
combined effect of spatial inversion symmetry and time reversal symmetry. Both symmetry
operations transform the wave vector k into —k, but time-reversal also flips the spin. This can

be expressed as follows:

Time reversal symmetry: E, (k) = Ex(—k) (2.4)

Space inversion symmetry: E, (k) = E4(—k) (2.5)

This spin degeneracy of electron and hole states must be broken to generate a spin-polarized

current. Consequently, either time reversal symmetry or spatial inversion symmetry should be
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broken. One way to break this symmetry is by applying a magnetic field, resulting in the

generation of spin-polarized current.

2.1.2 Spin Hall Effect

The spin Hall effect (SHE) has gained significant interest from the spintronics
community since the first prediction by Mikhail 1. Dyakonov and Vladimir 1. Perel in
1971 [7,8]. Spin Hall effect is a relativistic spin-orbit coupling interaction which generates spin
current from charge current in materials with strong spin-orbit coupling (SOC) due to spin-
dependent scattering mechanisms [9-12]. Similarly, the opposite effect, inverse spin Hall
effect (ISHE), allows the conversion from spin current to charge current when current passes
through a material with high SOC [13-15].

The spin polarization from the spin Hall effect (SHE) is orthogonal to both the
transverse spin current and longitudinal charge current, as depicted in Fig. 2.1. This arises due
to the strong spin-orbit coupling in the material, which causes a spatial separation of spin
polarizations and generates a transverse spin current [16-18]. The generated spin current is
defined as, J, = 655 (J. X &), where & is the spin polarization direction, 6 is the spin Hall

angle. The spin Hall angle serves as a measure of charge-to-spin conversion efficiency and can

be expressed as Oy = j—s Numerous studies have been conducted to achieve higher charge-to-
c

spin efficiency, primarily focusing on the three contributing factors to the SHE: intrinsic
scattering (Berry phase) and extrinsic scattering (Skew-scattering and side-jump
scattering) [19-25]. The following subsection will provide an in-depth discussion on these

spin-scattering mechanisms.
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Fig. 2.1: Schematic of spin Hall effect (SHE), where the current is injected into the heavy metal
(HM) layer, and due to strong spin-orbit coupling (SOC), the electrons are scattered depending
on the orientation of their spin.

Extrinsic Scattering

The spin-orbit interaction refers to the coupling between an electron's spin and its
orbital angular momentum. This interaction arises due to the relativistic motion of electrons in
a magnetic field produced by the positively charged atomic nucleus. The spin-orbit

Hamiltonian can be written as,

Hy, = A5l .8, (2.6)

where A, is the spin-orbit coupling constant, [ and § are the orbital angular momentum
operator and spin angular momentum operator, respectively. The presence of impurities
induces an electric field, and when the electron passes through these impurities, it experiences

a magnetic field orthogonal to its velocity in the electron frame of reference. The magnetic

field due to the spin-orbit interaction is defined as B, = ‘; oY The interaction energy, €., can

nr?’

be written as,

€50 = —UpBso, (2.7)

where ug is the Bohr magneton. There are two types of spin-dependent scattering mechanisms

due to extrinsic spin-orbit interaction: Skew scattering and side-jump scattering.

Skew scattering

Skew scattering is a spin-splitting process where electrons scatter against a positively
charged impurity, taking different scattering angles depending on their spins. This mechanism
was based on asymmetric scattering by Mott [26]. In the presence of impurities, the extent of
the deflection experienced by electrons depends on the difference in spin-orbit coupling
between the impurity and the host material [27-29]. Heavier metals typically exhibit stronger
spin-orbit interaction than lighter elements, as shown in (2.2). Due to this SOC, the magnetic
force will deflect the electrons left or right depending on the electron’s spin. This spin-

dependent force differentially influences the motion of electrons with varying spin orientations,
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resulting in the separation of electron spins. The illustration of these mechanisms is shown in
Fig. 2.2.

Side-jump scattering

The side-jump mechanisms were first proposed by Smith in the 1950s and later
introduced again by Berger in 1970 [30-32]. This mechanism induces a spin-dependent
transverse displacement of an electron wave package upon collision with a charged impurity.
Unlike skew scattering, the side-jump contribution to the spin Hall conductivity is independent
of scattering processes. As a result, the spin Hall resistivity, arising due to the side-jump

mechanism, can be expressed as:

P;‘g] = APxx + bp)%xa (2.8)

where a and b is are the side-jump and skew-scattering contributions, respectively. The

illustration of these mechanisms is shown in Fig. 2.2.

Skew scattering Side-jump scattering

Fig. 2.2: Schematic of extrinsic scattering (Left) Skew scattering (Right) Side-jump scattering

Intrinsic Scattering

In the intrinsic scattering mechanism, it is dependent purely on the electronic band
structures of the material [33,34]. When an electric field, E, is applied it accelerates the

electrons, causing them to acquire a spin-dependent anomalous velocity. This anomalous
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velocity is orthogonal to E, and is proportional to the integral of the Berry curvature for each

occupied band over the Fermi surface. This can be expressed as,

v=eEXxQ, (2.9)

where Q is the Berry phase curvature. This Q can be interpreted as an effective magnetic field
in k-space of the Rashba spin-split band structure. This term is independent of any disorder in
the material. The estimation of the Berry curvature can be obtained through ab-initio
calculations [35]. Experimental results have shown that the intrinsic scattering is the
dominating mechanism to the spin Hall effect for heavy metal. Theoretical calculations have
predicted large charge-to-spin conversion efficiency, and the opposite in sign for Pt and Ta,
which is well-verified in experimental work. The intrinsic mechanism correlates the sign of
spin Hall angle to the band filling [36]. In the case where the noble metal has more than a half-
filled d-band (Pt, Pd, Ir, Au), the spin Hall angle will be positive [36-40]. On the other hand,
the spin Hall angle will be negative in heavy metal with less than a half-filled d-band (Ta, W,
Mo) [38,41-45].

2.1.3 Rashba-Edelstein Effect

The Rashba-Edelstein effect (REE) is a spin-orbit interaction phenomenon that
manifests in systems lacking inversion symmetry, particularly at interfaces between two
dissimilar materials [46-51]. This absence of inversion symmetry leads to electric field, E =
EZ, where E is the electric field and Z is the unit vector surface normal. This can be defined
as [34],

Hg = az6.(z x k), (2.10)

where ay, is the Rashba coefficient, & is the Pauli spin matrix operator, and k is the wavevector
operator. Conversely, the symmetric atomic potential, VV, is typically larger than the crystal
potential field (VI > VV,,). As such, the potential gradient in the solid state is dominated by
the potential drop close to the nucleus [52]. However, the significance of Rashba SOC becomes
apparent when considering the Bloch wavefunctions of conduction electrons. The asymmetry

in the potential at surfaces or interfaces distorts these wavefunctions, enhancing the orbital
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component of the spin-orbit interaction. This interaction between the distorted Bloch
wavefunctions and the asymmetric potential at the surface leads to a strong atomic spin-orbit
coupling effect, observed as the Rashba-Edelstein effect (REE).

The REE can be considered as 2D electron gas model, representative of the electronic
bands at a material surface. Fig. 2.3 depicts two different scenarios: (a) when the space-
inversion symmetry is preserved, and (b) when space-inversion symmetry is broken, which
leads to a momentum-dependent spin splitting in the electronic bands. This splitting is due to
the Rashba field B’ , that points in varying directions depending on the equilibrium direction,
k.

V=0 V#0

Fig. 2.3: Energy dispersion of 2DEG, E « k? (a) with space-inversion symmetry, and (b)
broken space-inversion symmetry. Figure is adapted from [50].

Figure 2.4 shows the Fermi surface at equilibrium and perturbed Fermi surface,
respectively. The perturbation in the Fermi surface is due to the applied electric field along the
—x-direction, as such, this Rashba field allows the quantization of spin to be in the y-axis. The
applied electric field will shift the Fermi surfaces of both bands such that the red band is
dominated by spin-down electrons and the blue band by spin-up electrons. As a result, the

induced current has a net spin-up polarization. (SyT > Syl - +y). We define the spin-

polarized current vector, Jg, as the difference between the current vectors of electrons with
upward and downward spins, J; and J;, respectively, while the charge current J.. is defined as

their sum [50]. A pure spin current only carries the spin angular momentum. This model shows
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the Rashba-Edelstein effect as an effective mechanism for charge-to-spin conversion, enabling
the generation of a spin polarization that is parallel to the y-axis, when the current is injected

along the x-direction.

N
%

E=0

Fig. 2.4: Fermi surface of the (a) Fermi surface of a split band at equilibrium (b) Fermi surface
of a split band under applied electric field along the x-direction

2.1.4 Magnetization Dynamics

The magnetization dynamic is first introduced by Landau and Lifshitz in 1935, which
is described as [53],

oM
E = _)/,LLOM X Heffr (211)

where M is the magnetization vector, y = % is the gyromagnetic ratio, g is the g-factor, and

H 4y is the effective field. The H, g is comprised of a combination of external magnetic field,
H,,, demagnetization field, H jemqq, anisotropy field, H,y;. From (2.11), one can observed

that the M will experience a precessional motion with the precession axis aligned along the

direction of H,¢f. This precession as described in (2.11) is an undamped precession, with a
constant precessional cone angle. However, when the magnetization misaligned with H,zs, a

finite time is required for the magnetization to change its precession trajectory to the direction
of minimal energy. As such, Gilbert introduced a damping term to the LL model, which is
known as the Landau-Lifshitz-Gilbert (LLG) equation. This LLG equation is defined as [53],
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om oM
E: _VIJOMXHeff_a’MXE' (212)

where « is the Gilbert damping, where the former and latter terms on the right correspond to
the precession terms and damping terms, respectively. The magnetization dynamics is
illustrated in Fig. 2.5.

Hzf

Damping-like

torque
Field-like

torque

Precession

Fig. 2.5: Illustration of magnetization dynamics governed by the Landau-Lifshitz Gilbert (LLG)
equations. The black arrow, M, is the magnetization of a ferromagnet, and the blue arrow
represents the effective field, Hefr. The red and green arrows represent damping and field-like
torque, respectively, where they are mutually orthogonal to each other.

Now, considering a spin-polarized electrons injected in a ferromagnetic layer. The
magnetization of the ferromagnetic layer will experience a torque from the polarized spin. In
1996, Slonczewski further modified the LLG equation to account for this current-induced

torque. This Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation is defined as,

oM oM
Ez_yﬂoMxHeff_aMXE'i‘TDLMx(O-XM)‘l' TFLO-XM (2.13)

where the third and fourth term on the right corresponds to the current-induced damping-like

and field-like torque, respectively, and o is the spin polarization orientation.
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2.2 Topological Insulator in Spintronics

Topological insulator (TIs) is a class of material where the bulk exhibits insulating
behavior while supporting conducting states at its surface or edges. These conducting states are
a result of strong spin-orbit coupling and are topologically protected, hence, they are robust
against perturbations such as impurities or minor structural disorders. As such, Tis have gained
numerous attention in the field of spintronics application. These materials are distinguished by
their unique topological features and intrinsic band structure, resulting in efficient charge-to-

spin conversion.

In this section, an in-dept analysis is discussed on the role of topological insulators in
spintronics, and emphasizing the physics of spin-polarized currents and spin-momentum

locking.

2.2.1 Quantum Hall Effect

The Quantum Hall Effect (QHE) is a remarkable quantum phenomenon observed in
two-dimensional electron systems under the influence of a strong perpendicular magnetic field.
This quantized version of Hall effect was first proposed in a 2D electron gas system in
1970s [54], and later observed by Klaus v. Klitzing in 1980 [55]. QHE has since become a
subject of extensive study in condensed matter physics, providing deep insights into the nature
of electronic states in low-dimensional systems and the role of topology in solid-state
physic [56-61].

In the QHE system, the Hall conductivity becomes quantized under a strong magnetic
field,

e?

Oxy = 2mh v

(2.14)
where v assumes any integer value. It has been experimentally demonstrated that a 2D

confined electron gas exhibits a Hall resistance characterized by a plateau-like structure as

shown in Fig. 2.6. This result significantly differs from the classical Hall resistivity, where
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linearity is observed. Also, as described in (2.14), the quantization is independent of materials

properties and impurities.
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Fig. 2.6 Typical quantum Hall effect results, measured at 30mK in InGaAs-based
heterostructure, adopted from [62].

In the presence of strong magnetic field, the 2D electron gas will exhibit quantized
cyclotron motions, resulting in the discrete energy level, known as Landau levels. Given a
magnetic field along the Z-direction, using the Landau gauge A = ByX, the Hamiltonian can

be written as,

eBy

1 2.1 9
H==(p,+22) + p2, (2.15)

Cc

We can then solve this Hamiltonian by separating the variable x and y, ¥(x,y) =

%e"k"q_’)(y). The Hamiltonian can be redefined as,

[~ 202 + 2ma2 (v - y0)| 6 = B¢ (), 2.16)

where w. = eB/m is the cyclotron frequency, and y, = k /mf; . One can note that (2.16)

exhibits the form of quantum harmonic oscillator. Thus, the solution to the time-dependent

equation is given by,
1 i -
P(x,y,t) = e F0D D (y — yy), (2.17)
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thus, the electrons occupied at the Landau levels at specific quantized energy with the energies

given by,
En = (n+3) ha, (2.18)

This result shows that when a strong magnetic field is applied to a system of free electrons, the
energy landscape of the system undergoes a significant transformation. These electrons,
originally obeying the principles of Dirac-Fermi statistics, are subjected to quantization of their
energy states. The resulting quantized states have an energy gap of Aw., which manifests a
direct proportionality to the applied magnetic field. With increasing magnetic field, Landau
levels rise in energy and can intersect the chemical potential of the system. Depending on
whether the chemical potential falls within a gap or lies within a Landau level, the 2D electron
gas can take on semiconductor-like insulating properties or metallic conducting properties,
respectively. This results in a periodic oscillation of resistance with respect to the inverse of
the magnetic field [63-65].

