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Abstract

Magnetic field sensors are essential for advanced data storage, navigation, and
industrial applications. Conventional GMR and TMR sensors face performance
bottlenecks, whereas the recently proposed spin Hall sensors based on topological
insulators offer better scalability. This dissertation investigates the direct spin Hall (DSH)
magnetic field sensors and discuss their noise mechanisms in BiSb/CoFe heterostructures
to guide the design of spin Hall magnetic field sensors.

Chapter 1 outlines the evolution of magnetic recording, the growing demand for
advanced magnetic sensors in HDD, and the fundamentals of spintronics. The motivations
and objectives of this research were also explained.

Chapter 2 details the thin-film fabrication, structural characterization, and
electrical measurement systems that enable proof-of-concept DSH magnetic field sensors.

Chapter 3 focuses on experimental demonstration of DSH magnetic field sensors.
By comparing second harmonic Hall, DSH, and ISH measurements, the spin Hall angle
was extracted and cross-validated. The noise mechanisms in DSH magnetic field sensors
were discussed.

Chapter 4 analyzes the difference between spin Hall angles measured by
different methods, including spin accumulation (SA), spin-orbit torque (SOT), and spin
Hall magnetoresistance (SMR), revealing the physical origin and meaning of the effective
spin Hall angles measured by those methods.

This work establishes a systematic framework for understanding and optimizing
spin Hall magnetic field sensors for HDD. Furthermore, the obtained insights on the
methodologies of spin Hall angle measurements are useful for development of SOT-

MRAM, spin Hall oscillators, and other spin Hall-based neuromorphic spintronic devices.
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Chapter 1 Introduction

This chapter outlines the background and motivation of this thesis. It reviews the development
of magnetic recording and the fundamentals of spintronics, introduces the topological insulator
(TI)/ferromagnetic (FM) heterostructure platform, and discusses applications and prospects of

spintronic devices. The chapter concludes with the research objectives and scope of this thesis.

1.1. Background and Significance
1.1.1. Evolution of High-Density Magnetic Recording

Hard disk drives (HDDs) have long been fundamental to digital storage, offering high capacity,
cost efficiency, and reliable non-volatile storage. Information is written onto the spinning magnetic
disks by the write head and read out with a magnetoresistive read head.!> As illustrated in Fig.
1.1(a), writing employs an inductive write head: a current in the coil generates a localized magnetic
field at the write pole, switching the magnetization of the medium. Reading in modern drives uses
magnetoresistive sensors—giant magnetoresistance (GMR)®’ or tunneling magnetoresistance
(TMR)? heads—which transduce local magnetization into resistance changes under bias. Because
the heads can be repositioned quickly between tracks, HDDs provide random access, enabling

efficient retrieval of data in arbitrary order.
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Figure 1.1. Typical structure and working principle of a HDD. (a) Key components, including
the rotating platter and the read/write head. Reproduced from Ref. 4 with permission with
permission from MRS Bull. (b) Schematic of data recording and reading based on magnetic

domain writing and detection. Reproduced from Ref. 5 with permission from IEEE.

The history of HDDs began in 1956 with IBM’s 305 RAMAC, which stored about 5 MB using
aluminum platters and longitudinal magnetic recording. Since then, steady improvements in four
key areas—media, read/write heads, servo positioning, and signal processing—have greatly
increased storage capacity. Important milestones include the move to perpendicular magnetic media,
the reduction of head flying height to the nanometer scale, the introduction of precise embedded-
servo control, and the use of advanced read channels with strong error correction. A major
breakthrough occurred in the 1990s with the GMR read head, as illustrated in Fig. 1.2, where the
resistance of a multilayer structure depends on the relative orientation of magnetic layers, enabling
much higher sensitivity and density.? The resulting improvement in readout sensitivity and signal-
to-noise ratio (SNR) enabled further miniaturization of the reader and sustained scaling of HDD

technology.
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Figure 1.2. Schematic illustration of the GMR effect in a spin valve structure with parallel
and antiparallel magnetization configurations. p PPy resistivity of 7 and | channel.

Reproduced from Ref. 6 with permission from Elsevier.

In the early 2000s, TMR replaced GMR as the dominant readout mechanism in HDD
technology. TMR devices are based on magnetic tunnel junctions (MTJ), which consist of two
ferromagnetic layers separated by an ultrathin insulating barrier, typically magnesium oxide
(MgO).? Electrons tunnel across the barrier via quantum tunneling, with the tunneling probability
being strongly dependent on the relative alignment of the magnetizations in the two ferromagnetic
layers. As illustrated in Fig. 1.3, the resistance is low when the magnetizations are parallel and high
when they are antiparallel. This leads to a significantly higher magnetoresistance ratio compared to
GMR, as well as improved thermal stability and better scalability. The adoption of TMR has played
a crucial role in enabling the continued downscaling of read head dimensions while maintaining

high sensitivity and reliability.



Fig. 1.3. Schematic illustration of the TMR effect in a MTJ. (a) In the parallel configuration,
the density of states allows efficient tunneling for majority spins, resulting in low resistance.
(b) In the antiparallel configuration, tunneling is suppressed due to spin mismatch, leading to
high resistance. Er: Fermi energy; Di/D,: spin-resolved density of states. Reproduced from

Ref. 6 with permission from Elsevier.

As recording density approached and exceeded 1 Tb/in?, several fundamental physical
limitations began to emerge, including the superparamagnetic effect—where thermal fluctuations
destabilize nanoscale magnetic bits—thermal instability of the recording medium, and limited
signal-to-noise ratio (SNR) and spatial resolution of conventional read heads.’ To overcome these
challenges, next-generation recording paradigms such as heat-assisted magnetic recording (HAMR)
and microwave-assisted magnetic recording (MAMR) have been proposed. HAMR employs
localized laser heating to temporarily reduce the coercivity of the medium, thereby facilitating
magnetization switching.'® In contrast, MAMR utilizes high-frequency magnetic fields—often
generated by spintronic nano-oscillators—to assist the writing process. These emerging
technologies impose increasingly stringent requirements on magnetic sensors, including higher
spatial resolution, faster dynamic response, and improved compatibility with nanoscale device

architectures.'!



A compact historical summary of these technological transitions is provided in Table 1.1. Data

compiled from Refs. 9-16.

Period Technology Key Read-Head Type Areal Density
Advancement
First commercial
IBM 305
HDD; . .
1956 o Inductive ~2 Kb/in?
longitudinal
RAMAC .
magnetic
recording (LMR)
Longitudinal ~ Thin-film heads Thin-Film
1970s—1980s and media; lower 10-100 Mb/in?
Recording flying height Inductive
) High sensitivity; .
1990s GMR Spin-Valve GMR >1 Gb/in?
improved SNR
PMR Transition from
(Perpendicular LMR to PMR; .
~2005 i . GMR — TMR >100 Gb/in?
Magnetic granular media
Recording)
TMR (MTJ) Higher MR ratio; .
2007-2010 . TMR ~300-500 Gb/in?
Readers continuous
scaling
Heat- or
microwave- TMR +
2010—onward HAMR/MAMR assisted >1-2 Tb/in?
recording; high- NET/STO
anisotropy media
BPM (Bit- Patterned islands; TMR + multi-Tb/in?
Future Patterned Media)
noise suppression Spintronics (theoretical)
(Research)
1.1.2. Increasing Demands for Magnetic Field Sensors

As discussed in the previous section, the evolution of HDD technologies is increasingly
constrained by fundamental physical limits, particularly in the performance of magnetic sensors
used for data readout. These limits primarily arise from thermal stability issues at ultrahigh

recording densities and the limited sensitivity and spatial resolution of conventional read heads. To



overcome these limitations and support the demands of next-generation storage and sensing systems,
the development of more advanced magnetic field sensors has become essential.

The continuous evolution of HDD technology has been strongly driven by advances in
magnetic sensor performance. Traditional inductive read heads have been largely superseded by
spintronic-based sensors—most notably GMR and TMR devices—which achieve markedly higher
readout sensitivity by exploiting spin-dependent transport. These innovations have enabled
successive increases in areal density by offering larger magnetoresistive ratios and improved signal-
to-noise characteristics.

Beyond storage applications, emerging fields such as automotive electronics, biomedical
diagnostics, and spintronic logic similarly necessitate compact, energy-efficient, and interference-
resilient magnetic sensors. Addressing these converging requirements calls for the exploration of
novel materials and device architectures capable of reliable and efficient operation at the nanoscale.

In response to these evolving requirements, spin-orbit-interaction-based sensing mechanisms
have emerged as a promising direction in magnetic sensor development. In particular, devices
utilizing the spin Hall effect (SHE) and inverse spin Hall effect (ISHE) offer several key advantages:
they enable all-electrical detection of spin information without the need for magnetic reference
layers, and they offer better scalability compared to conventional GMR or TMR sensors. These
characteristics make SHE-and ISHE-based sensors highly attractive not only for next-generation
high-density data storage but also for a broad spectrum of emerging spintronic and sensing

applications requiring compact, scalable, and energy-efficient solutions.

1.1.3. Research Motivation

The development of magnetic sensors for next generation recording technologies requires high
sensitivity, fast response, and compatibility with nanoscale device architectures. Conventional spin
Hall materials, such as platinum (Pt), tantalum (Ta) and tungsten (W), exhibit limited spin—charge
conversion efficiency and weak signal output under ambient and low-current conditions'’,
restricting their applicability in HDDs.

To address these limitations, our first study employed a topological insulator (TI) as a spin

current source in magnetic sensing devices. By integrating a TI layer with a FM, we realized a



TI/FM bilayer sensor that exhibited spin Hall and inverse spin Hall resistance signals more than
100 times larger than those of conventional heavy metals at room temperature. This demonstrated
the potential of TI-based spintronic sensors for practical HDD applications.

Our second study shifted focus to the fundamental studies of spin Hall effect evaluation
methods. Using spin accumulation (SA)'®, spin-orbit torque (SOT)', and spin Hall
magnetoresistance (SMR)?°, we systematically examined SHE signal magnitudes and temperature
dependences. We found that SA yielded a larger effective spin Hall angle with stronger temperature
dependence, while SOT and SMR gave smaller values with weaker trends. These findings highlight
the role of interfacial spin transmission and reflection in TI/FM heterostructures and confirm that

SA is a useful method for evaluating the intrinsic spin Hall angle.

1.2. Fundamentals of Spintronics and Spin-

Dependent Transport Phenomena

1.2.1. Spin Currents and Their Control Mechanisms

Just as the directional movement of electric charge gives rise to charge current, the directional flow
of spin angular momentum constitutes a spin current. Spin, an intrinsic form of angular momentum
carried by electrons, can be described in terms of two quantum states—spin-up and spin-down—
commonly denoted as "1" or "+" and "|" or "—", respectively. In ferromagnetic metals, these states are
typically defined with respect to the direction of the local magnetization: spin-up (1) refers to carriers
(typically electrons) with spins aligned parallel to the magnetization, while spin-down (|) indicates
antiparallel alignment. This also corresponds to majority and minority spin populations, respectively 82!,
In semiconductors and optical systems, spin states are often defined with respect to the light propagation
direction or an externally applied magnetic field, typically aligned along the z-axis??. For example,
circularly polarized light can selectively excite spin-polarized carriers depending on its helicity.

In spintronics, spin information is transmitted predominantly in the form of spin currents. These
can be classified into two main types:

(1) Spin-polarized charge current, where a net electric current also carries an imbalance in spin
population (i.e., both charge and spin currents are non-zero); and

(2) Pure spin current, where equal numbers of spin-up and spin-down electrons flow in opposite

10



directions, resulting in zero net charge current but a finite spin current. These two types are schematically

illustrated in Fig. 1.4.

vossee— T d84—
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Figure 1.4. Conceptual illustration of spin current types. (a) Spin-polarized charge current, where
spin-up and spin-down electrons flow in the same direction. (b) Pure spin current, where spin-up

and spin-down electrons propagate in opposite directions.