The QHE is protected by the time-reversal symmetry, which ensures that the edge states
in the system remain gapless and contribute to the observed quantized Hall resistance [66,67].
In a semi-classical picture, the influence of a strong external magnetic field on a 2D electron
system induces localized cyclotron orbits, as illustrated in Fig. 2.7. This direction of cyclotron
motions, or chirality, is determined by the sign of both the charge and the magnetic field.
Interestingly, for the electrons that locate at the edge state of the system, these electrons bounce
off the boundary and continue to move along the 1D edge via a series of skipping cyclotron
orbits. As a result, edge transport is immune to backscattering, leading to a dissipationless

conduction channel.
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Fig. 2.7: Schematic of chiral conductive edge

2.2.2 Quantum Spin Hall Effect

The Quantum Spin Hall Effect (QSHE) concept originated from the theoretical work of
Kane and Mele in 2005 [68]. It later became experimentally substantiated in 2007 through
research on HgTe wells. The QSHE is defined by the presence of two non-dissipative edge
states, each exhibiting contrasting attributes: opposite spins, propagation directions, Chern
numbers, and chirality, as depicted in Fig. 2.8. The separation between the spin-up and spin-
down charge edge states can be accomplished in materials that demonstrate an inverted band

structure, a result of strong spin-orbit coupling (SOC).

Fig. 2.8: Schematic of quantum spin Hall effect (QSHE)

Similarly to QHE, the QSHE is characterized by an insulating bulk, while its edge
conduction is dissipationless. Due to strong SOC, it confines the direction of electron
depending on the spin state. In order to reverse the trajectory, the spin state of the electron must

be flipped, however this is impossible as it is constrained by the time-reversal symmetry (TRS).
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These edge states of differing chirality form a Kramer's pair, with each state being degenerate
to the other. Kramer's degeneracy theorem stipulates that, for each energy eigenstate of a TRS
system with a half-integer total spin, there must be at least one other degenerate eigenstate. The
time-reversal operator, 7, is anti-unitary, giving 7> = 1 for integer angular momentum. In
contrast, for half-odd-integer angular momentum, we have 7 = —1, indicating the presence
of a degenerate state. Also, the matrix elements of a TR-invariant perturbation between two
Kramer's degenerate states vanish, thus not allowing any backscattering or hybridization
between the spin-up and spin-down states. As a result, the edge conduction in QSHE, which is
dissipationless, is protected by TRS. From an energy band perspective, Kramer's theorem also
necessitates the intersection of the edge state at a high-symmetry point in the Brillouin zone.
This results in two 1D Dirac bands that correspond to the helical edge states intersecting each
otheratk = 0.

2.2.3 Quantum Anomalous Hall effect

The quantum Anomalous Hall effect (QAHE) was first proposed in 1988 by
Haldane [68]. It represents a unique state of topological matter that combines the characteristics
of quantum Hall and topological insulator states. Unlike the QHE, which requires strong
external magnetic fields to obtain quantization state, the QAHE can achieve this quantization
state without any external field. This quantization state is achieved by the influence of local
magnetic moments and strong spin-orbit coupling (SOC) within the heterostructure. Although
this spontaneous magnetization can break time-reversal symmetry, such a system is
experimentally hard to achieve. However, the topological surface state is no longer protected
when the TI is confined into a 2D limit and introduce magnetism. Given an out-of-plane

magnetization, the Hamiltonian for the surface is written as,

H = vp(—kyax + kxay) + mo,, (2.19)

From (2.19), the introduction of magnetic interaction into the topological insulators
causes the opening of a mass gap at the Dirac point, resulting in the Dirac surface state to be
massive. Interestingly, a chiral edge state similar to that in the QHE forms within this gap. For
a non-magnetic TI, if the Fermi level lies within the bulk gap, the sample will exhibit an

insulator in bulk and conduct on the surface. On the other hand, for MTlIs, given the Fermi
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level lies within the surface gap, both the bulk and surface will exhibit insulating behaviour,
but there is still dissipationless transport of electrons. The first experimental observation of
QAHE was reported in Cr-doped (Bi-Sh)2Tes thin films, which were grown on SrTiOs [69].
At a low temperature of 30 mK, when the gating voltage is adjusted to achieve charge neutrality
at —1.5V, the Hall resistance (R,,) attains a quantized value of h/e®. This quantization
corresponds to a significant decrease in the longitudinal resistance (R,,), indicative of
dissipationless edges. When the gating voltage shifts the Fermi level away from the gap, this

distinctive quantum behavior diminishes.
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Fig. 2.9: Observation of Quantum Anomalous Hall effect at 30mK in Cr-doped (Bi-Sb)2Tes
thin films. (Left) py, with varying magnetic field at different gate voltage. (Right) p,, with

varying magnetic field at different gate voltage.

2.2.4 3D Topological Insulator

The 3D topological insulators, an advancement from 2D quantum spin Hall insulators,
were theoretically proposed prior to experimental validation [70]. Fu and Kane postulated the
Bi1-xSbx system as a potential 3D topological insulator, which was later confirmed through
ARPES characterization of bulk crystals. These systems exhibit a unique trait: in the presence
of time-reversal symmetry, surface state electrons can only scatter to antipodal momentum by
concomitantly reversing their spin direction, mirroring the 2D topological insulator case.
Subsequently, the family of Bi2Ses and Bi2Tes were then reported and discussed [71-74].
Fig.2.10 shows the ARPES measurement of the Bi2Ses crystal where robust surface states are
observed. This surface state shows the presence of Dirac surface state, which has a linear

relation with the momentum vector.
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Fig. 2.10: ARPES measurements of surface electronics band dispersion on Bi2Ses(111) around
the I'- point. Adapted from [72].

One may visualize a 3D topological insulator as a stack of a 2D QSH system, as shown
in Fig. 2.11. This may be due to the fact that that the Fermi surface encloses two of the I" points,
in which it is sensitive to disorder as the surface state is not protected by TRS. On the other
hand, if only a single T point is enclosed, a strong topological insulator is formed, as shown in
Fig. 2.11. This 2D Fermi can be extended to 3D as it is a slab cut out in the x-y momentum
plane from the 3D dispersion cone. As such, it is crucial to understand the numbers of Gamma
points enclosed by Fermi surface as the number of Gamma points enclosed by the Fermi surface
is integral to determine the material’s topological class via the Z2 invariant. This count directly
influences whether the material exhibits topologically protected surface states, which is crucial

for applications exploiting the unique properties of topological insulators.
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Fig. 2.11: (Left) Surface state dispersion (Middle) Weak TI where the Fermi contour enclosing
even [" points (Right) Strong TI where the Fermi contour enclose an odd number of I" points

2.2.5 Spin-Orbit Torque in Topological Insulator

Topological insulator (TI) is a promising candidate for replacing heavy metals in
spintronics applications due to their large charge-to-spin conversion [75-78]. One prominent
feature of Tls is that their surface state is protected by TRS. The surface state in a 3D Tls can
be considered as a 2D massless Dirac fermion, exhibiting spin-momentum locking properties.
Under the influence of an applied electric field, it will induce a non-equilibrium spin
accumulation generating a polarized electron. These polarized electrons can exchange their
angular momentum with the adjacent ferromagnetic layer, thus switching its initial
magnetization state, also known as spin-orbit torque (SOT). Numerous experiments have
shown that the charge-to-spin conversion in Tls is a few order larger than the conventional
heavy metals such as Pt, W and Ta [36,37,79-83].

The Tls and ferromagnetic insulator (FMI) system has been studied extensively [84—
89]. The Hamiltonian of the bilayer TI/FMI is defined as,

H=v6.(p x2)+56.m, (2.20)

where v is the Fermi velocity, o is the spin Pauli operator, A is the exchange interaction, and

m is the magnetization unit vector. The eigenenergy yield as,
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€ = sJ(vkx + %my)2 + (vky - gmx)2 + A{mg, (2.21)

As shown in (2.21), when the magnetization lies in the in-plane direction, the Dirac cone will
be shifted in the k,, direction, whereas it will open a gap at the Dirac point when the
magnetization lies out-of-plane, causing the Dirac fermions to be massive [90,91]. In the
context of SOT, the damping-like (DL) torque and field-like (FL) torque are expressed
as [36,92],

T = Tme X o+ TDLmzm X (ZA X 0'), (222)

where the field-like torque term arises from the conventional Rashba-Edelstein effect (REE),
while the damping-like torque term arises from the intrinsic contribution, which is proportional
to m,. One can see that in (2.22), the torque will vanish when the magnetization lies in-plane,

which differs drastically to the damping-like torque in LLG.

2.2.6 Advancement in Topological Insulator for Spintronics

The concept of a 3D topological insulators (TIs) was first theoretically predicted by Fu,
Kane, and Mele in 2007 [70]. In 2014, Fan et. al first experimentally demonstrated SOT
magnetization switching in Cr-doped TI heterostructure, Cr-(BixSb1-x) Te3/(BixSbix)2Tes at 1.9
K [93]. Subsequently, Mellnik et al. have reported a high generation of SOT in room
temperature, using TI bilayer structure, Bi2Ses / Nio.sFeo2 [94]. Later in 2015, Wang et. al
performed temperature dependent study in a Bi2Ses/CoFeB bilayer heterostructure to show that
the topological surface state is dominant in the generation of SOT at low temperature [95].
Shortly after, the manifestation of SOT from TIs was demonstrated in various TI/FM
heterostructures, using different characterization methods such as second harmonic technique,
ST-FMR, and hysteresis loop shift [96-100]. One significant advancement to this field of
study was presented by Khang et. al in 2018, where they reported an exceptionally large SOT
efficiency of 52, in a sputtered BiosSbo.1/Mno4sGaoss bilayer heterostructure [101]. This

efficiency is several orders of magnitude greater than conventional heavy metals (HMs).

Extensive research has been carried out in recent years to further improve the SOT
efficiency, and reducing the power consumption for SOT magnetization switching. Although
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various TIs systems has been proposed, there exists a large discrepancy in the reported values
of SOT efficiency in Tls. This SOT efficiency ranges drastically from 0.1 to several hundred,
depending on the fabrication technique and characterization methods. In addition, the
mechanism of the spin generation in TIs has remains elusive. There is still a dispute in the
origin of SOT between bulk and surface state, as it is difficult to disentangle between these two
factors [102].

One possible reason for this debate may arise from the high diffusivity of Bismuth and
chalcogens. This attribute can potentially create a magnetic dead layer in the ferromagnetic
material, thereby degrading the quality of the interface between the TlIs and FM. As such,
researchers have incorporated a nonmagnetic insertion layer between the Tl and FM to preserve
the interface. However, the introduction of an additional insertion layer between the Tl and FM
may influence the coupling between the spin polarization of Tl and FM, possibly leading to a
reduction in SOT [103]. Therefore, it is important to choose an appropriate insertion layer to
prevent any disturbance in the topological surface state of the Tls, and also improve the
crystallinity of the TIs, which can potentially result in the enhancement of SOT. In this thesis,
we have conducted comprehensive investigations on the influence of different insertion layers

on SOT. These findings will be thoroughly discussed in Chapter 5 of the thesis.
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Chapter 3 Experimental Techniques

In this chapter, details of the fabrication process and characterization techniques
employed in this work are discussed. All thin film depositions are performed using magnetron
sputtering. Lithography process is used to pattern the devices for electrical measurement.
Harmonic Hall technique is adopted to quantify the spin-orbit torque of the spintronics
heterostructure. Here, | also introduce my work, where | quantify the spin-orbit torque directly

in a blanket film without any lithography processes.

3.1 Device Fabrication

In this section, the Hall cross devices for the magnetic heterostructure used in the work of
Chapters 4, 5 and 6 are described. This fabrication process involved three main procedures: (i)

Deposition, (ii) Lithography (iii) Etching process.

The fabrication process begins with a thermally oxidized silicon wafer as a substrate. The
wafer is cleaved into a 1 cm by 1 cm dimension to facilitate deposition and lithography. Before
further processing, the wafers undergo a cleaning procedure to remove any impurities or
foreign substances that may interfere with the subsequent processing steps. This cleaning step
is crucial for ensuring the quality of the final product. The wafers were thoroughly cleaned
using a multi-step process that involved submerging them in an isopropanol bath, followed by
an acetone bath in an ultrasonic cleaner. After rinsing with isopropanol, they were dried using
a dry nitrogen jet to ensure that no residue was left on the surface. The fabrication process
adopted in this work involves two different methods, depending on the requirements of the
samples:

(i) Lithography = Deposition = Lift-off
(i) Deposition = Lithography = Etching

Upon completion of the Hall-cross devices fabrications, contact pads are then added using the
(lithography - Deposition - Lift-off) procedure. This step is crucial for enabling the electrical

measurement of the devices.
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The following subsections will provide in-depth details on the various steps involved
in the fabrication process, including the cleaning procedure, lithography, deposition, lift-off,
and contact pad fabrication. Each step will be explained in detail to give a comprehensive

understanding of the fabrication process used in this work.

3.1.2 Magnetron Sputtering Deposition

Magnetron sputtering is a form of physical vapour deposition technique, a widely
utilized thin film deposition technique employed across various scientific disciplines and
industries [1-3]. This method enables the production of high-quality thin films with well-
controlled thickness, composition, and uniformity, making them particularly suitable for

applications in the fields of electronics, optics, and materials science.

The schematic and working principle of magnetron sputtering is shown in Figure 3.1.
The working principle behind sputtering involves the generation of plasma in a vacuum
chamber, where positively charged ions collide with a target material, ejecting its atoms in the
process. These sputtered atoms then travel through the chamber and deposit onto a substrate,

forming a thin film [1,4,5].

® © Target

@
Material
o\, oo
@

Figure 3.1: Schematic of magnetron sputtering deposition process.

The process begins by placing the target material and substrate inside a vacuum

chamber under a low-pressure condition, typically in the order of 107 to 10 Torr. This
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condition minimizes the collisions between sputtered atoms and other background gas
molecules, ensuring high-quality film deposition. Typically, argon gas is utilized to create the
plasma to bombard the targets due to its relatively high atomic mass and being inserted. This
argon plasma is ignited by applying high voltage to the target. These argon ions within the
plasma are propelled toward the target, where they collide with and knock out the surface atoms
of the target [6]. These released atoms then travel as gaseous particles toward the substrate.
The deposition is therefore achieved by landing these particles on the substrate, reforming as a

solid thins films.

Usually, metallic targets utilize DC power, while insulating targets require radio
frequency (RF) power. If a DC power is employed on an insulating target, it causes the
accumulation of a positive charge, which hinders the attraction of Argon ions for target
bombardment. Charge accumulation is undesirable since it can lead to arcing, which disrupts
the sputtering process or damages the target. On the other hand, RF power discharges the
accumulated charge during half its cycle, thus overcoming the charge accumulation problem.
RF sputtering has additional benefits, such as a more uniform use of the sputtering target due
to the diffused plasma and resolving the disappearing anode problem that occurs as dielectric
coats the anode, disrupting the electric fields. However, RF sputtering is generally more
expensive and necessitates higher voltage and more costly power supplies, and it has much

slower sputtering rates compared to DC sputtering.

The overview of the sputtering systems in the laboratory is shown in Fig. 3.1. Here, |
utilize two custom-made AJA ATC-Orion 8 UHV sputtering systems, where | can deposit
sixteen different types of materials on our substrate without breaking the vacuum. The
deposition thickness of the thin film is determined based on a calibrated sputtering rate rather
than relying on in situ thickness monitoring. This approach utilizes nominal values to estimate
the deposited film's thickness during the sputtering process. The calibration process involves
depositing materials for an extended duration on a blanket sample with a small drop of
photoresist applied. After the deposition, a lift-off process is conducted to remove the
photoresist, leaving behind the deposited material. An atomic force microscope (AFM) is then
utilized to measure the thickness of the deposited material accurately, providing a basis for

calibration of the sputtering rates.
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Fig. 3.1: (Top) Image of two customized-made AJA ATC-Orion 9 UHV sputtering system
(Bottom) Two x 8 different targets in the main chamber

3.1.3 Electron Beam Lithography

Electron beam lithography (EBL) is a high-resolution patterning technique capable of
achieving nanometer-scale regime [7-9]. Here, we use the Raith eLINE EBL system, as shown
in Fig. 3.2, to pattern our devices. The overall lithography process encompasses three key steps:

spin coating, exposure, and developing. Before the patterning process, a negative resist is spin-
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coated on the wafer at a rotation speed of 6000 rpm for 60 seconds, resulting in a thin resist
layer. Following this, the spin-coated wafer is subjected to a soft-bake at 115°C for 90 seconds.

This is to solidify the photoresist in preparation for exposure.

Fig. 3.2: Image of an Electron Beam Lithograph Setup (Raith eLine EBL)

During the fabrication of Hall-cross devices on deposited magnetic multilayer samples,
negative resist, MaN 2401 is utilized to protect the exposed region during the subsequent
etching process. Within the EBL system, multiple alignments are required to ensure the proper
focusing of the electron beam and to guide the path of the beam during exposure. Apart from
patterning, the EBL also has the function of scanning electron microscope (SEM) to view the
surface of the samples in a nanometer regime, as shown in Fig. 3.3. After the exposure process,
the wafer is developed using ma-D 532 developer, with de-ionized water to halt the developing
process. It is crucial to monitor the developing time, as overly long or short duration can lead

to undesirably wide pattern or unwanted residual resist, respectively.
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=Y Mag = 39.99 K X WD = 11.3 mm
Mciiiil — InLens EHT = 7.00 kV

Fig. 3.3: SEM image of a 1 um device

3.1.4 Ion Beam Etching

lon Beam Etching (IBE) is a highly precise and versatile material removal technique
employed in various applications across fields such as microelectronics, nanotechnology, and
surface engineering [10,11]. This advanced method enables the controlled and selective
etching of materials at the nanoscale, making it an indispensable tool in the fabrication of

nanodevices.

The working principle of ion beam etching relies on the bombardment of a material
surface with a directed beam of energetic ions, typically argon plasma. These high-energy ions
interact with the target material, causing the ejection of surface atoms through processes such
as sputtering, physical etching, or reactive ion etching. By controlling the ion beam incidence
angle, it is possible to achieve highly accurate and reproducible etching profiles. Prior to the
IBE process, a photoresist is applied to cover the region of interest where Hall-cross devices
are located. This protective photoresist layer will prevent the Hall-cross structure from being

etched away during the etching process.

In my work, | use the AJA ATC-2020-1M ion beam etching system as shown in Fig.
3.4. During the etching process, to minimize the redeposition of material, the stage is positioned
at a 10° angle relative to the argon beam. This angled configuration helps reduce the likelihood

of sputtered materials reattaching to the sample surface. Under the bombardment of ions, both
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the sample and the sample stage experience significant heating, making water cooling essential.
Despite the use of water cooling, the etching process is still divided into multiple segments (15
mins per segment), with intermediate pauses of 15 minutes, to allow the sample to cool down,

ensuring optimal conditions for precise etching.

Fig. 3.4: Image of a ion-beam etching setup

3.2 Device Characterization Technique

In this section, we will explore the characterization technique employed to analyze our
samples. The vibrating sample magnetometer (VSM) is utilized to determine the magnetic
properties of our samples, while X-ray diffraction (XRD) is used to investigate the crystal

structure of our samples.

3.2.1 Vibrating Sample Magnetometer

The VSM is a well-known technique employed to quantify the magnetic properties of

a wide range of materials [12—15]. The VSM operates based on the principles of Faraday law,

64



Chapter 3 Experimental Techniques

where the sample with a magnetic moment is oscillated under a uniform magnetic field, thus
causing the changed in magnetic flux, which results in the generation of electromotive force
(EMF) [16-18]. This induced voltage is proportional to the magnetic moment of the materials,

and this voltage is picked up by the pickup coils in the VSM.

In my experimental setup, | utilized the LakeShore 8604, as shown in Fig. 3.5. The
system comprises of the sample holder, piezo-driven oscillator, electromagnet, and pickup coils.
Prior to the measurement, the sample is securely attached to the sample holder rod using
adhesive tape. The sample holder rode has the degree of freedom to rotate 360°, enabling the
measurement of the sample easy and hard axis. The rod is positioned between two
electromagnet poles, capable of generating a magnetic field of up to 2 T, depending on the pole
gap distance. The piezo-driven oscillator vertically oscillates at 83 Hz during the measurement,
while the electromagnet applies a preset sweeping magnetic field orthogonal to the oscillation.
The pickup coil, which has been pre-calibrated with a reference Ni sphere, detects the induced

voltage, thereby providing information about the magnetic moment of the sample.

Electromagnet
Electromagnet Pole Cap Sample

\

Oscillating

Hall
Coil Probe

Pickup Sample

Fig. 3.5: (Left) Image of LakeShore 8604 VSM (Right) Zoom-in illustration of the
electromagnet, pickup coil and sample mounted on the piezo-driven oscillator
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3.2.2 X-Ray Diffraction

The XRD is a non-destructive technique to investigate the crystallographic structure of
materials [19,20]. This technique provides information about the arrangement of atoms in a
crystal lattice, phase composition, crystalline size, and other critical properties that influence

the material performance in diverse applications.

The working principle of XRD is based on the interaction between emitted X-rays and
the crystal lattice of the material [21-23]. When a monochromatic X-ray beam is incident upon
a crystalline sample, the X-rays are scattered by the atoms or ions in the lattice. Constructive
interference of the scattered X-rays occurs when the path difference between the X-ray

scattered by different lattice planes satisfies Bragg’s law [24,25],

nA = 2dsiné, (3.0)

where n is an integer for the order of diffraction, A is the wavelength of the X-ray beam, and 6
is the angle between the X-ray beam and the diffraction plane. The schematic of the XRD setup
and working principle is, as shown in Fig. 3.6. By measuring the intensity of the diffracted X-
rays as a function of the diffraction angle (20), we can obtain a unique diffraction pattern, also

known as an XRD pattern, which serves as a ‘fingerprint’ of the material crystal structure.

dsin@

dhk!

@
Fig. 3.6: Illustration of X-ray beam reflecting off the sample
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3.3 Harmonic Hall Technique

The Harmonic Hall technique is a viable electrical technique to quantify spin-orbit
torque in magnetic materials [26-31]. This technique is first adopted by M. Hayashi. et. al [28],
where low-frequency alternating current (AC) is applied to the magnetic heterostructure. The
applied current causes a perturbation in the magnetization, hence inducing a Hall voltage. This
voltage is then detected and measured using a lock-in amplifier, providing valuable insights
into the materials’ spin-orbit torque properties. In this section, we will first discuss on the
experimental setup implementing the Harmonic Hall technique. Following this, we will

provide a detailed understanding and derivations of the harmonic Hall voltage.

3.3.1 Harmonics Hall Technique Setup

The setup for the harmonics Hall technique comprises of the following key equipment,
(1) Keithley 6221 AC/DC Sourcemeter
(i1) Signal Recovery 7265 DSP Lock-in Amplifier
(ii1) Lakeshore EM4-HVA

In order to apply current and readout voltage from our Hall-cross devices in the
harmonic Hall measurement, the Hall-cross device is wire-bonded to a customized chip carrier
as shown in Fig. 3.7. The chip carrier, along with the device, is mounted onto a rotating stage
situated between the electromagnets. This rotating stage allows the device to rotate from 0°
to 360° in the azimuthal angle, with respect to the applied magnetic field. A Gaussmeter probe
is placed near the chip carrier to measure the magnetic field generated by the electromagnet.
Depending on the requirement of the experiment, additional permanent magnets can be

mounted onto the setup orthogonal to the electromagnet direction (9, 2).

MATLAB/LabView have been developed to establish communication with the above-
mentioned equipment using GPIB cables. These scripts are designed to perform the harmonic
Hall measurement by applying an AC current, sweeping the magnetic field as required by the
experiment, and detecting the harmonic Hall voltage from the lock-in amplifier. Upon the
measurement, the data will be fitted based on analytical modelling which will be discussed in

the next subsection.
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Fig. 3.7: (Top) Image of Harmonic Hall measurement setup Setup (Bottom) Zoom-in view
between the pole gap and the wire-bonded device on a customized chip carrier

3.3.2 Derivation of Harmonic Hall Voltage

Starting off with the effect of current-induced spin torques, we introduce the Landau-
Lifshitz -Gilbert equation, which is defined as [32,33],

S = —ym X Hepp + M X T2+ yHp M X & + yHp, M X (6 x W), (3.2)
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where y is the gyromagnetic ratio, mi is the magnetization vector, « is the Gilbert damping
constant, ﬁeff Is the effective magnetic field. Hz; and Hp;, are the field-like and damping-like
field, respectively. The field-like torque causes a precession about the magnetization, Ag,
while the damping-like torque produces an out-of-plane rotation of the magnetization layer,
A6. From those magnetic responses to the current, we can calculate how the voltage response
accordingly. The harmonic Hall voltage typically contains contributions from the anomalous
Hall effect (AHE), and the planar Hall effect [24,34]. Here, we define AR, and AR, as the
changed in Hall resistance due to AHE and PHE, respectively. The Hall resistance, R, is

EeXpress as,
Ryy = AR, cos 0 + 2 AR, sin  sin 2, (3.3)

where R, and R,, are the anomalous Hall and planar Hall resistance, respectively, while 6 and
¢ are the polar and azimuthal angle, respectively. Owning to the modulation introduced by the
AC, 0 and ¢ can be expressed as 6 = 6, + A, and ¢ = ¢, + A¢, respectively. In this

harmonic Hall setup, small angle approximation is assumed, hence A8 «< 1,and A¢ « 1. Thus,

we can expand Rxy= %ARA cos 8 + %ARP sin? 0 sin 2¢, (3.3) as,

1
Ryy = EARA(COS 6, — Afsinb,) +

%ARP (sin? 8, + AB sin 20)(sin 2¢)y + 2A¢ cos 2¢), 34

The Hall voltage is the product between injected current and Hall resistance, V,,, = IR, . Here,
given a sinusoidal current, I = Al sin wt, the current-induced effective field oscillates with the
injected current. One should note that the frequency, w, should be small to avoid any phase
difference between the current and effective field oscillation. With the assistance of a lock-in

amplifier, frequency mixing occurs, which yields,
Vey = Vo + V, sinwt + V5, cos 2wt, (3.5

where
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From Vxy=V, + V,, sin wt + V,,, cos 2wt, (3.5), the V,, V,, and V,,,

can be expressed as,

~AB(ARy sin 6 + ARp sin 26, sin 2¢),)

Vy = Al ) , (3.6)
z +2 (ApARp sin? 6, cos 2¢,)
Vi, = AL (AR, cos 6y + ARy sin? 6, sin 2¢y), (3.7)
. |>AB8(ARsin 6y + AR, sin 26, sin 2¢,)
V,, = —-AIl? (3.8)
2w 2 1 .2 ’
+3 (A@PARp sin“ 6, cos 2¢)

As can be seen in (3.6), (3.7), and (3.8), the damping-like field and field-like field are described

in the harmonic Hall voltages.

In-plane Magnetic Anisotropy (IMA) System

In the case when the magnetic structure has an in-plane magnetic anisotropy, the energy of the

system is given by [31,35],

E = (N,MZ — K,) sin? @ — MH, sin 8 — MgH, cos 6 cos ¢ — MgH,, cos 0 sin ¢, (3.9)

where H, ,, , is the total effective magnetic field, M; is the saturation magnetization, N, is the
demagnetization factor along the out-of-plane direction, and K, is the interface perpendicular
m

a

¢ Z—Z = MgH, sin@ cos@ — M H, cos 8 + M H,, sin 6 cos ¢ + M,H,, sin@sin¢ = 0,

t (3.10)
[ oF _

3 % MH, cos 6 sin ¢ — MgH,, cos @ sin¢ = 0, (3.11)
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We can further reducedEdf = MgH,sin6 cos@ — M H,cos 8 + MsH, sin6 cos ¢ +
MgH,, sin @ sin ¢ = 0, (3.10) and (3.11) using small angle approximation, assuming that the

polar angle, 6 caused by the AC modulation is small. From this assumption, we then yield,

Hy

sin g = Hp+Hy cos ¢p+H,y sing’ (3.12)
Hy
tang = —=, (3.13)
Hx
In atypical device with in-plane magnetic anisotropy, we can assume that H,, > H, ,,, therefore

the 2" and 3" terms in the dominator of sinf =4z/p+Hacos@+Hysing,

(3.12) can be ignored. The spin-orbit torque effective field is coupled into two
terms: Field-like (FL) and Damping-like (DL). The FL and DL terms are defined as Hg = Hgy
and Hp; = Hp;,m X ¥, respectively [34,36-38]. Due to the influence of SOT, the injection of
a low-frequency AC causes transformations in both FL and DL. Specifically, the FL and DL
transform into Hy = (Hpsinwt) y and Hp; = (Hp, cos ¢ sinwt) Z , respectively. The
modulations of the magnetization angle, A8 and A¢, induced by SOT are then expressed
as [35,39],

AG, = (HiHDL cos ¢) sin wt, (3.14)
P
2

Apo = 22 H sin wt. (3.15)

The tilted angle of magnetization concerning the easy axis is governed by the combined effects
of the externally applied field and the SOT effective field, 8 (¢) = 6,(¢p,) + A8y (Ag,). Using
(3.12)- (3.15), we can rewrite (3.4) as,

as

Ryy = R, sin(6 + AB,) sin wt + Rp cos?(6, + ABy) sin(2(¢o + Ado)) sinwt, (3.16)

Assuming there is no external applied field in the Z-direction, 8 = 0, the above equation can

be further reduced to,

Ry = (R4A0) sin wt + (Rp(sin 2¢ + 2A¢ cos 2(]5)) sin wt, (3.17)

substituting (3.12) and (3.13) into (3.17), we will therefore yield,
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H
Ryy = (Rpsin2¢) sin wt — RAﬁcos ¢ cos 2wt
P

H 4 2
—RPH—(Z cos® ¢ — cos“ ¢) cos 2wt + C,

(3.18)

where the first harmonic Hall resistance, R, and second harmonic Hall resistance, R,,, IS

defined as,

R, = Rpsin 2, (3.19)

Ry, = Ry %X +Rp ﬁ—i (X* - X?), (3.20)

where X = cos ¢. It is evident that in order to obtain the damping-like and field-like terms, one
must examine the second harmonic Hall resistance, R,,,, as indicated in (3.20), which is a 4th-
order quadratic equation. The planar Hall effect (PHE) can be easily determined by fitting a
sine curve to the first harmonic Hall resistance. Meanwhile, sweeping the out-of-plane field

can directly obtain the anomalous Hall effect (AHE) value.