Spin currents can be generated, modulated, and detected through a variety of mechanisms, each
governed by distinct physical parameters. Understanding and controlling these factors is crucial for the
effective implementation of spintronic devices.

(1) Generation: Material-dependent Charge-to-Spin conservation Efficiency

The efficiency of spin current generation is strongly determined by the intrinsic properties of the
material, most notably its spin-orbit coupling strength. Materials such as Pt, W, and topological insulators
(e.g., bismuth antimony (BiSb)) exhibit large spin Hall angles, thereby enabling highly efficient spin
current generation through the spin Hall effect.*?> In magnetic heterostructures, the quality of the
interface also plays a crucial role: well-engineered interfaces facilitate efficient spin transfer by
minimizing spin loss and maximizing interfacial spin transparency.??’

(2) Modulation: Structural and Magnetic Control of Spin Currents

Once generated, spin currents can be effectively modulated by a variety of structural and magnetic
parameters. Structurally, device configuration, including the choice of spacer or interfacial layers,
interface roughness, crystalline orientation, and interlayer thickness plays a decisive role in determining
spin transport properties. 8! These structural factors influence key spin transport parameters such as
spin diffusion length, spin dephasing, and interfacial transparency. Interface roughness introduces
additional spin scattering and reduces spin coherence, thereby shortening effective spin diffusion lengths.
The choice of interlayer materials modifies spin resistance and may induce spin filtering or spin loss

depending on their electronic and magnetic properties. Crystalline orientation affects band structure
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matching and spin-orbit coupling symmetry, while layer thickness determines the extent of spin
relaxation due to spin-flip scattering. Careful engineering of these parameters is essential to minimize
spin loss and to maximize spin injection and detection efficiency in multilayer spintronic devices.

For instance, the insertion of copper (Cu), MgO, or nickel oxide (NiO) interlayers can either
enhance or suppress interfacial spin transparency, depending on their thickness and interfacial
quality.3?33 Similarly, reducing interface roughness and controlling crystalline orientation help suppress
spin scattering and improve spin injection efficiency. The thickness of nonmagnetic layers is particularly
critical: thinner layers help preserve spin coherence, whereas thicker ones introduce additional spin
relaxation and diminish the transmitted spin signal.

From the magnetic perspective, the direction of spin polarization generated via the spin Hall effect
is intrinsically determined by the direction of the applied charge current, enabling electrical steering of
spin current flow. Moreover, the orientation of the magnetization vector in the ferromagnetic layer
tunable via an external magnetic field-affects the relative alignment between spin polarization and
magnetization. Although the external magnetic field does not affect the magnitude of spin current
generation, it plays a crucial role in determining the efficiency of spin absorption at the interface. This
spin-magnetization interaction governs the magnitude and angular dependence of spintronic phenomena
such as SOT and SMR.

(3) Detection: Spin Signal Preservation and Measurement Optimization

Effective spin current detection relies on the preservation of spin information over sufficiently long
spatial and temporal scales. Environmental factors, particularly temperature, have a direct impact on spin
diffusion lengths.**33 Lower temperatures typically extend spin lifetimes and diffusion distances, thereby
improving the detectability of spin signals in experimental measurements. Minimizing structural defects
and impurities within the spin transport channel suppresses spin relaxation and dephasing, resulting in
more robust and reproducible measurements.>®

Through the combined optimization of material selection, device geometry, external fields,
interlayer engineering, and environmental control, the generation, modulation, and detection of spin

currents can be finely tuned paving the way toward efficient and scalable spintronic functionalities.

1.2.2. Anomalous Hall effect
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With the discovery and theoretical research on the quantum Hall effect, the mathematical concept
of topology began to merge with solid-state physics, giving rise to the emergence of a non-trivial
topological quantity called the Berry phase, a gauge-invariant quantity within the topological space.
Subsequently, many novel transport phenomena and materials were discovered using theoretical models
based on this topological concept. Examples include topological insulators, topological superconductors,
and magnetic skyrmions with nontrivial topological-spin structures. Additionally, models employing this
topological concept have explained previously poorly explained phenomena, with the most
representative being the intrinsic Anomalous Hall effect (AHE) in ferromagnets. Including the scattering-
induced extrinsic mechanism, the AHE is one of the most powerful methods for investigating the
magnetic and electronic transport properties of ferromagnetic metals. Furthermore, they offer advantages
for potential spintronic applications.

In this section, we will introduce the basic knowledge related to AHE. First, we will introduce the
ordinary Hall effect. Then, we will present the three mechanisms of the AHE, with a particular focus on

the intrinsic AHE, which is associated with the topological properties of band structures.

Ordinary Hall effect

The Hall effect, as one of the most fundamental phenomena in solid-state physics, has not only
helped researchers explore the transport properties of materials but also contributed significantly to
various applications, such as the Hall sensor used for measuring magnetic field strength.

The Hall effect occurs when a current is applied in the x-direction of a metal (or semiconductor),
and a magnetic field is applied in the z-direction. This causes the electrons, which would originally move
longitudinally, to experience a lateral deviation due to the Lorentz force (F = gv x B), resulting in the
generation of a transverse electric field.” The relationship between the electric field vector and the

current density vector in the Hall effect is as follows:
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Where p is the resistivity. In the steady state, there is no current in the y-direction or x-direction,
and no voltage is generated in the z-direction, so the Hall electric field is:
E=p.J (1.2)

Where Pyx is the Hall resistivity, and can be expressed as:
13
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P, =
Vi is the Hall voltage, W is the length of the sample in the y-direction, and ¢ is the thickness of the sample.
Through the Hall resistance, physical quantities such as carrier density can be obtained. In the steady
state, the Lorentz force experienced by carriers equals the Coulomb force under the Hall electric field:
qE, =qv, % B, (1.4)

Substituting the expression for current density Jx = nqvx into Equation (1.3), one can obtain the relation

between the Hall resistivity and the ordinary Hall coefficient Ry:

E vB B
==X =7 :RHB 1'
P J. nqv, nq ‘ (1)

where 7 is carrier density. By measuring the Hall resistivity dependence of magnetic field, the sign of Ry
and the carrier density can be determined. Ry > 0 indicates that the carriers are holes, while Ry < 0
indicates that the carriers are electrons. Once the carrier density is known, carrier mobility x also can
be calculated using the measured longitudinal conductivity o,, and the Drude formula o,, = nlqlw
On the other hand, by solving the semiclassical electron motion equations, the relationship between
electric field and current can be obtained as follows>’:
T o1’

S\ _ne | 1+(oz) 1+(or) [E)_(0n o4 |E 16
i) m| -—er T E) \o, o \E (16)

5 5 y yx yy y
1+(@z) 1+(w7)

where w, is the cyclotron frequency. From this formula, we can draw an important conclusion, which

is that the Hall conductivity o,, is proportional to the square of the lifetime 7, while the longitudinal

y

conductivity o,, is proportional to the lifetime 7.

Three mechanisms of the AHE

In non-magnetic metals and semiconductors, the Lorentz force induces a transverse voltage, resulting
in a normal Hall resistance. In magnetic conductors, the spin-orbit interaction gives rise to an anomalous
Hall resistance proportional to magnetization. The total Hall resistivity Py, can be expressed as*®:

p,. =R .B+4mR M (1.7
where the R, is anomalous Hall coefficient, M is the magnetization. R is the physical quantity that
requires the knowledge of quantum mechanics for explanation. The theoretical explanations for R;
mainly fall into two types. One is the explanation of R, by Karplus and Luttinger (KL theory) using band

theory®, and the other is the explanation of R, by Kondo using the s-d interaction between conduction
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electrons and d-bound state electrons*. The KL theory laid a solid foundation for establishing the
relationship between Berry phase and AHE. Therefore, the anomalous Hall effect that is directly related
to the electronic band structure is referred to as the intrinsic AHE, while the others are classified as

extrinsic AHE.

a) Intrinsic deflection

Interband coherence induced by an E
external electric field gives rise to a ——
velocity contribution perpendicular to
the field direction. These curmrents do
not sum to zero in ferromagnets.

d(F} oF Electrons have an anomalous velocity perpendicular to

—_—t = — the electric field related to their Berry's phase curvature
dt  hok

b) Side jump

The electron velocity is deflected in opposite directions by the opposite
electric fields experienced upon approaching and leaving an impurity.
The time-integrated velocity deflection is the side jump.

c) Skew scattering

Asymmetric scattering due to
the effective spin-orbit coupling
of the electron or the impurity.

Figure 1.5. Schematic illustration of the three microscopic mechanisms responsible for the spin
Hall effect: (a) intrinsic deflection due to Berry curvature, (b) side jump during impurity scattering,
and (c) skew scattering arising from spin—orbit coupling. Reproduced from Ref. 38 with permission
from APS.

The extrinsic AHE is primarily attributed to the asymmetric scattering of conduction electrons by
magnetic impurities. Depending on the scattering mechanism, it can be classified into skew scattering
and side-jump mechanisms:

Skew Scattering: This extrinsic mechanism arises from spin-dependent asymmetric scattering of
conduction electrons by impurities in the presence of spin orbit coupling (SOC). Spin-up and spin-down
electrons are deflected in opposite directions, resulting in a net transverse current. The skew scattering
mechanism is characterized by the anomalous Hall coefficient R, being proportional to the longitudinal

resistivity p_ .

15



(a) (b)

7.0 prerrrrerrr [T S [T
%
60F 3 - 20 !
% Fe-Co alloy (Majumdar 73) ")
# Fe-Co alloy (Shiomi 09) ~ /
— 50F mFe-Cralloy (Shiomi 09) ) P4
[ Fe-Mn alloy (Shiomi 09) o v
® Fe-Si alloy (Shiomi 09) < — . e .~
Y A0F 3 zE . FeCr .- Fe-Co
o 2 10+ ;
- Rz f
<« 30F E ~ ‘A
=] M = ;
= n= Y F
220F E i R
o % <. L
. * 2 & .
0 3 e Ofe.__ Fe-Si .
* P 1 "
00F8 o 3 0 1 2
...... [PTTTTTTTY FUTTTTTTIN FPTTTTUIT FYPTUTTTN 6
00 1.0 20 30 40 50 0x(5.5K) [S/em]  [x107]

0, [10°Q " em™]

Figure 1.6. (a) and (b) Variation of longitudinal conductivity and Hall conductivity in Fe single
crystals after doping with impurity atoms. Reproduced from Ref. 38 with permission from APS.

A specific example, as shown in Fig. 1.6 (a) and (b), is that in single crystals of 3d electron systems

such as Fe and Mn, the introduction of impurity atoms leads to a proportional increase in the zero-field

M

= M Px

] with the longitudinal conductivity (o, = gl ). This indicates

X XX

Hall conductivity [a%, (07) = i;
that in ultra-clean metallic ferromagnets, the anomalous Hall effect is dominated by skew scattering.

Side Jump: Also, an extrinsic mechanism, side jump arises from a lateral displacement of the
electron trajectory during each scattering event. This displacement is independent of the relaxation time
7; and results from the anomalous velocity acquired due to SOC during the scattering process. Although
typically smaller than the skew scattering contribution, the side jump effect can become significant in
materials with moderate impurity concentrations and intermediate conductivity. However, in the side-
jump mechanism, since the Hall coefficient is independent of the electron scattering time, it is not
possible to experimentally determine whether the AHE is dominated by the side-jump mechanism.