Perpendicular Magnetic Anisotropy (PMA) System

In the case for a system with magnetization pointing out-of-plane from the surface normal, we
assume that the equilibrium magnetization does not deviate much from the z-axis. We then can
rewrite (3.14) and (3.15) as,

__ AHycos ¢+AHysing

AG, = TR (3.21)
AHH,—AH,H
Abo ==z (3.22)
The first and second harmonic voltage is defined as,
1 : Ra H \?
V, =34l [RA + (Rp sin 2¢h — ?) (Hk+HZ) ] (3.23)
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H 1 . .
Vo = Al s |(=2R, + Rpsin2¢) (AH, cos ¢ + AH, sin ) —
~Rp cos 2¢(AH,, cos ¢ — AH, sin )| (3.24)

Using (3.23) and (3.24), we can isolate the effective spin-orbit torque terms by taking the
partial derivative and second partial derivative for the V,,, and V,,, respectively. Thus, the

damping-like field and field-like field is express as,

_ o OV 0%V,
AH, = -2 ot /—asz , (3.25)
WVyy , 0%V,
AH,, = —2 a;y /522 (3.26)

When the planar Hall resistance is significant and cannot be neglected, it is necessary to

incorporate a correct factor, ¢ = i—”, to account for the influence of the planar Hall effect on the
A

measurements. The corrected damping-like and field-like fields are thus described as,

AH,+20AH
AHx,corrected = —2 T(zy' (3.27)
AH,+2lAH
AHy,corrected = _z}lszzx; (3.28)

3.4 Four Probe Technique for Spin-Orbit Torque Characterization

| establish a newly developed technique to determine the spin-orbit torque directly in a
continuous film. In this section, I will give a detailed discussion on the developed technique.
This technique is a cost-effective characterization of SOT efficiency, which is akin to the
current in-plane technique that is currently widely used in the industry for obtaining tunnelling

magnetoresistance from thin-film stacks without any lithography steps.

3.4.1 Experimental Details

A continuous film with a stack of Pt(5 nm)/Co(1.4 nm)/Ti(2 nm) was deposited on the
SiO2 substrate using DC magnetron sputtering. Hall-cross device of 520 um was also
fabricated as a control sample to determine how the four-probe measure SOT is corrected to

align with that measured in the Hall-cross device. The SOT quantification is carried out using
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the conventional harmonic method [28,40-42]. Continuous film and Hall cross-device of
MgO(2 nm)/Pt(3 nm)/Co(1.4 nm)/Ti(2 nm) were fabricated to validate the difference between
four-probe measured SOT in continuous film and conventional harmonic in Hall cross-device.
Here, 1 am quantifying the Hall voltage in the continuous film, therefore, a pair of probes for
current injection and a pair for reading voltage is required. The voltage probes are located along
the perpendicular bisector between the current probes to minimize errors due to mechanical
movement. A customized four-probe arranged in a rhombus geometry with diagonals of 4 mm
by 8 mm were built. The four probes made of BeCu were used to ensure minimal response
under magnetic fields during measurement. The current probe (I, ,I,) and voltage probe (V; ,V;)
are fixed in the shorter (4 mm) and longer (8 mm) diagonal of the rhombus, respectively, as

shown in Fig. 3.8.

Fig. 3.8: Schematic setup for four-probe harmonic Hall measurement where the current probe
distance and voltage probe distance are 4 mm and 8 mm, respectively.

3.4.2 Modeling for Current Distribution

Utilizing the finite-element method (FEM) simulations via COMSOL, | performed a
detailed analysis to quantify the extent of current shunting influenced by the placement of

voltage probes. As indicated in Fig. 3.9, our simulations provided a comprehensive map of
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current distribution for an array of distances between voltage probes. A significant shunting
effect was observed for probe separations <4 mm. Based on the FEM simulation results, a
voltage probe separation of 8 mm emerged as the optimal configuration, where the shunting

effect was reduced to less than 6% of the total injected current density.

Probe Dista m:f; - '
1.0' B 2mm 4
B 4mm
a B Gmm
E B Bmm
< 084 4 Without Probe
=]
= 06 /1
[ e
% f,f :"
O 04- ,1" /
IS s r'l
% I
3 029 /|/ /‘l'
-.“'/ !
T L L)

Probe Distance (mm)

Fig. 3.9: Current distribution due to shunting effects across the different voltage probe distances,
d=2,4, 6, and 8 mm at a current probe distance of 8 mm.

To gain a deeper understanding on the current density distribution in Hall cross-device
and continuous film, FEM was also performed on Hall cross-device with a dimension of
5 X 20 um and continuous film dimension 4mm x 8mm. Fig. 3.10(a) and Fig. 3.10(b) show
the FEM simulation results of the surface current between a Hall cross-device and continuous
film, respectively. The Hall cross-device displays a near-uniform current distribution due to its
defined boundary conditions. In contrast, the continuous film displayed a distinctively
divergent current distribution due to the unconstrained boundary. Therefore, a square-like and
Gaussian-like current distribution across the characterization width was obtained in the Hall
device and continuous film, respectively, as illustrated in Fig. 3.10(c). From the current
distribution profile obtained from the finite element simulation, we will discuss the correlation

of Hp;, between Hall cross-device and continuous film. The typical Hall voltage in a strong

static field is given byV, =IJ(y)RAdA, where J(y) is the function of current density

distribution dependent on spatial position, y and the anomalous Hall resistance, r . The total

Hall voltage can be expressed as the summation of the zeroth-order harmonic Hall voltage, Vo

the first harmonic Hall voltage, V,, and second harmonic Hall voltages, V,,, [28,43-46],
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V, =V, +V, sinat +V,  cosat, (3.29)

(o)

\YJ =1AIRA cos @
2

Vo = Racos 6 [](y)dA, (3.30)
1 .

v,, :—E(AIRAsm 0)A0

V,, = —% R,sin 6] 3 (y)AGdA (3.31)

where Af is the change in the polar magnetization angle from its equilibrium due to the current-
induced SOT. This A8 is proportional to I which yields,

v, =%k1RAsin 0[13(y)FdA (3.32)
where k; = A6/ ] is a coefficient accounting for the linearly scaling of A6 to current density.

Utilizing V,, and V,, , the damping-like field, Hp, can be defined by the following
relation [28,35,47,48]:

. :_Z(GVM/GZVQZJJ, (3.33)
oH / oH
o (1, _ ) & (1
H,, _—Z(GH(zklRAsm 9j| Iy dAJ/aHZ(z R, cosH_[J(y)dAj]
13y A

(3.34)

D

B EICO

where k, is a linear scaling of H,; per unit current density. To evaluate a correction factor,

Bsor, correlating Hy,; term between Hall cross-device and continuous film, S, is defined as,

H DL,Blanket /I‘JBIanket (y)dy —k X DL, Blanket —k J‘|gB|anket(y)|2 dy (335)
3 —_ b

Beoor =K _
o1 ° HDL,Device /IJDevice(Y)dy ZDL,Device : ngIanket(y)dy

where yxp, is the damping-like efficiency and k; is a linear scaling factor between /,,,, and J,.
Javg 1S the average current density across the whole structure given by J,,,, = i where [ is

the current, t is the film thickness, and w is the distance between the voltage probe. J, is the

peak current density across the continuous film, and g(y) is the current distribution in the film.
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Therefore, the SOT in Hall cross-device is scalable to SOT in the continuous film by a single
constant, Bsor. As shown in (3.35), this Ssor IS independent of R,, indicating that Sgor IS

constant for any given materials in an identical four-probe geometry setup.
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Fig. 3.10: (a) Current distribution in a 20 pm by 5 um Hall cross device. (b) Current distribution

in a continuous thin film at a current probe distance of 8 mm. (c) Current distribution profile

of Hall cross device and continuous film.

3.4.3 Spin-Orbit Torque Characterization using Four Probe Technique

Aside from the differences in using a continuous film instead of a Hall cross-device,
the four-probe harmonic Hall measurement uses the setup and procedure as the conventional
harmonic Hall measurement. The four-probe setup was placed in an in-plane (IP) sweeping
magnetic field, H, of +2780 Oe and a fixed out-of-plane (OOP) magnetic field, H, of 800 Oe.
Since the area of measurement in the continuous film is significantly larger than Hall cross-
device, a H; is required to ensure the PMA continuous film remains saturated without domain
nucleation within the effective measurement area [49-52]. AC current was injected through

the continuous film in a longitudinal scheme with respect to H,.. The effective area is defined

77



Chapter 3 Experimental Techniques

by the distance between the voltage probe and thin film thickness. The first and second
harmonic Hall voltage, V,, and V,,, were then measured with different current densities ranging
from J. = 4 x 108 A/m? to 5 x 108 A/m?. The damping-like field, H,, was then extracted
from V,, and V,,, using (3.33). Fig. 3.11(a) and Fig. 3.11(b) shows the V,, and 1/, signals with
respect to H,, under a range of current densities. To prevent any Joule heating due to the high
current injected, the continuous film was subject to cooling period of a duration of 120 s before
each current density measurement. The Hj, is then extracted by using (3.33) and the damping-
like efficiency, yp, is obtained by fitting Hp, against /. as shown in Fig. 3.11(c). The values
shown in Fig. 3.11(c) are averaged over five measurements and the error bar is determined by
the standard deviation across all five measurements. To enhance the rigidity and stability of
the experimental setup, particularly under the influence of strong magnetic fields, the
utilization of non-ferrous pins was undertaken. Non-ferrous materials, which are intrinsically
non-magnetic, offer a pivotal advantage in magnetic field-sensitive experiments. The absence
of a magnetic response ensures that the pins remain unaffected by the magnetic field, thereby
eliminating a potential source of experimental error. However, the high current required for
thin film measurements inevitably introduce setup perturbations that limits the measurement
resolution, leading to the error shown in Fig. 3.11(c) and Fig. 3.11(d). Here, | have obtained
the uncorrected four-probe damping-like efficiency, xp. piankes Of 532 + 44 Oe per A/m? for
Pt/Co/Ti structure, which is notably larger than the literature values [40,49,50,53,54]. As
previously discussed, the divergence of the current in continuous film is not constraint to a
boundary, unlike a pattern Hall cross-device. Therefore, a correction factor, Ssor iS hecessary
to correct xp; pianker 10 the damping-like efficiency of device, xp; pevice- This correction
factor, Bsor is experimentally quantified by taking the ratio of y,, between continuous film
and patterned Hall cross device with the identical Pt/Co/Ti heterostructure. The damping-like

efficiency of the device, xp; pevice Was subsequently measured using harmonic Hall technique

and found to be 8.4 Oe per 101° A/m? as shown in Fig. 3.11(e). Thus, Bso = kg X2uBlanket

XDL,Device

62 is experimentally evaluated.

| further validated the Ssor value by repeating the experiment with different
heterostructure, Ti(2)/Pt(5)/Co(1.4)/Ta(5). Similarly, the uncorrected xpi gianke: Of the
continuous film and yp;. pevice OF the Hall-cross device are measured to be 971 + 30 Oe per
101° A/m?and 16.1 Oe per 101° A/m?respectively, as shown in Fig. 3.11(d) and Fig. 3.11(f),

and thus, Bsor = 60 is evaluated. Therefore, we can conclude that Sg,r is measured to be
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~ 62. The contribution of SOT from the planar Hall resistance is neglected in this work, as it
is negligible in comparison to the anomalous Hall resistance in the PMA sample. Note that the
value of Bsor remains unaffected by this estimate as it is a ratio of Hp; magnitudes between the
continuous film and Hall cross-device computed under the same assumptions. Utilizing this
value of Bsor, Hp,, Of any ferromagnetic heterostructure can directly be determined without

any lithography process.
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Fig. 3.11: (a) First harmonic voltage, V,, and (b) second harmonic voltage, V,,, in a four-probe
harmonic measurement across different ranges of current densities, /. for Pt/Co/Ti continuous
film. (c¢) and (d) Four-probe results for damping-like field, Hp; as a function of J. for
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Pt(5)/Co(1.4)/ Ti(2) and Ti(2)/Pt(5)/Co(1.4)/Ta(5), respectively. (e) and (f) Damping-like field,
Hp; as a function of . for Pt(5)/Co(1.4)/Ti(2) and Ti(2)/Pt(5)/Co(1.4)/Ta(5) for Hall cross
devices.

In addition to the SOT measurement, the four-probe is also applicable in measuring
out-of-plane magnetic hysteresis loop using the anomalous Hall resistance measurement. The
anomalous Hall resistance, R,y of the Pt/Co/Ti structure are measured by applying a
sweeping out-of-plane field, H, of 400 Oe concurrently with an AC current density, J. of
1x 10° A/m?and 1 x 101° A/m? to the continuous film and Hall device, respectively. Fig.
3.12(a) shows the ratio between anomalous Hall resistance, R,y (Hall cross-device and
continuous film) and R,;, where Rg,; is the magnitude of anomalous Hall resistance of Hall
device. The R yE gevice 1S found to be approximately 20 times larger than R yg pianker due to
the non-uniform current distribution. The correction factor in AHE measurement should not be
compared directly with SOT measurement because in AHE measurement, an OP field is
applied to saturate the magnetization in +m,. Since the magnetization is always in M =
+(0,0,m,), hence Am = 0. Therefore, AHE measurement is linearly proportional to the
profile of the non-uniform current distribution shown in Fig. 3.12(b). Whereas in the harmonic
Hall measurement for SOT, | am measuring ARy which is dependent on the changed in
magnetization Am(x, y, z). Due to SOT, Am(x,y, z) will be perturbed following the current
density distribution, hence the SOT measurement is directly proportional to the square of the
profile of the non-uniform current distribution, which results in different correction factors

obtained between AHE and SOT measurement.
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Fig. 3.12: Ratio between anomalous Hall resistance, R,y (Hall cross device and continuous
film) and Rsat, where R, is the magnitude of anomalous Hall resistance of Hall device. (b)
Comparison between Hall cross-device and continuous film for current density profile (1%
row), m and Am profile (2" row), and AHE / SOT profile (3" row).

In summary, | have presented a novel measurement technique employing a four-probe
setup to directly ascertain the SOT in heterostructures, circumventing the need for time-
consuming and resource-intensive lithography processes. The Hj,; of continuous films was
successfully characterized using the harmonic Hall technique by accounting for the divergent
current distribution via a constant scaling factor. This correction factor of 62, was
experimentally quantified by taking the ratio of H,; between continuous films and Hall devices.
The proposed technique offers a cost-effective means of characterizing SOT efficiency, which
is akin to the current in-plane method widely employed in the industry to obtain tunnelling

magnetoresistance from thin-film stacks without necessitating lithographic steps.
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Chapter 4 Direct Spin Accumulation Quantification in
Ferromagnetic Heterostructures using DC bias Harmonic

Hall Measurement

Spin accumulation has been a subject of continued pursuit to understand spin-orbit
torque switching mechanisms for spintronics device applications. Effective methods to
precisely characterize spin accumulation in a ferromagnet are yet to be demonstrated. In this
chapter, | establish an all-electrical novel quantification of spin accumulation in the
ferromagnetic layer using DC-bias harmonic Hall measurements. The inclusion of the DC bias
results in an anomalous resistance due to spin accumulation, quantifiable via the first harmonic
Hall resistance. This newly introduced technique provides an all-electrical alternative to
determine spin accumulation by utilizing the easily accessible harmonic Hall characterization

technique. Part of this chapter has been published in Physical Review B [1].

4.1 Introduction

The Spin Hall Effect (SHE), an essential phenomenon in the domain of spintronics,
involves the transformation of a charge current traversing a metallic material into a spin current.
This mechanism occurs due to spin-dependent scattering events that are influenced by spin-
orbit coupling within the materials [2—4]. As a result of such scattering, spins accumulate along
the periphery of the metallic layer, a process referred to as spin accumulation. When a heavy
metal (HM) layer is employed and interfaced with a ferromagnetic (FM) layer, diffusion of the
accumulated spins occurs from the HM layer into the FM layer. The transferred spins, in turn,
engage in an exchange of angular momentum with the local magnetization within the FM layer

[4-10]. This exchange process engenders the phenomenon known as spin-orbit torque (SOT).

The quantification of this spin accumulation within the FM layer is crucial, given that
it directly impacts the magnitude of the SOT. Prior studies have employed the longitudinal
MOKE technique for characterizing spin accumulation in HM layers [4-8], but comprehensive
quantification of the net spins diffused from the HM to the FM layer, specifically for FM/HM
bilayer structures, presents a complex challenge. This complexity arises from factors such as
spin backflow (SBF), where the spins are reflected back into the HM layer, thereby reducing
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the net spin accumulation within the FM layer [15], and spin memory loss (SML), which
describes the process where spins flip beyond the spin diffusion length [16,17]. Another
significant challenge lies in the detection of the optical signal generated by spin accumulation.
Since this signal is typically small, spatial imaging is quite challenging, with the resolution
often being restricted by the optical diffraction limit [18]. While x-ray magnetic circular
dichroism (XMCD) has been utilized for directly quantifying spin accumulation in the FM
layer in HM/FM structures [9-11], the need for a synchrotron facility, which is not easily
accessible, makes this approach less widespread. Therefore, a reliable, accessible, and accurate
characterization technique capable of directly quantifying spin accumulation in the FM layer
has been a subject of continued pursuit in the effort of understanding the SOT mechanism.
Such a method is highly desired as it will significantly advance our understanding of the
underlying mechanics of SOT, thereby providing important insights for the development of

future spintronic devices.

In this work, | demonstrate direct electrical detection of spin accumulation in the Co
layer in a Si/SiO2/Ta/Co/Pt structure with in-plane magnetic anisotropy (IMA) using harmonic
Hall measurement technique with a direct current (DC) bias. The inclusion of the DC bias
results in an anomalous resistance originating from spin accumulation induced by the spin Hall
effect. The sign of this anomalous resistance is dependent on the accumulated spins being
parallel or antiparallel to the local magnetization. A correlation between the quantified spin
accumulation and the damping-like term was determined in a Ta thickness-dependent study.
Our electrical measurement approach opens up a new avenue for direct measurement of spin
accumulation in a ferromagnetic layer, which can potentially be more sensitive and accurate as

compared to MOKE microscopy, while being more accessible as compared to XMCD.

4.2 Experimental Model

The harmonic Hall measurement technique quantifies two mutually orthogonal
components of the SOT: Damping-like field H, = H, m X p and field-like field, Hr = Hpp,
where p is the polarized spin orientation of electrons [12—19]. In this technique, sweeping field
and alternating current are applied to induce the first and second harmonic Hall resistance, R,,
and R,, respectively. The R, provides information about the equilibrium magnetization
direction, and the R,, provides information about the SOT-induced small tilting of

magnetization from the equilibrium via the planar Hall effect (PHE) and anomalous Hall effect
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(AHE) [17-21]. With the inclusion of a DC bias, the spin accumulation effect induced by SHE
is expected to either enhance/dimmish the PHE, depending on the alignment of spin
accumulation relative to the magnetization direction. This changed in the PHE allows the
measurement of the net spin accumulation. The direction of the accumulated spin is dependent
on the direction of the current flow and the sign of characteristic material spin Hall angle, 6,,.
This relation can be described by § = (0 x 7 (6y)), where § is the direction of the
accumulated spin, ¥ is the direction of electron flow, and 7 is the surface normal. In the system
where the current is injected in the 4+X-direction, and structure with positive spin Hall angle,
such as Pt, the electrons are scattered towards the top/bottom interface while being polarized
in the +y-direction. Therefore, | propose that the spin accumulation will manifest as a change
in the planar Hall resistance in the y-direction. The R, for an IMA structure can be expressed

as R, = Rpsin2¢, where R, is planar Hall resistance which is proportional to m,m,, and ¢

is the azimuthal angle as shown in Fig. 4.1(a). Due to the accumulation of spins in the y

direction, the R, is given by:

R, =1 (mx .(my + s)) sin2¢, (4.1)

R, = (R, + ARp)sin 2¢, (4.2)

where 7, is the coefficient of planar Hall resistance, ARj is the additional planar Hall resistance

due to spin accumulation, and s is the spin accumulation. Spin accumulation was quantified
using the harmonic Hall measurement technique with a DC bias, applying the DC
simultaneously with the adiabatic AC along the Hall cross structure. The alignment of the

magnetization in the y-direction can be fixed by the external magnetic field, +H,,. The polarity
of H,, will not affect AR, since the polarity of accumulated spins is only dependent on the

direction of current flow.

When tH,, is applied, the magnitude of the of R,, are expected to be different due to
the direction of the accumulated spins. The AR, is obtained by summing up these values of

R, (£H,), which can be defined as,

Ry (+Hy) + Ry (—Hy)
2 b

ARp = (4.3)
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The spin accumulation, ¢, is then determined by the ratio between AR, and R,,.

Fig. 4.1: (a) Schematic of DC bias harmonic Hall setup in the longitudinal configuration. (b)
Schematic of the spin accumulation in the FM/HM structure with in-plane anisotropy. Spins
are accumulated in the +7 direction in the FM layer when the injected electron is in the +X
direction. Local magnetization, m follows the direction of the external field, H, . The

amplitude of first Harmonics resistance, R, increases (decreases) when spin accumulations, s,
are parallel (antiparallel) to the local magnetization of the FM layer as described in (4.2).

The applied DC bias is substantial to induce the thermoelectric effect, V5, however,
this effect is accounted for and found to be negligible. The sign V¢ is dependent on the
magnetization (m x VT) where VT is the temperature gradient due to Joule heating in the X
and Z-directions [22,23]. Since the sweeping field is in X-direction, the first harmonic Hall
voltage due to Vr; will be cancelled out due to the opposite signs of m,,. Hence, the influence
of V¢ will been eliminated in the quantification of the spin accumulation. Since the spin
accumulation quantification in our model is dependent on ARy, it is primarily applicable to
IMA structures, where the spins and initial magnetization are parallel / anti-parallel to each
other. For the case for PMA materials, the Hall voltage signal is dominated by the anomalous

Hall effect, leaving negligible AR signal.
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4.3 Experimental Details

Harmonic Hall measurements were carried out on Si/SiO2/Ta(2 nm)/Co(2 nm)/Pt(5 nm)
Hall cross structure to characterize the SOT efficiency. The thin film stack was deposited using
DC magnetron sputtering and subsequently patterned into a 5 x 20 um Hall cross structure
using a combination of optical lithography and ion milling techniques. Vibrating sample
magnetometer (VSM) measurement shows that the film stack has IMA with saturation

magnetization, M, = 650 + 18 emu/cc [24], as shown in Fig. 4.2.
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Fig. 4.2: Vibrating sample magnetometer results for Ta(2)/Co(2)/Pt(5) structure. The black and
red plot represent the in-plane and out-of-plane sweeping, respectively.

The harmonic Hall technique was used to obtain the R, and R, with respect to the
azimuthal angle of magnetization ¢p = arctan % where H, is the fixed external magnetic field

of 600 Oe, and H,, is the sweeping magnetic field ranging from —4000 Oe to 4000 Oe. Uniform

AC densities, j,. ranging from 1 x 101 A/m? to 1.5 x 10** A/m? were applied in the -

direction to obtain the damping-like efficiency. Hp, is determined from R, using [25]:

Hr_ (2x* — x?), (4.4)
erxt

Ry = RAZH—:SX +R,
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where X = cos ¢ and H, is the saturation field. Hp is plotted against the electric field, E as
shown in Fig. 4.4(b), and the electric field can be obtained by E = p,,j, where p,, is the
resistivity of the structure, and j is the uniform current density flowing into the structure. The
dependence on an electric field is preferred over uniform current density because the different
resistivities of the layer will result in different current densities within the constituents of the
trilayer. The uniform current density flowing into the trilayer will be less than the current
density in Pt, resulting in overestimating the SOT efficiency. In addition, there is more than

one source generating SOT, it is experimentally impractical to isolate the individual SOT

efficiency.
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Fig. 4.3: The harmonic Hall measurement results for Ta(4)/Co(2)Pt(5) structure (a) First
harmonic Hall resistance describing (4.2) (b) Second harmonic Hall resistance with various
current density

4.4 Characterization of Spin-Orbit Torque Field in Ta/Co/Pt and Ti/Co/Pt

The SOT damping-like efficiency, {Z, can be calculated by (£, = @ [26], where

Uo IS the permeability of vacuum, and t is the thickness of the FM layer. The results for the
R, and ¢E, for Si/SiO2/Ti/Co/Pt and Si/SiO2/Ta/Co/Pt are shown in Fig. 4.4(c). The (&,
increased from (20.05+ 0.07) x 10° (Qm)~* to (35.99 + 2.07) x 10> (Am)~! when the
thickness of Ta is increased from 2 nm to 10 nm. This is because increasing the thickness of
Ta will increase the percentage content of g-phase Ta which had been reported for higher

contribution of SOT [27-29]. The magnitude of these {Z, correspond to approximately the

2eMtHp

effective spin Hall angle of 0.138 t0 0.276 (65 = v

) under the assumption of uniform
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current density injection through the trilayer structure which are comparable to various other
reports [25,27,30-32]. The {&, in Ti structure shown to be negligible and does not increase
with Ti thickness. This results is expected as Ti is a weak SOC material and do not have high

charge-to-spin conversion.

(a) 0.4 T T T T T (b) 100
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12] ® 10x 10" 1.1x10" ‘ Ta(6)/Co(2)/Pt(5)
’ 1.2x10" 1.3x10" v Ta(8)/Co(2)/Pt(5)
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Fig. 4.4: (@) R,,as a function of cos¢, for average current density ranging from 1 —
1.5 x 10°A/m?. Graph of AX + B(2X* — X?) is fitted to the data. (b) H,, as a function of
electric field for various Ta thicknesses ranging from 2 nm to 10 nm. (c) {Z, as a function of
Ta (black) and Ti (red) thickness.

4.5 Quantification of Spin Accumulation

In order to quantify the spin accumulation in the FM layer, a uniform AC current
density, j,. = 5.0 x 101® A/m? with a DC offset, j;. = 5.0 x 101 A/m? was injected
through the trilayer structure in a longitudinal scheme with respect to the sweeping field. R,
was measured under a sweeping magnetic field of £1000 Oe in the x-direction and a fixed
magnetic field of 600 Oe in the y-direction. As seen in (4.2), the amplitude of R, determines
the total planar Hall resistance, (R, + ARp). The experimental results show that Rp is
measured to be 63.2 mQ for zero DC bias. Therefore, | can conclude that the spin of the

electrons are polarized in the —y-direction in the FM layer. With the presence of DC bias, the
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polarized spins are aligned parallel (antiparallel) to the localized magnetization of the FM,
leading to an increase (decrease) in total magnetization, as illustrated in Fig. 4.1(b). Without
an applied DC (jp = 0), there will be no net accumulated spin. Hence, the amplitude of the
R,, between +H,, and —H,, is expected to be the same. The AR is obtained by summing the
amplitude of R, for + H,,. As shown in Fig. 4.5(a), the magnitude of AR, are calculated from
the difference in R, (+H,,), hence the effect of parasitic thermal effect is mitigated. A linear
trend in AR is observed from the sweeping j, from 1 x 101° A/m?to 5 x 101° A/m?, which
also validate the absence of Joule heating. Thus, a linear fit is used to determine the rate of

change of AR,, per electric field. From the gradient of the linear fit, the spin accumulation is

1 dARp

calculated by s = — :
Rp dE

To both confirm that the SHE is the dominant source resulting in spin accumulation
and an increase in spin accumulation would lead to a larger ARp, measurements were
performed on samples with Ta thickness ranging from 2 nm to 10 nm. The measurement results
of spin accumulation in the Co layer with varying Ta thickness are shown in Fig. 4.5(b).
Factoring in the M, of the Hall structure, the obtained spin accumulation results are
1.19 x 107 pg/cm?3 per V/mand 2.05 x 1017 uz/cm?3 per V/m, for Ta=2nmand Ta=10
nm, respectively. In addition, a similar trend of spin accumulation and the ¢{%, with Ta
thickness in Si/SiO2/Ta/Co/Pt is observed, as shown in Fig. 4.5(b). The Rashba effect is an
interfacial effect independent of the HM thickness, whereas SHE is a bulk effect dependent on
the HM thickness. These results further affirm the dominance of the spin Hall effect in our
stack structures, which is the cause of spin accumulation building up in the FM layer. To
quantify the degree of influence in spin accumulation on the FM layer, the measured spin
accumulation is normalized to the saturation magnetization of the FM layer, and a value of
0.29% per kV/m in Co for Si/SiO2/Ta(10)/Co(2)/Pt(5) is obtained.
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Fig. 4.5: (a) R, for +H,, (solid square) and —H,, (open circle). Offsets have been applied to the
R,, for better clarity. R, for —H,, is flipped for a clearer comparison. Spin accumulation is
parallel (antiparallel) to +H,, (—H,), leading to a higher amplitude in the R,at the current
density of j,- = 5.0 x 101° A/m2. (b) Amplitude of AR, with respect to the electric field. The
slope of AR, over electric field is 0.11 mQ per kV/m.