KL theory: KL theory assumes that the conduction electrons are the d electrons in ferromagnetic
conductors. The total Hamiltonian of the system consists of the kinetic energy term for the d electrons
moving in the periodic potential of the crystal, the spin-orbit interaction term Hsoi, and the transverse
electric field term is written as:

Hg = -eEpxy (1.8)

Upon diagonalizing, the matrix element of H can be written as**3:

(nk|H k') = —eE(iém, i% +is J) (k)) (1.9)
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here (n, k) and (n’, k) represent electron state of d band electron. JZ”Y (k) is current density of 'y direction,

can be written as:

- 8
J"(k)=[dru’, —u,
;(k)=] " o (1.10)

where u; (u,,) is the Bloch wave function of the d electrons. The KL theory assumes that the second
term on the right-hand side of Equation (1.8) is treated as a perturbation term Hf and only contributes
to the ordinary Hall conductivity, while the first term Hy, along with Hy and Hsor, collectively provides
the anomalous Hall conductivity. From the first term, the average velocity of the electrons can be

obtained:
v, =—iex p,(EL ) (k) (L.11)

When the energy of the spin-orbit interaction Hsor is smaller than the Fermi energy and the bandwidth,

the average velocity can be written as:

- e MxE

—— - g ==
Ve e e Ty, %Po(gn,()vnk (1.12)

s

where ¢, is the energy of Bloch states for Ho, p, density matrix (derivative of energy), A is the
averaged value of interband energy separation, and M, is the magnetization. This velocity is also called
the anomalous velocity, which is perpendicular to both the electric field and the magnetization, and
disappears in the absence of the spin-orbit interaction. Since the anomalous velocity is perpendicular to
the electric field and magnetization, it only has a component in the y-direction. Therefore, the transverse
current can be written as:

Jy:nde;y:erEx (1.13)

The relationship between the anomalous Hall coefficient and the longitudinal resistivity can be obtained:

e

r=- Hsmidz AL o .

mi 0 MP( ) (1.14)

2¢°'H ,
R =" 5<m>p; (1.15)

mA m,

, m
~xp (e, v, = 5<> (1.16)

n, m*

Finally, it was concluded that R is proportional to the square of p_, a relationship later confirmed

by experiments.
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Figure 1.7. (a) and (b) Variation of longitudinal conductivity and Hall conductivity in some 3d
metal thin films. Reproduced from Ref. 38 with permission from APS.

Experiments have shown that the intrinsic AHE essentially dominates the AHE in good metals

(10* S/m < g, < 10° S/m). For example, as shown in Fig. 1.7, in thin films and alloys of 3d metals, the

RM  p2M_ . . o T,
— ~ px%] is independent of the longitudinal conductivity, indicating

2
Pxx XX

Hall conductivity [og,(07) =

that the AHE is dominated by the intrinsic mechanism. The KL theory does not consider the scattering
of conduction electrons by impurities; thus, the KL-type AHE is related solely to the band structure of
ferromagnetic conductors, representing an intrinsic property of the material. Therefore, it is also referred
to as intrinsic AHE.*®

We have introduced the three mechanisms of the AHE. Regardless of the mechanism, its essence
lies in magnetic transport in the presence of spin-orbit interaction. The symmetry underlying magnetic
transport effects requires the breaking of time-reversal symmetry, which is also a prerequisite for the
occurrence of the AHE. Remarkably, recent studies have revealed that even in materials without
ferromagnetism but with broken time-reversal symmetry, such as Mn3Sn, a large AHE signal has been
observed.

Berry phase and Berry curvature: In quantum mechanics, the wave function is written in terms of
linear combinations of orthogonal vectors forming a basis set. The abstract space spanned by these
orthogonal bases is called Hilbert space. If in a crystal, the wave vector k describing the electron's wave
function is a good quantum number, then this wave function can also be viewed as a mapping from the

wave vector space to a manifold in the Hilbert space. The Berry phase, as an electron-specific gauge
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invariant, serves as the link between the momentum space and the parameter space represented by the
Hilbert space.*

To set a parameter group R = (Ri(¢), R(?), ...) is related to the Hamiltonian of electrons in solid. All
Rn(?) as time-dependent parameters are treated as a vector in the parameter space. In an adiabatic process,

the time-dependent Schrédinger equation can be written as:

H[R(®)]n,R(¢))= E,[R(t)]n,R(t)) (1.17)

HIR(t)]

0
S =ih—|n,t 1.1
nt)=i =" ) (1.18)

where |n, ¢ > is state, and |n, R(¢)> is the intrinsic state of system. The state of the system can be written

in the following form:

nt)=exo{ £ R0

n,R(t)) (1.19)

by putting equation (1.18) in Equation (1.15), the Ln [R(t)] can be obtained as:

L[R()]= ihd]ngt)@,R(t)\vR

n.R(0) - E.[R()] (1.20)
In Equation (1.20), it can be noticed that the second term is a trivial term, while the first term is a
nontrivial term. During the development process from ¢ = 0 to ¢ = T, if R traces a closed loop C in the

parameter space, then the Berry phase along is closed loop C can be defined as:

r[C]= ;g‘”:lff).i<n,R(t)vR R0 dr (121)
r,[Cl=idR - i(n, R(e)V ,|n, R(1)) (1.22)
r[Cl=-i.dR-4,(R) (1.23)
r[Cl=1as-B,(R) (1.24)

where 4,(R) and B,(R) respectively represent the Berry connection and Berry curvature. Can be written

as:

A (R)=—i(n,R(t)V,

n,R(t)) (1.25)
B,(R)=V,x4,(R) (1.26)
Here, by replacing the parameter R with the wave vector & in the reciprocal lattice space, we find that the
form of the Berry connection is the same as the integrand term in equation (1.9). This is also the origin
of the connection between intrinsic anomalous Hall effect and nontrivial topological quantities. Because

the KL theory does not consider electron scattering, this current is also a non-dissipative current. When
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this current is introduced into the Hall conductivity, the anomalous Hall conductivity J,’?y can be written

as’®:

. & dk
%= aay

fle, (k)]B, () (1.27)

Where f/e, (k)] represents the Fermi-Dirac distribution function. The Berry curvature is also regarded
as an imaginary magnetic field in the momentum space, possessing the same symmetric properties as
real magnetic field, including inversion symmetry but broken time-reversal symmetry. Therefore, by
calculating the time-reversal symmetry in the Berry curvature using the wavevectors from the dispersion

relation of electrons in a certain material, one can tell whether this material exhibits the intrinsic

anomalous Hall effect or not.

1.2.3. Spin Hall Effect (SHE) and Inverse Spin Hall Effect (ISHE)

The SHE and its reciprocal counterpart, the ISHE, are fundamental phenomena in spintronics that
enable the interconversion between charge and spin currents via SOC. These effects not only serve as
the primary mechanisms for generating and detecting spin currents but also underpin a wide range of
device concepts, including SOT memories, spin Hall nano-oscillators, and spin-based logic circuits.

(1) Physical Origin and Historical Context

The conceptual foundation of the SHE was inspired by the AHE, which arises in ferromagnetic
materials due to SOC. In the AHE, when a longitudinal charge current is applied, SOC causes asymmetric
scattering of spin-up and spin-down electrons, leading to a transverse voltage. This imbalance results
from the unequal populations of majority and minority spins in the ferromagnet.

In contrast, the SHE manifests in nonmagnetic materials with strong SOC. When a longitudinal
charge current flows through such a material, spin-up and spin-down electrons are deflected in opposite
transverse directions due to spin-dependent scattering, giving rise to a transverse pure spin current-i.e.,
spin flow without an accompanying net charge current. This leads to spin accumulation with opposite
polarizations at the lateral edges of the material, even in the absence of an external magnetic field. This
feature makes SHE especially attractive for spintronic applications, as it enables spin current generation
without requiring magnetic order.

The SHE was first theoretically proposed by Dyakonov and Perel in 1971 in the context of spin

diffusion and spin relaxation. It was reintroduced and formalized under its modern name by Hirsch in
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1999, who proposed the concept of spin accumulation at the edges of a conductor. Experimental
verification came in 2004, when Kato et al. observed the effect in n-type GaAs using Kerr rotation
microscopy, thus initiating a surge of experimental and theoretical research into spin-charge
interconversion phenomena.

(2) Microscopic Mechanisms of SHE

The SHE originates from SOC, which facilitates the transverse deflection of spin carriers under the
influence of an electric field. Microscopically, the SHE can arise from both intrinsic and extrinsic
mechanisms, which are the same as AHE. Here, we mainly focus on the intrinsic SHE.

From a symmetry viewpoint, unlike the AHE, the SHE does not require broken time-reversal
symmetry and can therefore occur even in nonmagnetic materials. With respect to spatial inversion
symmetry, the SHE can exist both in centrosymmetric and non-centrosymmetric crystals. However, in
Rashba-type two-dimensional electron gases, the structural inversion asymmetry along the growth
direction is essential for generating the Rashba SOC term. In symmetric quantum wells, this Rashba
contribution vanishes and the corresponding Rashba-type SHE disappears. Since the TI/FM
heterostructures studied in this thesis inherently break structural inversion symmetry at the interface, the
Rashba-type SHE is of particular relevance to the mechanisms discussed here.

In a two-dimensional n-type electron gas (2DEG) formed in a semiconductor heterostructure, the
Hamiltonian can be written as:

H="2 4 G xR, (1.28)

2m

k= (ky + k) (1.29)
Where /p is a quantity proportional to the Rashba SOC, k is wave number of electron. In a
heterostructure, due to the structural difference between the upper and lower layers of the thin films, the
symmetry along the z-direction is broken [ H(z) # H(-z)]. In this case, electrons are confined within the
interface, leading to the appearance of 1. Moreover, the magnitude of SOC can be tuned, for example,
by adjusting the gate voltage, thereby controlling the amplitude of the SHE signals. Here, we assume that
the current flows along the x-direction. According to linear response theory, the spin current in the y-

direction can be expressed as:

o d*p h”z,p P, _ —ek,
szy lannulus (27[;-[)2 2 m 1677:/1”1

(p..—p:) (1.30)
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where pr+ and pr- are the Fermi momenta of the majority and minority spin Rashba bands.*!' Substituting

Jsy into the formula a,lfy‘i“ = —% Jsy /Ey, and then applying the Kubo formula, the spin Hall conductivity

can be obtained as:

A
J iin

Im[<n'k nk><nk‘vv‘n‘k>}
x : (131)
(Enk - E”,k XE,,k - E”‘A —-ho —i?])

2
wm _ € ( )
o," = ;kz VAR

4

where n, n’ are band indices, is the spin current operator, @ and # are set to zero in the dc clean

spinx
limit, and the velocity operators at each p are given by Av; = hoH(p)/Op,. In terms of both mechanism
and form, it is similar to the intrinsic AHE.

The effect was first observed in GaAs/AlGaAs semiconductor heterostructures*? and was later
observed in metallic heterostructures in 2008*. However, in structures with inversion symmetry, such
as some quantum wells, SOC does not arise and no SHE signal is observed.

(3) Spin Hall Angle and Efficiency
The efficiency of charge-to-spin current conversion is characterized by the spin Hall angle s,

defined as the ratio of spin current density J; to charge current density J.:
=0, xe) (1.32)
2e

Here, 6 denotes the spin polarization direction. % is the reduced Planck constant, and e is the
elementary charge (taken as a positive quantity). A large 6sy is desirable for spin current generation and
is typically observed in materials with strong SOC, such as Pt, W, and topological insulators (TIs).

(4) Inverse Spin Hall Effect (ISHE)

The ISHE is the reciprocal of the spin Hall effect: when a pure spin current flows through a material
with strong SOC, it induces a transverse charge current due to spin-dependent electron deflection. This
results in a measurable electric field or voltage across the sample, thereby enabling electrical detection
of spin currents.

As schematically illustrated in Fig. 1.8, spin-up and spin-down electrons experience opposite
deflections due to SOC. Their spatial separation leads to net charge accumulation at the transverse edges
of the material, generating an electric field Eisue:

ho 1.33
Egng = Osy % (J;x0) (1.33)
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Here, J; is the spin current density and ¢ is the spin polarization vector, % is the reduced Planck
constant, and eee is the elementary charge (with e > 0). The direction of Eisug follows the right-hand rule
relative to J; and o.

This electric field serves as a direct electrical readout of spin current, making ISHE a widely used
detection method in experiments involving spin pumping, spin Seebeck effect, and SMR.

(5) Importance in Spintronics and Material Engineering

The practical realization of efficient SHE- and ISHE-based devices hinges on both material choice
and structural engineering. For example, TIs such as BiSb exhibit extraordinarily large fsu, often
exceeding unity, owing to their spin—momentum—locked surface states. These properties make TIs
particularly attractive for spin current generation and detection at room temperature.

Beyond the intrinsic properties, extrinsic factors—including interface quality, crystalline
orientation, and impurity scattering—significantly affect spin transparency and the magnitude of spin-
to-charge conversion. Proper control of these structural features is essential to optimize spin injections,

minimize spin loss, and enhance signal reliability.

(a) (b)

Figure 1.8. (a) Schematic illustration of the SHE, where spin-up and spin-down electrons are
deflected transversely due to spin—orbit coupling. (b) ISHE, where a spin current is converted into

a transverse charge current. Reproduced from Ref. 16 with permission from AIP.

In the context of this thesis, the utilization of SHE and ISHE in TI/FM heterostructures offers a
unified platform for both spin injection and electrical detection, enabling a comprehensive study of spin
transport phenomena across a wide temperature range. Together, the SHE and ISHE constitute the

fundamental mechanism for charge—spin interconversion, serving as the basis for the all-electrical
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manipulation of spin information and supporting the development of next-generation spintronic sensors

and logic devices.

1.2.4. Physical Principles of Magnetoresistive Effects: AMR and SMR

(1) Anisotropic magnetoresistance (AMR)

The phenomenon of AMR was first discovered in 1857 by William Thomson, later known as Lord
Kelvin, in Glasgow.** While Lord Kelvin is widely recognized for his contributions to fundamental
physics, this discovery eventually laid the foundation for practical engineering applications in magnetic
sensing and recording—more than a century later.

In ferromagnetic metals, three primary types of resistivity changes are typically considered:

(1) those arising from changes in magnetization at a fixed temperature,
(2) those driven by temperature-induced variations in magnetization, and
(3) those dependent on the relative orientation between magnetization and the electric current.

The third category is referred to as the anisotropic magnetoresistance effect, or orientation-
dependent resistivity, as originally termed by Smit.*> It is now well established as a fundamental
spintronic phenomenon arising from the interplay between magnetic and electronic transport
properties. 4647
AMR manifests as a directional dependence of the electrical resistivity on the angle 8 between the

electric current J and the magnetization vector M. In most ferromagnetic metals, the resistivity is higher

when the current is aligned parallel to magnetization than when it is perpendicular.*’ The AMR ratio is

defined as:
A et
f=7p”pp (1.34)
or equivalently,
pO)=p +(p,—p,)cos’@=p +Apcos’ 0 (1.35)

where Py and p, represent the resistivities when the current is parallel and perpendicular to the
magnetization, respectively. In ferromagnetic metals exhibiting positive AMR (such as Ni), the
resistivity reaches its maximum when the magnetization is parallel to the current and minimum when
they are perpendicular (Fig. 1.9). This angular dependence results in a characteristic cos?@ profile,

which is commonly used to extract the AMR ratio experimentally.
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Figure 1.9. Schematic illustration of the AMR effect. (a) Definition of the angle # between the
current I and magnetization M. (b) Angular dependence of resistivity, showing a cos?d behavior

with maximum at M || I and minimum at M 1 I.

From a microscopic perspective, AMR arises due to spin—orbit interaction in the presence of
exchange-split d-states. Within the framework of the s—d scattering model, conduction electrons are
scattered by nonmagnetic impurities into localized d-orbitals. These orbitals are subject to an effective
exchange field Hex, and experience spin—orbit coupling described by the Hamiltonian:

H,=A,L-S (1.36)
where Aso is the spin-orbit coupling constant, L is the orbital angular momentum operator, and S is
the spin angular momentum operator. The presence of spin—orbit coupling causes the localized d-states
to become spin-mixed, leading to anisotropic scattering probabilities that depend on the current
magnetization angle.*®

AMR is not only of theoretical interest, but also of practical importance in magnetoresistive sensor
technologies. It has been utilized in magnetic field detectors for digital storage and magnetic bubble
memory systems. These sensors often fabricated using thin-film technology, benefit from AMR's
sensitivity to magnetization orientation. However, it is noteworthy that the magnitude of the AMR effect
in thin films is generally smaller than that observed in bulk materials.*’ This reduction is attributed to
factors such as film thickness, grain size, and deposition conditions all of which influence the electron
scattering environment and thus the AMR magnitude.

In this work, the AMR effect was measured as a baseline to evaluate the intrinsic magnetic
properties of the ferromagnetic layer and to provide a point of comparison for other spin-dependent

phenomena, such as SMR, which will be discussed in the following subsection.
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While the AMR effect provides valuable insight into spin-dependent scattering in conducting
ferromagnets, it becomes ineffective in systems where the magnetic layer is insulating. To address this
limitation, the SMR has emerged as a complementary mechanism for detecting magnetization orientation

and interfacial spin transport, as discussed in the following section.
(2) Spin Hall magnetoresistance

Magnetoresistance (MR) refers to the phenomenon where the electrical resistance of a material
depends on its magnetization state. Classical examples include AMR, GMR, and TMR, which have been
widely employed in magnetic memory and sensing technologies. Recent advances in spin—orbit coupling
physics have unveiled SMR, a new form of magnetoresistance arising from the coupled dynamics of the
SHE, ISHE, and interfacial spin current.*’

SMR is typically observed in bilayer structures consisting of a non-magnetic heavy metal (e.g., Pt,
Ta) and a ferromagnetic insulator (e.g., YIG).*> When an electric current J. flows through the heavy
metal layer, the spin Hall effect generates a transverse pure spin current with spin polarization P
orthogonal to both J. and the film normal. This spin accumulation builds up at the interface with the
magnetic layer.?’#

At the interface, part of this spin current is either reflected or absorbed, depending sensitively on
the orientation of the magnetization vector M in the ferromagnet. When the magnetization is parallel to
the spin polarization direction (m || &), the spin-mixing interaction is minimized and most of the spin
current is reflected. This reflected spin current then generates an opposite in-plane voltage via the inverse
spin Hall effect and reduces the channel resistance. In contrast, when magnetization is perpendicular to
the spin polarization direction (m L ), spin transfer becomes efficient, leading to enhanced spin-current
absorption at the interface. The variation in reflected spin current modifies the ISHE-induced voltage in

the metal layer, resulting in a magnetization-dependent resistance, this is the essence of SMR**¥°, as

shown in figure 1.10.
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Figure 1.10. Schematic of spin Hall magnetoresistance: (d) M || o; (¢) M L o; (f) spin accumulation
profile across the metal layer. Reproduced from Ref. 49 with permission from APS.

The interfacial spin current density js can be expressed as:

j =% mxmx 1) (1.37)
e

where: G is the real part of the spin mixing conductance at the NM/FM interface, m =M/ M/ is
the unit vector of the magnetization, u; is the interfacial spin accumulation vector, and e is the elementary
charge.

As a result, the longitudinal resistance in the metal exhibits a characteristic angular dependence.”’
This dependence is typically measured by rotating the sample magnetization while monitoring the
longitudinal resistance in the plane. The resistance follows the expression:

R(0) =Ro— AR sin*0 (1.38)

where: Ry is the resistance when M // J., AR is the SMR amplitude, 6 is the angle between the
magnetization direction and spin accumulation direction (usually the y-axis).

Thus, resistance is maximized when M / J. and minimized when M L J.. Although this angular
behavior is similar to AMR, the underlying mechanisms differ substantially: AMR originates from
intrinsic spin-dependent scattering in ferromagnetic conductors, whereas SMR results from interfacial

spin reflection and absorption modulated by the FM layer.
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To clarify these differences, Table 2 below compares the characteristics of AMR and SMR:

Feature AMR SMR
Spin-dependent scattering in . )
SHE + ISHE with spin current
Effect origin
modulation at interface
FM
NM/FM bilayers(including
Material system Ferromagnetic metals metallic FMs and magnetic
insulators)
Spin Hall effect required No Yes
Not required (typically FMI such
Magnetic insulator required No as YIG, but also observed in
metallic FM and AFM systems)
Angular dependence cos?6 between M and J. sin%0 between M and s
Current path Through ferromagnet Through non-magnetic layer
Interfacial spin
Sensitivity origin Bulk scattering
absorption/reflection

SMR provides a powerful tool for investigating spin transport across insulating ferromagnets and
probing interfacial spin transparency.* It also complements other magnetoresistive effects by enabling
all-electrical detection of magnetization direction even in insulating magnetic systems. Owing to its
versatility and robustness, SMR has been applied in spintronic devices such as spin-current detectors,
spin-torque oscillators, and magnetic insulator-based memory elements.

While the angular dependence resembles that of AMR, the physical origins are distinct: AMR is
due to spin-dependent bulk scattering in ferromagnetic conductors, whereas SMR results from interfacial
spin absorption/reflection modulated by the FM layer.

In practical experiments, SMR is often estimated from the longitudinal resistance difference when
the magnetization is aligned along different axes. Specifically, SMR is defined as:

RXX _RE(X
SMR = YT (1.39)

XX
z
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where R;(X and RX* are the resistances when the magnetization is oriented along the in-plane y-
axis and out-of-plane z-axis, respectively. The coordinate system for these measurements is illustrated
in Figure 1.11, where the x-axis corresponds to the current direction, y-axis lies in-plane and transverse
to the current, and z-axis is normal to the film plane.

The coordinate system used in these measurements is shown in Figure 1.11, where the x-axis

denotes the current direction, the y-axis is transverse in-plane, and the z-axis is normal to the film plane.

/

Figure 1.11. Schematic of the SMR measurement configuration. The current flows along x, and the
voltage is measured longitudinally. The x, y, and z axes correspond to current, transverse, and out-

of-plane directions.

To quantitatively analyze the SMR effect, we adopted the theoretical model proposed by Liu et al. >,
which accurately captures the dependence on spin Hall angle, spin diffusion length, and current shunting
through the FM layer. The SMR ratio is given by:

AR 24 tanh(zi) 1
AR e gp 2. “ql— ] (1.40)
d1+E

d
h(—
cos (/IN)
where Oy is the spin Hall angle, M is the spin diffusion length of the heavy metal, ¢= (/s /ppd) and

PN, Pr, tn, tr denote the resistivities and thicknesses of the NM and FM layers, respectively. This

formulation captures the effect of spin current absorption and current shunting between layers.

1.2.5. Second Harmonic Response: Principle and Application in Spin
Detection

The second harmonic Hall voltage (2) method has emerged as a powerful tool in spintronics®*

for separating and quantifying different spin—orbit-induced effects in magnetic heterostructures. Unlike
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conventional magnetoresistive measurements that typically rely on linear (first harmonic) responses, this
technique probes the nonlinear dynamic response of spin systems under alternating current excitation. It
is particularly effective in distinguishing between SOT and thermoelectric contributions, as well as in
detecting subtle spin interactions in systems where first-harmonic signals are weak or ambiguous.
(1) Principle of Second Harmonic Detection

When an alternating current (AC) I = I sin(wt) is applied to a bilayer system such as a NM/FM,
spin—orbit coupling—primarily via the spin Hall effect in the NM and possibly supplemented by
interfacial Rashba effects—induces spin accumulation at the interface. This spin accumulation can exert
a torque on the magnetization, known as SOT, which modulates the orientation of the magnetization
vector M. The interaction between the current-induced spin polarization and magnetization leads to
oscillatory changes in the effective magnetic field, which in turn affects the measured Hall voltage. The
underlying physical picture of spin accumulation, effective fields, and torque-induced magnetization

dynamics is illustrated in Figure 1.12.