The measurement was repeated on another IMA sample of Si/SiO2/Ti(2)/Co(2)/Pt(5)
with Ti ranging from 2 nm to 10 nm. Since Ti was reported to have a low damping-like term,
it will be intriguing to determine how the spin accumulation changes with the damping-like
efficiency. The results of the spin accumulation and damping-like efficiency are shown in Fig.

4.6. Spin accumulation of 2.09 x 10'® ug/cm3 per V/m was obtained for the
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Si/Si0O2/Ti(2)/Co(2)/Pt(5) sample. To align the unit of spin accumulation measurement to make
a comparison with reported values, our measured spin accumulation in Si/SiO2/Ti/Co/Pt is in
the range 1.55 X 10*~ 2.09 x 10~* ug/atom per 10 A/cm?. This value is comparable to
~1.75 X 10™* puglatom per 10 A/cm?, which is measured by XMCD in Co/Pt structure [10].
The measured spin accumulation from Ti, s¢; is lower than spin accumulation from Ta, sp,.

This further shows that spin accumulation is proportional to the damping-like efficiency.

25 T Y T T ! 0 ! ) ' 48
{1 —=— Ta Spin Accumlation
204 —— Ti Spin Accumlation J40
| —=—TaDL
c € —a—Ti DL E -
O I 151 =
5 2 432 E
22 S
3 E 10- <
o O 124 —,
< o o
c o
5% 5
~— = 16
0 T T ! : '

HM Thickness (nm)

Fig. 4.6: Spin accumulation of Ta (black square) and Ti (black triangle), and DL efficiency of
Ta (blue square) and Ti (black triangle) with various HM thicknesses ranging from 2 nm to 10
nm.

4.6 Conclusion

In conclusion, current-induced spin accumulation in Si/SiO2/Ta/Co/Pt and
Si/SiO2/Ti/Co/Pt structures have been quantified using the harmonic Hall measurement
technique with DC bias. This experiment shows that the spin accumulation is approximately
0.29% per kV/m of the local magnetization for 10 nm Ta. These results demonstrate that,
besides the conventional SOT measurement, spin accumulation can also be quantified using
the harmonic Hall technique. The ratio of the spin accumulation over the applied electric field

shows a similar trend with damping-like efficiency as the thickness of HM increases. Hence,
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the ratio can be used to evaluate the efficiency of an HM in converting electric current to spin
current. This provides an all-electrical alternative to determine spin accumulation by utilizing

the easily accessible harmonic Hall characterization technique.
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Chapter 6 Influence of magnetic moments on the topological
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Chapter 5 Crystallinity Control of Topological Insulator
BiSb(012) via Interfacial Engineering for Spin-Orbit

Torque Enhancement

Topological insulators demonstrate high charge-spin conversion efficiency due to their
spin-momentum locking at the Dirac surface states. However, the surface states are sensitive
to disruption caused by exchange coupling when interfaced with a ferromagnet. In this Chapter,
| demonstrate the use of various non-magnetic insertion layer materials at the Co/BiSb(012)
interface to preserve the topological surface state and promote spin-orbit torque efficiency
through the crystallinity control of BiSb(012). | further explore the enhancement of BiSb(012)
crystallinity with increasing BiSb thickness. Part of this chapter has been published in Physical
Review Applied [1].

5.1 Introduction

The emergence of spin-orbit torque (SOT) has opened avenues for applied spintronic
devices by exploiting electrical and spin manipulation to achieve fast magnetization switching
and low-power consumption [2-4]. Typically, heavy metals such as Pt, Ta, and W are
commonly used as spin sources in ferromagnet-heavy metal (FM-HM) heterostructure. The
strong spin-orbit coupling in these materials allows the generation of spin currents via the spin
Hall effect [5-8]. However, the relatively small spin Hall angle (< 1) poses a bottleneck to the
further advancement of SOT devices [5-9]. Meanwhile, topological insulators (TIs) exhibit
remarkable spintronic properties due to their unique spin-momentum locking and topologically
protected surface states, as depicted in Fig. 5.1(a) [10-15]. These properties have gained
significant interest in the field and have been proposed as potential alternatives to heavy metals

for SOT generation.

Recent works have reported large spin Hall angle, 8y in several Tls, such as 6gy =
3.51n BizSes, 65y = 18.6in BixSeix, and 85y ~ 52 in BiSb/MnGa [15-17]. However, these
significant results typically necessitate the formation of epitaxial single-crystal structures,
which are often achieved through molecular beam epitaxy growth techniques. Therefore, this

requirement can present challenges for large-scale and cost-effective device fabrication.
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Additionally, complications arise when a topological insulator is in directly adjacent with a
ferromagnet. The difference in work function between the TI and the ferromagnet results in a
shift of the topological surface state below the Fermi energy level. The hybridization of these
surface states with metal bands will hence destroy the helical spin structure, hence the spin
momentum locking will not be preserved [12,18-20]. Therefore, insertion layers such as Ru,
Au, Cu, and Ag have been previously used to decouple the direct exchange coupling between
the TI-FM interface [21-24]. Besides exchange decoupling, the insertion layer also plays a
critical role in influencing the crystallinity of the TIs and consequently affects the SOT
performance. Theoretical prediction and ARPES measurements have shown that the BiSb(012)
topological surface state has three Dirac cones at the T, X, and M points, which are crucial in
obtaining strong SOT [15,25,26]. Hence, an insertion layer that promotes a strong BiSb(012)
phase is highly desirable.

In this work, | investigate the crystallinity control of BiSb(012) in the magnetic
multilayer structure, Ti(1 nm)/Co(5)/[Ti(1 nm),Cu(1 nm),Pt(1 nm)]/BiSb(20 nm)/Ti(1 nm), as
shown in Fig. 5.1(b), to promote the SOT by utilizing different insertion layers (Ti, Cu, Pt) at
the TI-FM interface. The SOT efficiency of these device structures was characterized using the
harmonic Hall technique, and crystallinity was determined using x-ray diffractometry. | also
extended this work to explore the SOT performance dependence on BiSb thickness from 10 to
100 nm, which revealed further improvement in SOT efficiency that closely correlates to
BiSb(012) crystallinity.

(a) (b)

=

Surface state ,j :J’Ti(Z) ,f ,j

BiSb(20)

Insertion Layer
Co(5)
e’ Ti(2)

Je
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Fig. 5.1: The electronic band structure of a topological insulator and sample structure. (a)
The Dirac-like cone of the dispersion at the surface of a topological insulator and real-space
interpretation of the surface state of a topological insulator. (b) Schematic structure of
Ti/Co/[Ti, Cu, Pt]/BiSb/Ti, where the elements in the square bracket are the different insertion
layers

5.2 Experimental Details

The thin film stacks, comprising of Ti(1 nm)/Co(5 nm)/ [Cu (1 nm), Ti (1 nm), Pt (1
nm) ]/Bio.ssSbo.15(20 nm)/Ti(1 nm), where the square bracket indicates different insertion layer,
were deposited on SiO2 substrate using DC/RF magnetron sputtering at room temperature. To
improve the quality of the BiSb layer, the BiSb was sputtered at a low sputtering rate of 0.059
nm/s using RF magnetron sputtering of 30 W with a base pressure of ~7 x 1078 Torr, and
sputtering pressure of 3 x 1078 Torr. Upon deposition, the thin films were then patterned into
a Hall-cross configuration of 5 um x 20 pum dimension, achieved through a combination of
optical lithography and lift-off technique as discussed in Chapter 3. Spin-orbit torque efficiency
was characterized using the second harmonic Hall technique on the resulting Hall-cross devices.
In the harmonic Hall measurement, the first harmonic Hall resistance, R, and second harmonic
Hall resistance, R,,, were obtained with respect to the applied magnetic field. Here a static
magnetic field, H,, of 600 Oe was applied simultaneously with a sweeping magnetic field, H,,,
ranging from -4200 Oe to 4200 Oe. Average AC density, /,. ranging from 2 x 10° A/m? to
3 x 10%° A/m?was applied in the £-direction to determine the damping-like field, Hy; which

can be extracted from R,,, [27,28],

RaHp
2H,

Row = (222 + Ryp)X + 272 (2X* — X?), (5.1)

where Ra is the anomalous Hall resistance, Rp is the planar Hall resistance, Ryt is the

resistance due to thermal effect, X = cos ¢, where ¢ is the azimuthal angle given by, ¢ =

arctan ? ., and Hs is the saturation field.

X

The sheet resistance of the BiSb was measured using the four-probe resistivity measurement.
The conductivity of the corresponding thickness is therefore calculated as shown in the Table

5.1 below,
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Table 5.1: Conductivity of BiSb

Thickness [nm] o[ 1m™1]
BiSb (10) 1.02 x 10°
BiSb (15) 9.52 x 10*
BiSb (20) 7.69 x 10*
BiSh (25) 7.14 x 10*
BiSh (30) 6.25 x 10%
BiSb (50) 5.67 x 10*
BiSh (100) 6.23 x 10*

The numbers in the round-bracket represent the thickness of the BiSb in nm. As shown in Table
5.1, unlike other metals, the conductivity of topological insulator (T1) BiSb decreases with

increasing thickness. The conductivity of TI’s can be defined as [29-31],

where g and oy is the conductivity of the surface states and bulk states of TI, respectively. tg
and t is the thickness of the surface and the film. Here, we can observe that as t — oo, o will
approach gz where the bulk state is dominant. Whereas, when t — 0, the surface conduction
will be significant, hence o > agg. As such, the conductivity of TI decreases with the increment

of TI’s thickness.
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5.3 Parasitic Thermal Measurement

| performed angular dependence harmonic Hall measurement on the sample,
Ti/Co/Cu/BiSb/Ti, to support the validity of neglecting these parasitic thermal effects in this

work. The second harmonic Hall resistance is defined as,

Ry, = (R;BiD + er) cos ¢ + 2Rp(2 (cos3 ¢ — cos ¢p) L—2¢ BFL+BOe

,» (5.2)

where R, is the anomalous Hall resistance, B, is the damping-like field, B,,; is the applied
external field, Ry, is the thermal resistance due to the parasitic effect, Ry is the planar Hall

resistance, By, is the field-like field, and B, is the Oersted field.

In this measurement, a static magnetic field of 0.14 to 0.83 T was applied at an
azimuthal angle of 0 to 360 degrees with respect to the applied current density of 1 x 10°
A/m2. The 2" harmonic Hall resistance, R,,, was obtained as shown in Fig. 5.2 (Top panel)
below. The field-like field is subsequently obtained by subtracting the cosine fitting from the

raw data which is shown in Fig. 5.2 (Bottom panel).
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Fig. 5.2: (Top panel) Experimental data for R, as a function of the azimuthal angle, ¢ at

different applied external field. (Middle panel) Cosine fit for the experimental data. (Bottom
panel) Field-like contribution after subtracting the cosine fitting from experimental data.

Figure 5.3 shows the relation between the damping-like field with the inverse of the
static and demagnetization fields. From the angular dependence measurement, the parasitic
terms are calculated to be 0.34 mQ, and the spin Hall angle is 7.83, which is = 2.4% less than

the original value of 8.02. Therefore, | assumed that the parasitic effect is neglected in the
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measurement. In additional, the focus of the work is on the crystallinity control of BiSh(012)

via interfacial engineering, hence further investigation on the parasitic effect is not conducted.

0.0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

1/(Hy, +Hy ) (T

semag)

Fig. 5.3: R,,, as a function of the inverse of the static fields and demagnetization field.

5.4 Results and Discussion

Figure 5.4(a) shows the second harmonic Hall resistance, R,,,, with respect to the in-
plane sweeping magnetic field across different ranges of current density, in a Ti/Co/Cu/BiSb/Ti
heterostructure. The damping-like field, Hj, is extracted using (5.1), and the relations between
Hp and current density in BiSb, Jg;5,, are plotted as shown in Fig. 5.2(b), where Jz;sp IS
calculated using the parallel resistor model across the Hall-cross structure. The parasitic term,
Ry, is found to be negligible from the angular dependence second harmonic measurement
(Refer to Section 5.3). The spin Hall angle, 6, is defined as [32—34],

0. — 2eMst Hp
SH = —

(5.3)

h o Jgisp’

where e is the elementary charge, M, is the saturation magnetization of the heterostructure, t
is the thickness of the ferromagnetic layer, and # is the reduced Planck’s constant. Since the
focus of this work lies in the influence of BiSb crystallinity on the SOT efficiency, | only
account for the current density from the BiSb layer, Jz;s,. The 8¢y for Pt, Ti, and Cu insertion
layers are 8.93, 7.11, and 8.02, respectively. On the contrary, no SOT was observed when the

Tl is directly adjacent to the ferromagnetic layer and sharing a common interface, as similarly
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reported in other TI-FM interface studies [22,35]. This observation further verifies the
theoretical prediction that the difference in the work function between the Tl and FM prompt
perturbations in the Dirac cone. This effect will cause a shift in the topological surface state
below the Fermi energy. The hybridization of these surface states with the metal band destroys
the TI’s helical spin structure [36—38].