Figure 1.12. Schematic of spin—orbit torques in a NM/FM bilayer. Damping-like and field-like
torques act on the magnetization due to spin accumulation generated by the spin Hall effect.

Reproduced from Ref. 55 with permission from Elsevier.

The total Hall voltage measured under AC excitation can be decomposed as:
V() =V sin(wt)+ V" sin(Qet) +... (1.41)
Here, Vijis the first harmonic component, mainly corresponding to AHE or planar Hall effect

(PHE), and Vﬁ‘” is the second harmonic component, which contains signatures of SOT, SMR, and

anomalous Nernst effect (ANE).
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(2) Physical Contributions to the Second Harmonic Signal

Several mechanisms contribute to the second harmonic Hall response>*7:

(O Field-like torque (FLT): Originates from Rashba-type or interfacial SOC, generating an
effective magnetic field transverse to the current direction. It appears as a symmetric contribution to V.
Field-like term is negligible in BiSb (= two orders of magnitude smaller than Damping-like torque).

@ Damping-like torque (DLT): Induced by spin Hall effect in the NM layer, acting collinearly
with the magnetization. It gives rise to an antisymmetric signature in V2", which can be isolated via
angle-dependent measurements.

(3 ANE: Thermoelectric contribution due to vertical temperature gradients, particularly in thin-
film structures under high current density. The ANE also modulates V2” and must be subtracted for
accurate torque quantification.

These components can be experimentally separated by sweeping the external magnetic field
direction or magnitude while analyzing the angular dependence of the second harmonic signal.

(3) Application and Significance in Spin Detection

The second harmonic method offers several advantages for spintronic measurements>>3%-;

@ Quantification of SOT efficiencies: The effective fields associated with FLT and DLT can be
extracted from the angular and field-dependent V2, enabling estimation of spin Hall angle and torque
ratio.

2 Non-invasive probing of spin—orbit interactions: Unlike ferromagnetic resonance (FMR), this
technique requires no microwave equipment and can be performed using low-frequency electronics.

3 Evaluation of material interfaces: Differences in the second harmonic response provide insight
into spin transparency, spin mixing conductance, and interfacial SOC strength across various NM/FM
combinations.

In the present work, we employed the second harmonic Hall voltage method to analyze the spin—
orbit torques in topological insulator/ferromagnet heterostructures. By applying an in-plane rotating
magnetic field and recording the Vﬁ‘” component, we quantitatively extracted the contributions from
damping-like and field-like torques and confirmed their temperature-dependent behavior. This allowed

us to decouple interfacial spin transport mechanisms from bulk magnetoresistive effects such as SMR

and AMR.
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1.3. Material Platform: Topological Insulators and

Magnetic Heterostructures
1.3.1. Physical Properties and Advantages of TIs

TIs are a special class of materials that behave as electrical insulators in their interior (bulk) but
conduct electricity on their surfaces. This unique behavior arises from a strong intrinsic property known
as SOC, which modifies the electronic band structure and gives rise to protected surface states.5%-2

In conventional insulators, the valence and conduction bands are separated by a bulk energy gap,
and no states exist within this gap. In contrast, TIs exhibit a nontrivial band topology caused by SOC-
induced band inversion, where the order of conduction and valence bands is reversed compared to
ordinary insulators. This leads to the emergence of gapless surface states that traverse the band gap.
These surface states are protected by time-reversal symmetry, making them robust against non-magnetic
impurities and weak disorder.

Figure 1.13 schematically illustrates the emergence of topological surface states in topological
insulators. As shown in Fig. 1.13(a), helical edge states appear at the boundary of a two-dimensional
topological insulator, where counter-propagating electrons possess opposite spin orientations. Figure
1.13(b) presents the energy—momentum dispersion of surface states crossing the bulk band gap and
forming a Dirac point as a consequence of strong spin—orbit coupling. Figure 1.13(c) depicts a real-space

picture of a three-dimensional topological insulator, in which conducting surface states surround an

insulating bulk.*’
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Figure 1.13. Schematic illustration of the emergence of topological surface states. (a) Helical edge
states at the boundary of a two-dimensional topological insulator, where counter-propagating
electrons possess opposite spin orientations. (b) Energy—momentum dispersion of topological
surface states crossing the bulk band gap and forming a Dirac point due to spin—orbit coupling. (c)
Real-space picture of a three-dimensional topological insulator, in which conducting surface states
surround an insulating bulk. Reproduced from Ref. 40 with permission from JPS.

A key feature of these surface states is spin—momentum locking, where the spin direction of an
electron is locked perpendicular to its momentum. As a result, electrons cannot be scattered backward
without simultaneously flipping their spin, which is prohibited by time-reversal symmetry. This
protection mechanism suppresses backscattering and enables efficient, low-dissipation electronic
transport on the surfaces of TIs. Figure 1.14 illustrates the surface Dirac cone of a 3D TI, where the linear

energy dispersion and helical spin texture manifest the spin-momentum locking of surface states.®*°

Figure 1.14. Illustration of spin-momentum locking in a 3D topological insulator. The tangential
spin orientation around the Dirac cone indicates a helical spin texture. Reproduced from Ref. 63

with permission from Wiley.

The concept of TIs is rooted in earlier discoveries in topological physics, such as the quantum Hall

effect (QHE). In the QHE, 2D electron systems subjected to strong magnetic fields exhibit edge states
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that are topologically protected. However, in TIs, no external magnetic field is required—the strong
intrinsic SOC alone induces a topological phase under time-reversal symmetry.

Well-known three-dimensional TIs such as Bi:Ses, Bi2Tes, and Sb2Tes exhibit a single Dirac cone
in their surface electronic structure. The energy-momentum relationship of these surface states is linear
near the Dirac point, similar to relativistic particles, which enables high-mobility, spin-polarized surface
conduction.

TIs have significantly deepened our understanding of quantum phases of matter and hold great
promise for applications in low-power electronics, spintronics, and quantum computing. Their robust,
spin-polarized surface states provide an excellent platform for investigating spin—orbit torques,
topological magnetoelectric effects, and Majorana fermions, particularly when interfaced with magnetic
or superconducting layers. Compared with conventional heavy metals such as Pt and Ta, TIs exhibit

higher spin—orbit efficiency and lower energy dissipation, as will be further discussed in Section 1.3.2.

1.3.2. Spin Transport Mechanisms in TI/FM Heterostructures

To harness the unique spintronic properties of TIs, extensive research has focused on
heterostructures formed by interfacing TIs with FM materials. In such bilayer systems, the interplay
between the spin-momentum-locked surface states of the TI and the magnetization of the FM layer give
rise to rich spin transport phenomena, including SOT, SA, and SMR. These three representative effects
form the experimental foundation for evaluating the spin transport properties of TI/FM heterostructures
under electrical excitation. These three transport mechanisms form the basis for evaluating interfacial
spin dynamics in TI/FM heterostructures, and their experimental implementation will be discussed in
detail in Chapters 3 and 4.

In addition to these DC transport-based mechanisms, previous studies have also employed
microwave-driven techniques such as spin pumping to investigate spin—charge conversion in TI/FM
systems. Here, we briefly introduce this representative method to provide broader context for

experimental approaches reported in the literature >+’

34



a b) NiFew .= ,
W ) , Ak | Feikee
ky
topological ’
Insulator — [
© BS1|NigiFesg
ERRRLE RRRRE
=
3‘ - W
= B x2 7
- 15K N
4] TR IS L o PR I - ) = PP PP
-50 0 50 -50 0 50 -50 0 50
WoH (mil) WoH (ml) WoH (i)

Figure 1.15. (a) A schematic illustration of the experiment of the spin-electricity conversion effects.
(b) A schematic illustration of spin injection causes a shift of the Fermi surface, thereby generating
a spin-polarized current. (¢) The longitudinal voltage generated by the spin-polarized current.

Reproduced from Ref. 67 with permission from APS.

Typically, through the FMR of a ferromagnet, spin angular momentum can be transferred into
another material in contact with it; this method is known as spin pumping. As introduced above, the
surface of a topological insulator possesses spin-momentum locking protected by time-reversal
symmetry. When a spin current is injected into the T1, the populations of up spins and down spins change,
generating a driven spin current. As shown in Fig. 1.15(a) and (b), microwave-induced ferromagnetic
resonance in a NiFe alloy injects spins into the TI, causing a shift in the spin-momentum locking of the
TI surface states and thereby producing a polarized spin current. This polarized spin current can then be
detected either via the inverse spin Hall effect or through the longitudinal resistance measurement, as
illustrated in Fig. 1.15(c).®’

(1) Material Platforms for TI/FM Structures

Several topological insulator materials have been widely studied due to their strong spin—orbit
coupling, well-defined surface states, and compatibility with FM layers. Common examples include:

BizSes and Bi:Tes: Prototypical 3D TIs with a single Dirac cone and a relatively large bulk band
gap. These materials exhibit strong spin—-momentum locking and have been widely used in spin pumping

and SOT measurements.>*%7:63
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(Bi1,Sb),Te; and BiSb: Alloyed TIs with tunable Fermi levels, allowing surface-state-dominated
transport. BiSb, in particular, is notable for its exceptionally large spin Hall angle (SHA), making it
highly suitable for spin—orbit torque applications.®7!

Sb.Tes and a-Sn: Alternative materials with distinct electronic structures that offer different
interfacial properties.’>”

In these heterostructures, the T is typically grown by molecular beam epitaxy (MBE) or sputtering,
and is coupled with FM layers such as CoFeB, YIG, or CoFe. The quality of the interface, especially its
cleanliness and sharpness, plays a crucial role in determining spin transport efficiency.

(2) Comparison with Conventional Heavy Metals

Compared to heavy metals such as Pt, Ta, and W, TIs offer several distinct advantages:

Higher Spin Hall Angle: TIs like BiSb exhibit SHA values > 1, much larger than those of Pt (~0.08)
or f-Ta (~0.15).

Surface-State Dominated Transport: Enables robust spin-polarized current generation with minimal
scattering and low energy loss.

Lower Power Consumption: The dissipationless nature of topological surface states reduces Joule
heating, making them ideal for energy-efficient devices.

These advantages highlight the superior spin conversion efficiency and energy-saving potential of
TI-based heterostructures compared with conventional heavy metals. BiSb, in particular, combines a

large spin Hall angle with moderate electrical conductivity, making it a leading candidate for next-

generation, low-power spin—orbit torque applications.

1.3.3. Temperature Dependence of Spin Phenomena in TI/FM
Structures
Spintronic devices are widely considered promising candidates for next-generation memory and
logic technologies. While HM/FM heterostructures have been extensively studied, their relatively low
charge-to-spin conversion efficiency remains a major bottleneck for practical applications. TIs, on the
other hand, offer robust spin—-momentum-locked surface states and strong spin—orbit coupling,
positioning them as attractive alternatives to traditional spin Hall materials. Constructing TI/FM

heterostructures has therefore become a key strategy for exploring novel and efficient spintronic
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phenomena. Temperature plays a crucial role in governing these phenomena. Both surface-state
contributions and interfacial spin transmission can vary significantly with thermal fluctuations.

At room temperature, Yi Wang et al. employed magneto-optical Kerr effect (MOKE) microscopy
to directly observe current-induced magnetization switching in Bi2Ses/NiFe heterostructures. Their study
revealed a high charge-to-spin conversion efficiency of approximately 1.0-1.75, predominantly
attributed to the topological surface states of Bi=Ses. Remarkably, they achieved magnetization switching
with a current density as low as 6 x 10° A/cm?, one to two orders of magnitude smaller than that required
in conventional HM-based systems.” This room-temperature behavior serves as a reference point for
subsequent investigations into how spin—charge conversion and interfacial effects evolve with
temperature. These results confirm that topological surface states remain active contributors to spin -
charge conversion even at ambient conditions.