@ ,, . : b)
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Fig. 5.4: Damping-like term characterization by harmonic Hall technique (a) R, as a
function of cos ¢, for average current density ranging from 2 to 3 X 101% A/m2. (b) Damping-
like field as a function of current density in BiSb for different insertion layer.

The difference in magnitude of 6y for different insertion layers (Pt, Ti, Cu) can be
explained by the crystallinity of BiSb(012) grown above it. Due to different crystal structures
and lattice parameters of the various insertion layers, they will promote/impede the growth of
BiSb(012) phase depending on the lattice mismatch between the insertion and BiSb layers. The
crystal orientation is crucial, as theoretical prediction and ARPES measurements have shown
that BiSb(012) has a topological surface state with three Dirac cones at the T, X, and M
point [15,25,26], which is beneficial for charge-spin conversion. These Dirac cones on the Tl
surface are Berry flux monopoles with the same chirality, hence the numbers of Dirac cones
are proportional to the total Berry flux which will lead to higher surface spin Hall

conductivity [39].

Figure 5.5(a) shows the X-ray diffraction (XRD) spectra for heterostructures with
various insertion layers. The XRD results reveal that at 26 = 27.2°, the peak intensity of
BiSb(012) is strongest with Pt insertion layer, followed by Cu insertion layer, and Ti insertion
layer. Using the XRD spectra full-width half maximum (FWHM) at 26 = 27.2°, the crystalline
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size can be determined by using the Scherrer equation: L = where L is the crystalline

2
B cos 6’
size, K is the Scherrer constant, 1 is the wavelength of the x-ray source, and g is the FHWM
in radians. The crystalline sizes of BiSb, L, were calculated to be L = 18.7, 15.5, and 15.3 nm
for Pt, Cu, and Ti insertion layers, respectively, as shown in Fig. 5.3(b). In addition, all the
insertion layers diminished the BiSb(003) peak while improving the BiSb(012) phase. The
differences in the crystalline size for different insertion layers may be due to the crystal stress
and mismatch at the BiSb and insertion layer interface, as Pt, Cu, and Ti have different crystal
structures and dominant phases. Although these insertion layers intermixed with the BiSb to
form an amorphous layer, the short-range order of these three different intermixed layers still
defers, resulting in different lattice mismatches hence affecting the crystallinity of the
BiSh(012) orientation. The trend in the crystalline size for different insertion layers obtained
from the XRD measurement correlates well with the SOT efficiency, further supporting the
relation between the crystallinity of BiSb(012) and SOT efficiency.
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Fig. 5.5: X-ray diffraction results and crystalline size calculations (a) XRD 6 — 260 spectra
for BiSb heterostructure with different insertion layers grown on SiO2 substrate at 260 = 20 —
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60°. The peak for Si has been remove for better clarity. (b) Crystalline size calculated using
Scherrer equation for different insertion layers

To have a definitive view on the crystalline structure, high-resolution transmission
electron microscopy (HR-TEM) was performed on the Ti/Co/ Pt/BiSb/Ti structure. Fig. 5.6(a)
shows the HR-TEM image of the Ti/Co/Pt/BiSb/Ti heterostructure, where highly crystalline
BiSh is observed. Due to the ultrathin layer of Pt, intermixing occurs between the Pt insertion
and BiSb layer, which can be seen between the BiSb and Co layer. The sharp interface between
the intermixing of Pt insertion and BiSbh, and BiSb layers similarly exhibit good crystalline
texture. Using the fast-Fourier transform (FTT), | observed the corresponding electron
diffraction pattern as shown in Fig. 5.6(b). The interplane spacing is determined from the
distance from the centre spots, corresponding to the crystal orientation of BiSb(012). This HR-
TEM image is thus in good agreement with the XRD results discussed earlier. Among the three
insertion layers investigated in this work, relatively, Pt has shown to have the highest
crystallinity due to its lowest surface energy of 1.48 J/m?, comparing to the surface energy of
Cu and Ti of 1.79 J/m?and 4.95 J/m?, respectively [40-44]. However, due to the only 1 nm
thick Pt, it is unable to form a highly crystalline layer, and instead it intermixed with BiSh
layers, as shown in Fig. 5.6(a). . Therefore, the thin Cu and Ti insertion layers would expect to
intermix with BiSb layers, but form a less ordered amorphous layer compared to the Pt insertion.
Although all intermixed layers (Pt/BiSB, Cu/BiSb, Ti/BiSB) are amorphous, the influence of
these short-range order on BiSb(012) crystallinity differ as revealed in the XRD results.
Therefore, different degrees of lattice mismatch and crystallinity of BiSb(012) orientation are
obtained. . The crystalline size of the BiSb(012) is calculated to be 18.6 nm, 15.4 nm and 15.2
nm for the Pt, Cu and Ti, respectively. This order of results matches with the surface energy as
described earlier. In addition, apart from better crystallinity in the BiSb(012) in Pt insertion,
we can observe that the peak at the BiSb(104) (26 = 37°) vanished, while a small peak is
observed in the Cu and Ti insertion. This further show that the degree of lattice mismatch in
the intermixed BiSb/Pt and BiSb is low, thus promoting the growth of BiSb(012).
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Pt/BiSb

Fig. 5.6: High-resolution transmission electron microscopy (HR-TEM) of
Ti/Co/Pt/BiSb/Ti structure. (a) Cross-sectional TEM images of Ti/Co/Pt/BiSb/Ti (b)
Electronics diffraction pattern using Fast-Fourier Transform.

The crystal structure of sputter-deposited materials also improves with film thickness.
As such, BiSb thickness dependence study ranging from 10 nm to 100 nm was conducted. Hall-
cross devices of Ti(1 nm)/Co(5 nm)/Pt (1 nm) /BiSb(tBiSb = 10 t0100 nm)/Ti(1 nm) were
fabricated, and SOT efficiency was characterized using the harmonic Hall technique. The
relation between 6, and BiSb thickness are shown in Fig. 5.7(a), where 85 showed a similar
sharp increase with BiSb thickness and gradually saturates above BiSb = 30 nm. The
corresponding XRD results show a strong BiSb(012) crystallinity with peak intensity
increasing significantly with the increase in BiSb thickness, as shown in Fig. 5.7(b). The
crystalline size of BiSb(012) was evaluated using the Scherrer equation and plotted in Fig.
5.7(a), a rapid increase in the crystalline size from tg;5, = 10 nm to tg;5, = 50 nm, and
gradual saturation at tg;5, > 50 nm was observed. As the BiSb thickness increases, the crystal
grain tends to become larger and coalesce, leading to the formation of larger grains/domains,

which leads to improvement the BiSb crystallinity [45]. The alignment in the trend of
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crystalline size and SOT with BiSb thickness is evident, further supporting the strong SOT
being attributed to BiSb(012) crystallinity.
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Fig. 5.7: XRD and spin Hall angle results for varying BiSb thickness (a) Relation of spin
Hall angle and crystalline size as a function of BiSb thickness. (b) XRD 8 — 26 spectra for
BiSb heterostructure with various BiSb thickness at 260 = 20 — 30°.

5.5 Conclusion

In conclusion, | showed that an insertion layer is critical for BiSb SOT generation and
the SOT performance lies on the BiSb(012) crystallinity promoted by the insertion layer, with
Pt being the optimal material in this study and achieving 6 SH of 8.93 compared to Cu and Ti.
The crystallinity of BiSb(012) was further improved by increasing BiSb thicknesses, resulting
in the increment of 6 SH up to 14.91. A clear correlation between the spin-orbit torque
efficiency and the BiSb(012) crystalline size was observed, hence providing the experimental
verification for the BiSh(012) crystalline orientation being the crucial contributor to spin-orbit
torque generation in BiSb.
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Chapter 6 Influence of Magnetic Moments on the
Topological Surface State in Topological

Insulator/Ferromagnet Interface

In this Chapter, | will explore the influence of magnetic moments on spin-orbit torque that is
generated by the topological insulator surface state in a topological insulator — ferromagnet
heterostructure. | first investigate on the relation between the strength of out-of-plane magnetic
moment and the SOT efficiency. | further verify these experimental results by constructing a
theoretical model to simulate the surface states of Bi1-xShx and provide theoretical evidence for

the impact of perpendicular magnetic anisotropy on spin-orbit torque.

6.1 Introduction

The emergence of spin-orbit torque (SOT) has provided an efficient technique in the
magnetization manipulation in spintronics devices [1-3]. Topological insulator has an
insulating bulk with a two-dimensional conducting surface. The surface state has a linearly
dispersion relations where it will remain gapless when the time-reversal symmetry (TRS) is
preserved [4-6]. As such, Tls has gained numerous attentions in spintronics application as it
has large charge-to-spin conversion due to its spin-momentum locking [7]. This magnitude of
charge-to-spin conversion in Tls has reported to be several order larger than the conventional
heavy metal such as Pt, Ta, and W [7-13]. However, this spin-momentum locking at the
topological surface state (TSS) is prone to disturbance such as adjacent a topological insulator
with a ferromagnet material. Previous theoretical studies reported that the SOT generated from
the Tls vanished when it is coupled with a ferromagnet with in-plane magnetic anisotropy
(IMA) [14,15]. On the contrary, other studies have shown that SOT can be generated even
when it is coupled with a ferromagnet with in-plane magnetization [6]. Meanwhile,
ferromagnet with perpendicular magnetic anisotropy (PMA) allows the opening of gap at the
Dirac point, causing the Dirac fermions to be massive [14,15]. These discrepancies in the
TI/FM interface are yet to be fully understood. Furthermore, there are many theoretical
prediction on varying influences of these magnetic moments on the SOT induced by TlIs, but

the reported experimental verifications are very limited [14-17].
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In this work, I experimentally demonstrate the influence of spin-orbit torque generated
by the topological surface state when coupled with an adjacent ferromagnetic material with in-
plane and perpendicular magnetic anisotropy. | also extend my work to explore the relation
between the magnitude of the magnetic moment in the ferromagnetic layer, and the strength of
SOT generated by the topological surface state. A constructed theoretical model was also
constructed to simulate the surface states of Bi1-xSbx which provides theoretical evidence for
the impact of perpendicular magnetic anisotropy on spin-orbit torque. Our results reveal that
increasing the perpendicular magnetic anisotropy disrupts the surface states of Bii-xSbx thus
inducing a band gap. This widening of bandgap decreases the magnitude of SOT which validate

our experimental results.

6.2 Theoretical Modelling

Bi1-xShx is a 3D topological insulator where the surface states have a Dirac-like
dispersion and are spin-momentum locked, which makes them interesting for potential
applications in spintronics and quantum computing. The properties of Bi1-xSbx depend on the
composition of x. For instance, as the value of x increases, the bulk band gap of the material
decreases, and the Fermi level moves closer to the bulk conduction band. This results in a
changed in the electronic properties of the material, such as a decrease in the surface state
energy and an increase in the carrier density. Theoretical and angle-resolved photoemission
spectroscopy (ARPES) experiments have revealed that Bii-xSbx, with a composition range of
0.07 <x <0.21, exhibits the characteristics of a three-dimensional topological insulator [18,19].
Due to its topologically protected surface states and distinctive properties, BiixShx has been

extensively studied and attracted considerable research interest.

The broken inversion symmetry of BiixShx occurs at the surface, where it leads to a
built-in electric field that directly couples with the spin of the relativistically moving electrons,
creating the Rashba spin-orbit interaction. The resulting time-reversal invariant Dirac
Hamiltonian represents the locking of spin and momentum degrees of freedom, as illustrated
in Fig. 6.1(a). This locking leads to a near-linear, spin-split surface state dispersion. The Rashba
spin-orbit coupling essentially creates a spin-polarized surface state with a Dirac-like energy-
momentum relationship. The strong spin-momentum locking results in a significant spin-
charge conversion efficiency, as well as large SOT that enable the control of adjacent magnetic

layers. [7] Since Bii-xSbx is an alloy with random substitutional disorder, its electronic

119



Chapter 6 Influence of magnetic moments on the topological
surface state in Topological Insulator /Ferromagnet interface

structures and dispersion relations defined within the mean field or the coherent potential
approximation. The surface states are exceptionally complex, featuring as many as five or
possibly more dispersion branches [20]. Considering the cricual role of Dirac-topological
surface states in spin-orbit torque, our study exclusively concentrates on the theoretical model
for the Bi1xSbx(111) surface states [15]. In this study, I construct a phenomenological k.p
Hamiltonian by incorporating data from angle-resolved photoemission spectroscopy (ARPES)
experiments on the topological surface states of BiixShx [18]. These observations can be
accurately described by a Hamiltonian formulated with all terms up to the third order, ensuring
its consistency with the time-reversal symmetry of the topological surface state and the crystal

symmetry [18],

k2
2m*

H(k) = —+ v, (1 + ak?®)(ky0, — k,0,) + Am,0,, 6.1)

The terms include the linear, isotropic Rashba Hamiltonian, #, < v, (kyo, — ky0,);
v(k) = vo(1 + ak?) is the correction of the Dirac velocity; H,, = k?/2m”* represents a
mass term, introducing particle-hole anisotropy around the Dirac point, lastly, a Zeeman effect
term, H,,= Am,a,, which comes from the perpendicular magnetic anisotropy and breaks time-

reversal symmetry.

To illustrate a schematic band structure in Fig. 6.1, I have set Dirac Velocity term v, =
1 eV and Rashba parameter a« = 0.3 eV. Due to the presence of perpendicular magnetic
anisotropy, the time-reversal symmetry of the Bi1-xSbx surface is broken, leading to the opening
of a gap, 2A, at the Dirac points of the surface states. The magnitude of this gap A increases
linearly with the strength of the perpendicular magnetic anisotropy m., as shown in Fig. 6.1(c-
d). The perpendicular magnetic anisotropy here is introduced by adjacent magnetic layers, and
the strength of magnetism shows a linear increase with the thickness of adjacent magnetic

layers, as shown in Fig. 6.1(b).
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Fig. 6.1: Phenomenological band modelling of BiSb. (a), Spin texture band of BiSb (111)
surface without magnetic anisotropy which present a the shape of a Dirac cone. (b), The relation
between strength of magnetic anisotropy M (emu/m?) and the thickness d (nm) of Co. (c-d)
Gapped surface states of BiSb (111) under a perpendicular magnetic anisotropy, with strengths
of 0.05 (c) and 0.1(d). The size of the surface-states band gap A increases linearly with the
strength of perpendicular magnetic anisotropy.

In other words, the topological surface state band gap of Bii-xSbx will also increase with the

thickness of adjacent magnetic layers. The relationship between the topological surface state
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band gap A opened by magnetism and damping-like Dirac spin-orbit torque has been studied

based on linear-response theory [15]

2B%€r  1+B%°m3
hom (1+3B2mZ)

Tp, = >m,m X eE, (62)

As shown in (6.2), B = A/eg and &g is the Fermi energy of the system. From (6.2) we can
directly deduce that as the thickness of the magnetic material increases, the band gap A of the
topological surface state enlarges, and the spin-orbit torque will decrease accordingly. In the
Dirac model, the flowing electrons experience only the out-of-plane magnetization, as such,
the electrons precession only mixed with the Sx and Sy component. Unlike the damping-like
torque which arises from spin Hall effect (SHE) in a HM, the torque shown in (6.2) is even in

magnetization reversal and independent of scattering. This torque also vanishes when the

magnetization lies in-plane (m, = 0).

6.3 Experimental Details

The thin film stacks of Ti(1 nm)/ Pt(3)/ Co(x) / BiSb(20 nm)/ Ti(1 nm), where x = [1.2,
1.4,1.6,1.8,2.0,5.0 nm ], was deposited using DC/RF magnetron sputtering, and subsequently
patterned intoa 5 x 20 um Hall cross structure using a combination of optical lithography and
ion milling techniques. The heterostructure has been characterized by vibrating sample
magnetometer (VSM) as shown in Fig. 6.2(b). The VSM results revealed that the Co layer has
perpendicular magnetic anisotropy (PMA) when x =1.2 — 2.0 nm, and in-plane magnetic
anisotropy (IMA) at x = 5.0 nm. Second harmonics Hall technique was adopted on the Hall-
cross devices to quantify the SOT efficiency. In the harmonic Hall measurement, uniform AC
densities, j,. ranging from 2 x 101° A/m? to 3x 101 A/m? were applied in the £-direction,
along with longitudinal a sweeping magnetic field range from -1000 Oe to 1000 Oe. From the
first harmonic voltage, V,, and second harmonic voltage, V,,, the damping-like field, Hp, is
then be extracted using [19-22],

Hp, = —2 (220 /(L1) 63)

dHy dH?

The Hp, terms were then subsequently fitted linearly with the ranging current density to obtain

the SOT efficiency. Here, the SOT efficiency was considered rather than spin Hall angle as the
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focus of this work lies on the influence of the SOT strength with varying magnetic moments,

and should be independent on the thickness of FM layer.
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Fig. 6.2: (a) Schematic of the heterostructure with varying Co thickness (b) VSM results
showing the structure with perpendicular magnetic anisotropy properties

6.4 Quantification of spin-orbit torque under varying out-of-plane
magnet moment

The magnetization of the Ti(1 nm)/ Pt(3)/ Co(1.2 — 2.0 nm) / BiSb(20 nm)/ Ti(1 nm)
heterostructure was obtained from VSM as shown in Fig. 6.2(b). The saturation magnetization
is determined to be 760 emu/cc for all Co thicknesses, indicating that the diffusion into the
BiSb from Co layers is consistent. The total magnetic moments_in the Hall-cross device can be
determined based on the dimensions of the device’s structure by utilizing the saturation
magnetization. When the TI is adjacent to these out-of-plane magnetic moments from the
ferromagnet layer, it breaks both time-reversal and inversion symmetries at the Tl interface.
This causes a gap in the energy band at the surface of the topological insulator, and the electrons
acquire a net magnetic moment due to the short-range exchange interactions [23]. As discussed
in the earlier section, the damping-like torque vanished when the magnetization lies in-plane
due to the shifting in the Dirac cone. Our experimental results align with the theoretical model
where no SOT was obtained from the harmonic Hall measurement when the ferromagnetic
layer has an in-plane magnetic anisotropy. This observation verifies the theoretical prediction
that the perturbation in the Dirac cone due to the difference in work function between TI and

FM will cause a shift in the topological surface state down below the Fermi energy where the

123




Chapter 6 Influence of magnetic moments on the topological
surface state in Topological Insulator /Ferromagnet interface

hybridization of these surface states with the metal band destroys the TI’s helical spin
structure [24-26]. On the other hand, high damping-like efficiency of up to HpL 8.3 Oe per 10°
A/m?, was observed when the ferromagnetic layer has a perpendicular magnetic anisotropy.
Unlike the in-plane magnetization, the out-of-plane magnetization will cause a gap opening in
the TI spectrum via Am, G, providing the mass of Dirac fermions, which was discussed in the

earlier section.

| further explore the correlation between the damping-like efficiency with the strength
of the magnetic moments from a thickness dependent study in the ferromagnet layer (tco = 1.2
— 2.0 nm). The Ho. is extracted using (6.3), and the relation between the HoL and current
density is plotted as shown in Fig. 6.3(a). The SOT efficiency, ¢, is therefore quantified based
on the gradient obtained from Fig. 6.3(a). As shown in Fig. 6.3(b), the results reveal that the
SOT efficiency decreases with the increment of the ferromagnetic layer. This experimental
result verifies the theoretical model discussed earlier, where the magnetization will cause the
reduction in the SOT terms, the red line in Fig. 6.3(b) is qualitatively simulated using (6.2),
and its trend is consistent with the experimental results. In these results, we observe that the
increase in Co thickness enhances the out-of-plane magnetic moment, leading to a larger A,
and consequently, a wider energy gap in the topological insulator spectrum. This increase in
the energy gap elevates the parameter B, which is inversely proportional to the SOT efficiency
as shown in (6.2). Hence, a decrease in SOT efficiency with increasing Co thickness is expected
and observed, aligning the experimental results with the simulation, as illustrated in Fig. 6.3(b).
This correlation underscores a qualitative agreement between the theoretical predictions and

the experimental results.
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Fig. 6.3: Damping-like term characterization by harmonic Hall technique (a) Damping-
like field as a function of average current density ranging from 2 to 3 x 109 A/m?. (b) Relation
of SOT efficiency as a function of Co thickness.

The high SOT efficiency obtained in our work can be explained by the crystallinity of

the BiSb(012) crystal orientation. Studies have shown that BiSb(012) topological surface state
yields high SOT due to having three Dirac cones at the T, X, and M points [7,27—29]. Figure
6.4(a) illustrates the X-ray diffraction (XRD) spectra for Ti(1 nm)/ Pt(3)/ Co(2.0 nm) / BiSb(20
nm)/ Ti(1 nm). This XRD result reveals that indeed, BiSb(012) is the dominating phase (26 =
27.2°), which is crucial for achieving high SOT efficiency.
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Fig. 6.4: XRD 6-20 spectra for Ti/Pt/Co/BiSb/Ti structure where BiSb(012) is the dominating
phase.

6.5 Conclusion

In conclusion, I show that in Pt(3)/Co(1.2 — 2)/BiSb(20)/Ti(2) structure, the adjacent
magnetization from the Co ferromagnetic layer influences the SOT efficiency which is
generated from the BiSb topological insulator layer. By increasing the magnetic moments in
the ferromagnetic layer, a decreasing relation in SOT efficiency was observed. A k-p model
was constructed to simulate the surface states of the Bii-xSbx, which show that the
ferromagnetic layer opens the band gap of the topological surface states in the Bii-xShx. The
increase in magnetization from having more ferromagnetic layer results in a larger band gap in
the topological surface states of the Bi1-xSbx. This increment in the band gap decreases the SOT

efficiency, hence the outcome modelling confirms our experimental results.
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Chapter 7

Conclusion and Future Work

7.1 Summary of thesis

This thesis presented four main works in the field of spin-orbit torque (SOT): (i) Direct
quantification of SOT without any lithography process, covered in Chapter 3. (ii)
Quantification of spin accumulation, covered in Chapter 4. (iii) Crystallinity control of
topological insulator for SOT enhancement, covered in Chapter 5. (iv) The influence of out-
of-plane magnetic moments on spin-orbit torque generated by topological surface state is

covered in Chapter 6.

In Chapter 3, | have shown a measurement technique using a four-probe to directly
determine the SOT of the heterostructure without lithography processes which costs additional
resources and time. The Hj; of the continuous films were successfully characterized using the
harmonic Hall technique by accounting for the divergent current distribution using a constant
scaling factor. This correction factor of 62 is experimentally quantified by taking the ratio of
the Hj,; between continuous films and Hall devices. The proposed technique is a cost-effective
characterization of SOT efficiency, which is akin to the current in-plane technique that is
currently widely used in the industry for obtaining tunneling magnetoresistance from thin-film

stacks without any lithography steps.

In Chapter 4, current-induced spin accumulation in Si/SiO2/Ta/Co/Pt and
Si/Si02/Ti/Co/Pt structures have been quantified using the harmonic Hall measurement
technique with DC bias. Our experiments show that the spin accumulation is approximately
0.29% per kV/m of the local magnetization for 10 nm Ta. Our results demonstrate that, besides
the conventional SOT measurement, spin accumulation can also be quantified using the
harmonic Hall technique. The ratio of the spin accumulation over the applied electric field
shows a similar trend with damping-like efficiency as the thickness of HM increases. Hence,
the ratio can be used to evaluate the efficiency of an HM in converting electric current to spin
current. This provides an all-electrical alternative to determine spin accumulation by utilizing

the easily accessible harmonic Hall characterization technique.
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In Chapter 5, | showed that an insertion layer is critical for BiSb SOT generation, and
the SOT performance lies on the BiSb(012) crystallinity promoted by the insertion layer, with
Pt being the optimal material in this study and achieving 6 of 8.93 compared to Cu and Ti.
The crystallinity of BiSb(012) was further improved by increasing BiSbh thicknesses, resulting
in the increment of 65, up to 14.91. A clear correlation between the spin-orbit torque efficiency
and the BiSb(012) crystalline size was observed, hence providing the experimental verification
for the BiSb(012) crystalline orientation being the crucial contributor to spin-orbit torque

generation in BiSbh.

In Chapter 7, | experimentally demonstrate the influence of spin-orbit torque generated
from the topological surface state under varying out-of-plane magnetic moments. Our results
reveal that the strength of spin-orbit torque decreases with the increment of out-of-plane
magnetic moments. | further verify these experimental results by constructing a theoretical
model to simulate the surface states of Bil-xShx and provide theoretical evidence for the
impact of perpendicular magnetic anisotropy on spin-orbit torque. This model shows that the
magnetic moment will induce a band gap, hence, decreasing the strength of the spin-orbit
torque, validating our experimental results. Our work provides insights in the correlation
between the magnetic moment and spin-orbit torque generated by the topological insulator,

which are beneficial for spintronics applications.

7.2 Future Work

In this section, two future works that extend from the work presented in this thesis are
proposed. These proposed works involve the enhancement of spin-orbit torque using

topological insulator-based materials, which are crucial for spintronics applications.

7.2.1 Fermi Level Tuning in Topological Insulator with Voltage Control
Magnetic Anisotropy Heterostructure

In Chapter 6, | discussed the influence of magnetic moment on spin-orbit torque
generated by the topological insulator. One proposed future work involves the manipulation of
spin-orbit torque by applying gate voltage. The introduction of voltage results in a shift in
Fermi level, thereby modulating the spin-orbit torque [1,2]. Ki Hyuk Han, et. al, has shown
that the gate electric field modulates the position of the Fermi level in sputtered Bi2Ses. The

strength of damping-like torque has noticeably changed by the gate voltage. Meanwhile,
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numerous studies have shown the assisted voltage control magnetic anisotropy (VCMA) SOT
magnetization switching [3—6]. When an electric field is applied to a ferromagnetic material, it
changes the distribution of electron charge density. This perturbation affects the spin-orbit
interaction between the spin magnetic moment of an electron and its orbital motion, which

results in the assisting of SOT magnetization switching.

Here, | propose a hybrid structure that integrates topological insulators with VCMA
heterostructures. In this configuration, the injection of a gate voltage serves multiple purposes.
Firstly, it allows the tuning of the Fermi level in the topological insulator, facilitating optimal
control over its conductive properties. Concurrently, it alters the magnetic anisotropy of the
interfaced ferromagnetic layer, a factor crucial in controlling the magnetization dynamics. The
combination of these effects could notably enhance the efficiency of SOT switching, thus

presenting promising avenues for developing next-generation spintronic.

7.2.2 Magnetic Topological Insulator

In Chapter 5, | examined the role of controlling crystallinity in enhancing spin-orbit
torque (SOT) in topological insulator (TIs) materials. In the pursuit of further enhancing the
characteristics of topological insulators, | propose inducing magnetic order within these
materials to yield magnetic topological insulators (MTIs). The magnetic ordering of
topological materials has been shown to unlock the potential of topological phases with
enhanced robustness to topological properties [7-10]. Specifically, incorporating this magnetic
ordering into topological insulators (TIs) can lead to the development of a quantum anomalous
Hall insulator that exhibits chiral 1D edges, which are protected by the inverted bandgap,
making them highly robust to backscattering.

This proposed work aims to investigate the potential use of MTI in generating large
spin-orbit torques, a crucial factor in energy-efficient and ultrafast spin-based computing and
communication technologies. There are two potential methods for fabricating MTI structures:
(i) using magnetically doped Tls, and (ii) utilizing the interface between a magnetic material
(MM) and a TI. In the former method, a 3d-transition metal ion is doped into the topological
insulator crystal, such as BiSb-Mn and BiSh-Fe, resulting in the long-range magnetic ordering
through mechanisms such as the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. The

latter method involves engineering a heterostructure of a Tl and an MM (ferromagnet metal,
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ferromagnet insulator, antiferromagnet, ferrimagnetic) to induce a magnetic proximity effect
in the Tls. Examples of such heterostructures include BiSb(Te)/in-plane or out-of-plane
ferromagnetic layer, BiSb(Te)/antiferromagnetic layer, and BiSb(Te)/canted antiferromagnetic.
The proposed MTI heterostructures will undergo optimization to improve their magnetic
properties and gain a deeper understanding of their behavior. This optimization will involve
analytical and numerical calculations, such as density functional theory calculations of the
electronic band structure, wavefunction analysis, and Berry curvature mapping. These
calculations will not only aid in optimizing the fabrication of MTI heterostructures but will
also help verify existing or proposed models and deepen our understanding of magnetization

dynamics, QAHE, and spin-orbit torque based on experimental results.
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Fig. 7.1: Overview of the proposed work
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