Extending beyond room temperature, Murong Lang et al. investigated Bi.Ses/YIG (yttrium iron
garnet) heterostructures and demonstrated that magnetic interactions at the TI/ferromagnetic insulator
(FMI) interface persist up to 130 K. Their analysis of magnetoresistance loops and MOKE signals
provided direct evidence of interfacial magnetic ordering.” Moreover, they showed that YIG films with
perpendicular magnetic anisotropy could effectively modulate the surface magnetism of Bi.Ses even near
room temperature. These findings highlight that proximity-induced magnetism and spin—orbit
interactions in TIs can remain robust across a wide temperature range.

Together, these studies indicate that spin—orbit torque generation and interfacial magnetic coupling
in TI/FM or TI/FMI systems remain effective over a broad temperature range. These findings emphasize
that temperature is a critical parameter for evaluating both the practical stability of TI-based spintronic
devices and the competition between surface-state—dominated and bulk-dominated spin transport in

TI/FM heterostructures.

1.4. Spintronic Applications and Outlook

Spintronics, as a field leveraging the spin degree of freedom of electrons, has evolved from
fundamental physical phenomena to practical device architectures. Among various spin-orbit-
interaction-driven effects, such as SOT and SMR, the development of TI/FM heterostructures has opened
new frontiers for efficient spin—charge conversion. These effects offer the potential for realizing high-
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performance, low-power spintronic devices across a broad range of application domains. This section
provides an overview of key application areas that motivate ongoing research into spin transport

mechanisms and materials optimization in TI-based systems.

1.4.1. Spintronic Magnetic Sensors

Magnetic sensors play a crucial role in modern data storage technologies, particularly in HDDs,
where they are responsible for detecting nanoscale magnetic field variations from recording media.
Conventional technologies, such as GMR and TMR sensors, have reached performance saturation in
terms of sensitivity, miniaturization, and energy efficiency. In this context, magnetic devices exploiting
the direct spin Hall effect (DSHE) in TI/FM heterostructures have the potential to offer several
engineering advantages over conventional magnetoresistive technologies. Their structure is remarkably
simple, requiring only a single ferromagnetic layer to detect spin-dependent resistance changes. This
simplicity facilitates further miniaturization and integration, which are essential for next-generation HDD
read heads. Moreover, the absence of current flow through multilayer junctions eliminates local Joule
heating within the sensor pillar, enabling thermally stable and energy-efficient operation.

In high-density HDD read-head applications, the linearity and noise performance of magnetic
sensors are strongly affected by the magnetization reversal mechanism of the sensing layer. Square-like
magnetization switching, typically involving domain wall motion, leads to large hysteresis, nonlinear
response near zero field, and Barkhausen noise. In contrast, smooth magnetization rotation provides
linear and reversible response with low coercivity, which is crucial for achieving low-noise, stable
readout. Achieving smooth magnetization rotation remains a key design target for improving sensor

linearity and noise performance.

1.4.2. Spin—Orbit Torque Devices

SOT provides an efficient mechanism for manipulating magnetization by converting a charge
current into a transverse spin current through spin—orbit coupling. Compared with conventional STT,
SOT enables faster magnetization switching and improved endurance due to the separation of read and
write current paths. In TI/FM heterostructures, the strong spin—-momentum locking of the TI surface
states leads to exceptionally high charge-to-spin conversion efficiency, resulting in critical switching

current densities one to two orders of magnitude lower than those observed in heavy-metal-based
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systems.”*’® These characteristics make topological insulators such as BiSb promising spin-current
sources for energy-efficient non-volatile memories, oscillators, and logic devices.”’

Although the primary focus of this thesis is spin-based magnetic sensing, the device-level SOT and
SMR measurements offer quantitative insight into interfacial spin transport in TI/FM heterostructures,
particularly into the efficiency of torque generation and its dependence on interface transparency and
spin-memory loss. These sensor-oriented results deepen the understanding of spin—orbit-torque

generation in TI/FM systems and may guide the future optimization of SOT-based device performance.

1.5. Research Objectives

Building on these motivations, this thesis pursues two directions: (1) application-driven
magnetic field sensor development, and (2) mechanism-driven analysis of charge-to-spin
conversion efficiency in TI/FM heterostructures.

Accordingly, the objectives of this thesis are:

1. Demonstrate the feasibility and advantages of TI/FM heterostructures as high-sensitivity
spin Hall sensors for HDD technologies.

2. Provide a quantitative comparison of the spin Hall angle measured by SA, SOT, and SMR
across a wide temperature range.

3. Elucidate the temperature-dependent behavior of spin transport and interfacial coupling
phenomena.

These objectives ensure that the outcomes contribute both to the practical implementation of
TI-based magnetic field sensors and to the fundamental understanding of the spin Hall effect

evaluation methodology in complex TI/FM heterostructures.
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Chapter 2 Experimental Methods and

Measurement Principles

2.1. Thin Film Deposition
2.1.1. Magnetron Sputtering System

Figure 2.1 presents the schematic of the magnetron sputtering system used in this study. Magnetron
sputtering is a physical vapor deposition (PVD) technique that enables the fabrication of thin films with
high purity, uniformity, and reproducibility.'? Owing to its scalability and versatility, it is widely

employed for the deposition of multilayer thin-film structures in spintronic and magnetic devices.
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Figure 2.1. Schematic of the magnetron sputtering system used for thin-film deposition.

Reproduced from Ref. 4 with permission from Elsevier.

In this system, argon gas (Ar) is introduced into a vacuum chamber, and a DC voltage is applied
between the target (cathode) and the substrate (anode) to generate a plasma. The Ar* ions are accelerated
toward the target surface and eject atoms through momentum transfer, which subsequently condense on
the substrate to form a thin film. To enhance the sputtering rate and plasma confinement, a magnetic field

is applied behind the target.>® The magnetic field confines electrons near the target surface, thereby
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increasing the ionization efficiency of the working gas and maintaining a dense plasma region close to
the target.

The sputtering behavior depends strongly on the magnetic nature of the target material. For
non-magnetic targets such as Bi, Sb, and BiSb, the external magnetic field penetrates the target
efficiently, forming a stable plasma above the surface. In contrast, for magnetic targets such as Co,
Fe, and CoFe, the magnetic flux is partially absorbed by the target, weakening the field near the
surface. This so-called magnetic short-circuit effect reduces plasma confinement and causes the
plasma to shift toward the edges, resulting in a lower sputtering rate and degraded film uniformity.*>
To compensate, stronger magnets, optimized magnetic yoke geometries, or RF-assisted power
sources are often employed to stabilize the discharge.

In this work, both non-magnetic (BiSb) and ferromagnetic (CoFe) targets were used.
Accordingly, sputtering parameters such as discharge power, Ar pressure, and target—substrate
distance were optimized individually to ensure uniform thickness and sharp interfaces in the

BiSb/CoFe heterostructures.

2.1.2. Deposition Conditions and Multilayer Stack Design

All thin films in this study were deposited using a multi-target magnetron sputtering system with a
base pressure of approximately 107 Pa and a working pressure of about 10 Pa. High-purity argon was
used as the sputtering gas, while oxygen was introduced as a reactive gas when required. The system
enables sequential deposition of multiple layers without breaking vacuum, thereby ensuring sharp,
contamination-free interfaces®®

To fabricate multilayer structures such as BigssSby s/interlayer/Cog3Feo7, we used high-purity
metal targets including BiSb, CoFe, and Pt. The deposition was performed under typical working
pressures of 0.3 - 1.0 Pa, with deposition rates pre-calibrated and film thicknesses confirmed by X-ray
reflectivity (XRR).%10

All samples were grown in-situ under vacuum to minimize surface oxidation and maintain interface

integrity.

2.2. Structural and Surface Characterization
2.2.1. X-ray Diffraction (XRD): Crystallographic Analysis
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XRD is a widely used analytical technique for determining the crystal structure and interatomic
spacing of materials.''!*> When a monochromatic X-ray beam interacts with a crystalline lattice,
constructive interference occurs at specific incident angles that satisfy Bragg’s law:

nd; =2d * sinfg 2.1)

Here, n is the diffraction order, 4 the X-ray wavelength, d the spacing between crystallographic
planes, and 6 the Bragg angle. These diffraction conditions provide the fundamental basis for
structural analysis in XRD and form the starting point for understanding the instrumentation and
measurement geometries described in the following sections.

(1) X-ray Generation and Monochromatization

Having outlined the fundamental diffraction condition, we now describe the instrumentation used
in laboratory XRD measurements. X-rays are generated in an X-ray tube, where a heated tungsten
filament emits electrons by thermionic emission. These electrons then sped up using high voltage and hit
a metal target (like copper, iron, molybdenum, or chromium), which produces X-rays. When these high-
energy electrons strike the target, they eject inner-shell electrons of the target atoms, leading to the
emission of characteristic X-ray radiation as outer electrons fall into lower energy states.

The most used X-ray lines are the Ka and Kf lines. The Ka radiation consists of two components:
Ka, (shorter wavelength, stronger intensity) and Ka, (weaker). Their wavelengths are specific to the
target material. For example, Cu Ka radiation (4, = 1.5418 A) is commonly used for diffraction analysis.
Since Ka; and Kas are very close in wavelength, a weighted average is often used. To obtain a quasi-
monochromatic beam suitable for diffraction, unwanted wavelengths are filtered using metal foils or
crystal monochromators.

(2) Instrumentation and Diffraction Geometry

A standard XRD system consists of three main components: X-ray tube (source), Sample stage, and
X-ray detector.

As illustrated in Figure 2.2, a focused X-ray beam with a single wavelength is directed onto the
sample. The sample is mounted on a rotating stage, and the detector is mounted on an arm that rotates
simultaneously. The geometry typically follows a -26 configuration, in which: the sample rotates by

angle 0, and the detector moves by angle 20 to capture diffracted rays.!*!3
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Figure 2.2. Schematic diagram of a typical XRD system in 0-20 configuration, illustrating the
incident beam, sample rotation, diffracted beam, and electronic detection. Reproduced from Ref.

14 with permission from Wiley.

The rotation and alignment of the sample and detector are controlled by a goniometer. When the
geometric conditions satisfy Bragg’s law, constructive interference occurs, producing distinct diffraction
peaks that are detected by the X-ray detector. The detector records the intensity of the diffracted X-rays
as a function of angle (26) and converts the incoming signal into digital counts for accurate measurement

and subsequent data processing.

2.2.2. X-ray Reflectivity (XRR): Thickness and Interface Roughness
Evaluation

XRR is a nondestructive method used to analyze the structure of thin films. It can determine key
properties such as film thickness, density, surface roughness, and the quality of interfaces.'®'® In this
technique, the reflected X-ray intensity is measured while changing the angle at which the X-rays hit the
surface at a shallow (grazing) angle.

When a collimated X-ray beam strikes a thin film at low incident angles, part of the beam is reflected
at the surface, while the rest penetrates the film and reflects at internal interfaces, such as the film -
substrate boundary. The interference between these reflected beams leads to periodic oscillations in the
reflectivity curve, commonly referred to as Kiessig fringes. A schematic diagram illustrating this

reflection and interference process is shown in Figure 2.3.
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Figure 2.3. Schematic illustration of X-ray reflectivity at grazing incidence, showing specular

reflection, diffuse scattering, and refraction into the film.

The shape and features of the XRR curve are strongly influenced by key film properties:

(1) Film thickness determines the oscillation period. Thicker films result in shorter fringe spacing. ¢!

(2) Density contrast between adjacent layers governs the oscillation amplitude. A higher contrast leads
to larger reflectivity modulation.

(3) Surface and interface roughness cause damping of the reflectivity signal. Increased roughness
results in faster attenuation of oscillations. '’

(4) Critical angle for total external reflection is related to electron density. Higher density materials
exhibit larger critical angles.
XRR is applicable to crystalline, polycrystalline, and amorphous thin films. It enables precise

determination of layer thicknesses ranging from a few nanometers to several hundred nanometers and

provides essential structural information without damaging the sample.

2.2.3. X-ray Fluorescence (XRF): Elemental Composition Analysis

XRF is a widely used, non-destructive analytical technique for determining the elemental
composition of various materials, including solids, powders, and liquids.?'> It enables qualitative, semi-
quantitative, and quantitative analysis without altering or consuming the sample.

In XRF, a high-energy primary X-ray beam typically generated by an X-ray tube is directed at the
sample surface. The incident radiation excites atoms in the material by ejecting electrons from their inner
shells through the photoelectric effect. As the atoms return to their ground state, outer-shell electrons fill
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the vacancies, emitting characteristic fluorescent X-rays. These emissions are element-specific, serving
as unique “fingerprints” that allow for precise elemental identification.

The detected fluorescence provides two key types of information:
(1) The energy of the emitted X-rays identifies the elements present (qualitative analysis).
(2) The intensity of each emission correlates with its concentration (quantitative analysis).

XRF can detect elements ranging from fluorine to uranium, with detection limits of approximately
0.5 ppm for heavy elements (e.g., Mo) and around 100 ppm for lighter ones, depending on instrument
configuration and matrix effects. A schematic diagram illustrating the XRF principle is shown in Fig.

24.

Incident X-ray photon

X-ray fluorescence photon

Photoelectron

Figure 2.4. Schematic diagram of the XRF process. An incident X-ray photon ejects an inner-shell

electron, and the resulting electronic transition emits a characteristic fluorescence photon.

Because of its broad elemental coverage, high sensitivity, and rapid measurement capability, XRF
is used across a wide range of applications from trace element analysis in scientific research, to process
control in industrial environments such as cement production, metallurgy, geology, and environmental
monitoring.?3?’ Its ability to deliver reliable results without sample preparation or damage makes it an

invaluable tool in both laboratory and field-based investigations.

2.2.4. Atomic Force Microscopy (AFM): Surface Topography and
Roughness
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AFM is a versatile surface characterization technique that has been extensively applied in materials
science, biology, chemistry, and nanotechnology since its invention in the 1980s. It enables high-
resolution imaging of both conductive and insulating surfaces, with spatial resolution down to the atomic
scale. 2630

In a typical AFM system, the sample is mounted on a piezoelectric scanner stage, and a cantilever
with a sharp probe tip scans across the surface. The cantilever deflection caused by interaction forces—
such as van der Waals, electrostatic, or magnetic forces—is monitored by detecting the reflection of a

laser beam onto a photodiode detector. From these deflection signals, a three-dimensional surface

topography is reconstructed as schematically illustrated in Figure 2.5.

Cantilever
Photodiode

Sample

Scanner

Figure 2.5. Schematic illustration of an AFM showing the laser detection system and tip-sample

interaction. Reproduced from Ref. 29 with permission from Springer Nature.

AFM can operate mainly in two modes: contact mode and non-contact mode. In contact mode, the
probe maintains continuous contact with the surface, and topographic information is obtained directly
from the cantilever deflection. In non-contact mode, the cantilever oscillates near its resonance frequency
at a small distance from the surface, and variations in the oscillation amplitude or frequency are used to
sense surface topography. Non-contact mode is particularly advantageous for thin films or soft materials,
as it minimizes tip-induced deformation, reduces shear forces, and prevents surface damage while

preserving nanoscale resolution.
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In this study, AFM was employed to analyze the surface morphology and roughness of the
fabricated thin films, providing quantitative evaluation of surface roughness and nanoscale topographical

features.

2.3. Device Fabrication Techniques
2.3.1. Photolithography for Pattern Transfer

To fabricate patterned spintronic devices, we employed a standard photolithography process
following the deposition of continuous multilayer films onto insulating substrates (Si/SiO;). The
patterning process enables selective definition of device regions for subsequent etching.?!-33

First, a layer of positive photoresist was spin-coated onto the film surface and soft-baked to remove
solvent residues. The sample was then exposed to ultraviolet light using a maskless lithography system
(PALLET DDB-701), which precisely defines the desired device geometry .33

After exposure, the resist was developed in a dedicated developer solution, removing the exposed
areas and forming a patterned mask on top of the film. This resist mask protects the designated regions
during the dry etching step (Section 2.3.2), where the unprotected areas are removed by ion milling.

Finally, the remaining photoresist was stripped to complete the photolithographic pattern transfer.

A schematic diagram of the photolithography and etching sequence is shown in Figure 2.6.
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Figure 2.6. Schematic illustration of the standard photolithography process, including film

deposition, photoresist coating, baking, exposure, development, dry etching, and photoresist

removal.
2.3.2. Ton Milling: Pattern Transfer and Etching Depth Control

After photolithography, the resist-defined pattern was transferred into the underlying thin films by
ion milling. This technique removes material through physical sputtering, in which energetic Ar* ions
bombard the exposed film surface. When the incident ions strike the surface, their kinetic energy is
transferred to surface atoms through a cascade of momentum-exchange collisions, ejecting atoms from
the target layer and generating secondary electrons and other emitted particles, as illustrated in Figure
2.7. This sputtering mechanism has been extensively studied in classical ion—solid interaction models.*
38

Because ion milling is governed purely by physical interactions without chemical reactions, the
etching rate depends primarily on the ion energy, incidence angle, and the material’s surface binding

energy.*® Under optimized conditions, the process provides excellent control of etch depth and sidewall
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definition, making it particularly suitable for patterning metallic and magnetic multilayers where
structural precision is essential.*’
During processing, the resist mask protects the covered regions, while the unmasked areas are

gradually removed by continuous sputtering. After ion milling, the remaining resist is stripped to obtain

well-defined device structures.

©—

Second Electron

Substrate Ny

Figure 2.7 Schematic of the ion-milling process, where energetic Ar* ions bombard the film surface,
sputtering surface atoms and generating secondary electrons. Continuous ion impact removes the

exposed material and enables pattern transfer.

2.4. Electrical Measurement Systems

2.4.1. Magnetoresistance and Harmonic Signal Measurements
(Including SMR, AMR, AHE, Second Harmonic Hall, and Spin
Accumulation)

In order to investigate the spin transport and magnetoresistive properties of the fabricated TI/FM
heterostructures, a series of electrical measurements were carried out, including AHE, AMR, SMR,
second harmonic Hall voltage, and spin Hall resistance. These effects reflect distinct physical
mechanisms involving spin-orbit coupling, magnetization orientation, and spin accumulation at
interfaces. The physical principles underlying these effects have been described in Chapter 1.

All measurements were performed on photolithographically defined Hall bar structures, except for
the direct spin Hall (DSH) measurement, which utilized a pillar-type geometry optimized for detecting
transverse voltage signals. The experimental setup incorporated precision current sources,
nanovoltmeters, a lock-in amplifier, and programmable magnetic-field control.

(1) AHE Measurement
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AHE measurements were conducted using a standard four-probe configuration. A constant direct
current was applied along the x-axis using a Keithley 2450 Source Meter, and an out-of-plane magnetic
field (H,) was swept using a high-current bipolar power supply (TM-PSBC 3070-234-S2, £70 V / £30
A) controlled via a GPIB interface module (Takasago AP-1 628T2). The longitudinal voltage (V) and
transverse Hall voltage (V) were measured simultaneously using an ADCMT 7461 A Digital Multimeter
and converted into resistance values Ry and Ry, by dividing by the applied current. This configuration
enabled extraction of both the ordinary Hall effect and the anomalous contribution originating from spin-
dependent scattering.

(2) Second Harmonic Hall Measurement

To evaluate spin-orbit torque-induced effects, we employed a low-frequency harmonic
measurement technique. An alternating current of 259.68 Hz was sourced along the x-axis using a
Keithley 6221 AC/DC current source, and the second harmonic voltage (V>,) across the transverse
direction was detected using a NF L15650 Digital Lock-in Amplifier. A magnetic field was applied along
the current direction to allow separation of damping-like and field-like torque contributions. This method
enables quantitative analysis of spin-orbit torque efficiency through harmonic decomposition.

(3) AMR Measurement

AMR measurements were carried out by injecting a DC current along the x-axis with the Keithley
2450, while rotating the magnetic field in the x-z plane. The variation in longitudinal resistance Ry as a
function of the angle between the magnetization and the current direction was recorded using the
ADCMT 7461A. This allowed evaluation of the AMR ratio and the angular dependence characteristic of
the ferromagnetic layer.

(4) SMR Measurement

The SMR was measured using a similar configuration as AMR, but with the magnetic field rotated
in the y-z plane. A DC current was applied along the x-axis, and the change in Ry was recorded as the
magnetization was swept from in-plane to out-of-plane directions. This measurement probes the
modulation of spin absorption and spin-current reflection at the TI/FM interface, governed by spin
mixing conductance and interfacial transparency, rather than by bulk magnetoresistive effects.
Measurements were performed using the Keithley 2450 and ADCMT 7461A, with magnetic field control
as described above.

(5) Spin accumulation (SA) Measurement
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To further investigate spin current generation and detection, we fabricated a custom-designed pillar
device structure in which a current was sourced along the x-axis while an in-plane magnetic field (Hy)
was swept. The voltage between the FM layer and the SOT layer along the perpendicular (z) direction
was recorded to detect the spin accumulation signal. A DC current from the Keithley 2450 was used, and
the voltage was measured via high-impedance differential input on the ADCMT 7461A. The magnetic
field was again supplied by the programmable bipolar power source.

All instruments were connected through a centralized GPIB communication bus and controlled
using custom VB-based software for automated voltage-current sweeps, lock-in signal acquisition, and

synchronized magnetic field scanning.

2.4.2. Temperature Control and Magnetic Field Configuration

To comprehensively investigate the magnetic and spin transport properties of the fabricated
multilayer devices, AMR, SMR, second-harmonic resistance, and spin accumulation measurements were
performed over a temperature range from 50 K to 300 K. Measurements at room temperature were carried
out to evaluate the potential for practical applications such as spin-based memory and information storage
devices. In contrast, low-temperature measurements were used to elucidate intrinsic scattering
mechanisms, interfacial spin transmission, and the temperature dependence of spin—orbit—coupled
transport.

Temperature control was achieved using a closed-cycle helium cryostat equipped with a resistive
heater and calibrated temperature sensor, enabling stable and precise regulation across the entire
temperature range. All measurements were conducted under high-vacuum conditions to suppress thermal
noise and prevent sample degradation.

A single-axis vector magnet was employed to apply magnetic fields. The sample mount and
electromagnet stage allowed magnetic field rotation in arbitrary planes, enabling detailed angular-
dependent measurements. The magnetic field strength was selected according to the measurement type:
an in-plane field of 2 kOe was applied for spin Hall resistance measurements to resolve subtle spin
accumulation signals, while stronger fields of up to 9 kOe were used in second-harmonic, SMR, and

AMR experiments to ensure magnetic saturation and clear angular modulation.
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This combined temperature—field configuration enabled systematic analysis of the evolution of

spintronic effects with respect to temperature and magnetic field direction, providing critical insights into

the stability and physical origin of the observed signals.
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Chapter 3 Direct Spin Hall effect
Magnetic Field Sensor: Demonstration of
the Operating Principle and Noise
Analysis

This chapter investigates the underlying mechanisms that contribute to the giant signal observed in
the direct spin Hall (DSH) magnetic field sensor compared to second harmonic techniques, while
analyzing the noise limitations inherent to DSH sensing. A comparative study with ISH sensing is
conducted to evaluate signal-to-noise characteristics, scalability, and practical implications for next-

generation magnetic read heads.

3.1. Introduction and Motivation

The manipulation and read-out of magnetization states in FM materials are two fundamental
operations in spintronic devices. In high-density MRAM, magnetization is commonly manipulated via
STT, while read-out is achieved through the TMR effect. Recently, the SHE in non-magnetic materials
with strong spin-orbit coupling has emerged as a powerful alternative method for both writing and
reading magnetic states.

Among the various manifestations of SHE, the DSH has been intensively studied in the context of
SOT-MRAM, where it enables current-induced manipulation of magnetization without the need for
direct current injection into magnetic layers.'* Notably, DSH-based SOT has demonstrated the ability to
manipulate magnetic insulators, which is unattainable via conventional STT approaches?. Conversely,
its reciprocal phenomenon the ISH has attracted attention as a potential mechanism for reading magnetic
states in magnetoelectric spin-orbit logic devices™® and in magnetic read head sensors for HDDs'.

Huy et al. recently demonstrated a proof-of-concept ISH magnetic field sensing device using a
CoFe/MgO/BiSb heterostructure®. In this device, a spin-polarized current injected perpendicularly from
the CoFe layer into the BiSb topological insulator is converted into a measurable voltage via the ISH
effect. The device offers several advantages over TMR-based sensors: it requires only a single FM layer,
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thus eliminating complex reference layer stacks, and avoids spin-transfer noise owing to the non-
magnetic nature of BiSb. Moreover, thanks to the large spin Hall angle of BiSb, a SNR exceeding 28 dB
has been achieved, which is suitable for HDD read head applications.

From a materials perspective, topological quantum materials particularly topological insulators
such as BiSb are highly attractive for spin Hall applications due to their potentially enormous spin Hall
angles®!!, far exceeding those of conventional heavy metals (typically sy < 1). These materials have

1214 and can be integrated into devices via

also demonstrated operation well above room temperature
industry-compatible sputtering techniques'>!®. BiSb, in particular, exhibits an ultralarge spin Hall angle
~ 52 when fabricated by molecular beam epitaxy!’, and similarly high performance has been achieved
using sputtering a method more favorable for industrial-scale device integration.

In this work, we investigate an alternative magnetic field sensing device in which the DSH rather
than the ISH is used to detect the magnetic state in a BiSb/interfacial layer/CoFe heterostructure. Our
motivation is three-fold. First, by comparing the output signals of DSH and ISH under identical structural
and material conditions, we aim to verify the reciprocity between these two effects in BiSb-based devices,
assuming the interfacial layer is sufficiently transparent to both pure spin currents and spin-polarized
charge currents. Second, the DSH configuration enables direct estimation of the fsu from the output
signal, allowing for meaningful comparison with values obtained using conventional methods such as
the second harmonic Hall technique'®. Third, we seek to elucidate the differences in the origin of noise

between DSH- and ISH-based devices, particularly focusing on the contribution of spin-transfer noise in

DSH measurements.
3.2. Device Structures and Measurement Methods
3.2.1. Multilayer Stack Design and Structural Characterization

The sensor device investigated in this study is based on a multilayer heterostructure fabricated using
magnetron sputtering. As illustrated in Figure 3.1, the stack consists of a 3.8 nm buffer layer, a 9.7 nm

BiSb layer, a 1.1 nm interfacial layer, a 0.8 nm CoFe FM layer, and a 5.5 nm capping layer.
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Capping layer (5.5 nm)

CoFe 0.8 nm)
Interlayer (1.1 nm)
BiSb 9.7 nm)
Buffer layer (3.8 nm)

Figure 3.1. Schematic diagram of the multilayer stack used in this work.

The thicknesses of the individual layers were determined from XRR measurements, as shown in
Figure 3.2. A good agreement between the experimental data (black curve) and the fitting result (red
curve) was obtained, yielding the following layer thicknesses: 3.8 nm (buffer), 9.7 nm (BiSb), 1.1 nm
(interfacial), 0.8 nm (CoFe), and 5.5 nm (capping). The root-mean-square surface roughness of the

capping layer was estimated to be 5.4 A.
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Figure 3.2. XRR spectrum of the full stack. The black curve represents the experimental data,
while the red curve corresponds to the best-fit simulation.

To further verify the surface morphology and validate the XRR-derived roughness, AFM was
performed on the as-deposited multilayer surface. As shown in Figure 3.3, the measured root-mean-
square (RMS) roughness was approximately 3.9 + 0.3 A, which is in good agreement with the XRR
fitting result. This indicates the surface is sufficiently smooth and free of significant contamination,
ensuring high interface quality throughout the stack.
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Figure 3.3. Representative AFM scan of the as-deposited multilayer surface. The RMS roughness
was measured to be 3.9 + 0.3 A over a 0.25 pm x 0.25 pm area.

The buffer layer is designed to promote the growth of BiSb with (012) orientation. According to
the structural scheme disclosed in Ref. 19, it comprises three sublayers: a pre-seed layer to ensure
adhesion to the Si/SiO, substrate, a seed layer, and a crystalline layer made of face-centered cubic
materials with (111) orientation and in-plane lattice constants ranging from 3.52 to 3.71 A. The BiSb
alloy has a nominal composition of BigsSbis. As shown in Figure 3.4, XRD analysis confirms that the
BiSb layer crystallizes primarily in the (012) orientation, with a minor (001) component. The presence
of clear fringes around the BiSb (012) peaks indicates excellent wafer-scale thickness, uniformity and

interfacial flatness.
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Figure 3.4. XRD pattern of the multilayer structure. The dominant BiSb (012) peak confirms the
intended crystal orientation, with weak (001) components also observed.
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The interfacial layer serves as a diffusion barrier to prevent Sb out-diffusion from the BiSb layer
into the FM layer, while remaining sufficiently thin to maintain transparency to both pure spin currents
and spin-polarized charge currents. The CoFe layer, with a nominal composition of CosoFero, is kept
intentionally thin to enable reliable second harmonic Hall effect (2w Hall) measurements of spin—orbit
torque. The capping layer, composed of high-resistivity materials, protects the CoFe from oxidation and

suppresses shunting of the in-plane bias current.

3.2.2. Fabrication and Operation of the Hall Bar Device for AHE and
Second Harmonic Measurements

To evaluate the SHE in the BiSb-based heterostructure, we fabricated a Hall bar device suitable for
both AHE and second harmonic Hall measurements. The fabrication followed the process flow described
in Section 2.3.1. The device consists of a full multilayer stack with a thin CoFe layer (0.8 nm), optimized
to enhance the sensitivity to spin-orbit torque signals. A six-terminal Hall bar pattern with a size of 10 x
25 um? was defined using optical lithography and ion milling. The contact electrodes were formed by
sputtering Ta (20 nm)/Pt (10 nm) and patterned by lift-off.

An optical image of the fabricated Hall bar and the coordinate system used in harmonic
measurements are shown later in Figure 3.10. During the measurements, an alternating current was
applied along the x-axis, and the Hall voltages were measured between the transverse terminals while
sweeping external magnetic fields along the x or z directions (denoted as Hy and H,).

This device allows us to extract the spin Hall angle by analyzing the second harmonic Hall
resistance R’, which reflects the damping-like spin-orbit torque induced by the SHE in the BiSb layer.
The detailed measurement results, data fitting procedure, and estimation of the effective spin Hall angle

are discussed in Section 3.3.

3.2.3. Fabrication and Operation of the DSH Sensing Device

To fabricate the DSH sensing device, we first patterned a Hall bar structure across the full multilayer
stack using optical lithography and ion milling. Figure 3.5 illustrates the overall fabrication process flow,
including lithography, etching, and electrode formation, which are described in detail below. The Hall
bar has a width of wy = 50 pm and includes two Hall terminals. The lithography process began by spin-

coating a PMGI positive photoresist, followed by a soft bake at 150 °C for 5 minutes. A second layer of
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OFPR positive photoresist was then applied and baked at 110 °C for 90 seconds. After exposure and
development, ion milling was used to etch through the full multilayer stack down to the substrate, thereby

defining the Hall bar pattern.

Multilayer Film Deposition

l Electrode Deposition and Lift-Off

Four-terminal Hall Bar Patterning by Lithography and lon Milling

| [

Pillar Formation for Sensing Terminals Insulation Layer Deposition

-

Figure 3.5. Fabrication steps of the DSH sensing device: film deposition, Hall bar patterning, pillar

formation, insulation layer deposition, and electrode lift-off.

Subsequently, two square-shaped photoresist masks with w = 40 pm were defined on the Hall bar
at the locations of the two Hall terminals using the same PMGI/OFPR bilayer process. These masks were
used to create sensor pillars. Ion milling was then performed again, this time with controlled milling
duration to stop precisely at the BiSb surface, thus leaving pillars composed of interlayer/CoFe/cap layers
atop the BiSb track.

To calibrate the ion milling depth for precise pillar formation, we conducted a two-step verification
using XRF and AFM. First, we prepared a test sample and monitored the reduction of element-specific
peak intensities (Bi) as a function of milling time using XRF. As shown in Figure 3.6, the Bi signal

originating from the bottom BiSb layer, remains relatively high for short milling durations and drops
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significantly beyond 80 seconds. The optimal etching window was identified between 80-95 seconds,

ensuring complete removal of the upper layers while preserving the underlying BiSb.
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Figure 3.6. XRF Bi peak intensity as a function of milling time.

To further evaluate the etch depth and ensure consistent removal of the capping and ferromagnetic
layers, we fabricated reference test structures consisting of an array of 5 pm x 5 um square mesas, as
shown in Fig. 3.7 (a). These mesas were etched using a controlled ion milling process with durations
ranging from 80 to 100 s in 5 s increments. AFM was then performed to assess the remaining stack
thickness after etching. A representative line profile from a 100-second-etched sample is presented in
Fig. 3.7 (b), showing a step height of approximately 6.5 nm. Given that the designed ferromagnetic layer
is located ~ 6 nm beneath the capping layer, this result confirms that the 100-second etching condition is
sufficient to completely remove both the cap and ferromagnetic layers, providing clean exposure of the

underlying topological insulator surface.
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Figure 3.7. (a) Optical image of the fabricated array of 5 pm x 5 pm mesas designed for AFM
calibration. (b) AFM line profile after 100 s ion milling, showing a ~6.5 nm step height, confirming

complete removal of the capping and ferromagnetic layers.

After pillar milling, an insulating layer was formed by spin-coating a negative OMR photoresist,
which was baked at 90 °C for 20 minutes prior to exposure, followed by a hard bake at 150 °C for 5
minutes after development. Finally, Ta (20 nm)/Pt (10 nm) electrodes were deposited via sputtering and
patterned by lift-off using the same PMGI/OFPR photoresists.

Figures 3.8 (a) and 3.8 (b) show an optical image and the schematic structure of the final DSH
device. In operation, a DC current Ipc is applied along the x-axis. Due to the spin Hall effect in BiSb,
spin accumulation occurs at the BiSb/interlayer/CoFe interface, resulting in an interfacial
electrochemical potential difference that is sensitive to the magnetization direction of the CoFe layer.
When an external magnetic field Hy aligns the magnetization along +y or —y, the corresponding spin
alignment leads to a measurable interface voltage Vpsu. This voltage is recorded between the top

electrode on the pillar and the bottom BiSb layer while sweeping H,.
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(b)

Figure 3.8. Schematic illustration of (a) An optical image of a fabricated DSH device. (b) the direct

spin Hall sensor device structure and the measurement setup.

3.3. Experimental Results and Analysis

3.3.1. [Evaluation of Spin Hall Angle from Second Harmonic Hall
Measurements

Figure 3.9 presents an optical image of the fabricated Hall bar device, along with the schematic of
the second harmonic Hall measurement setup. The external magnetic field H was applied either along

the x-axis or z-axis, corresponding to in-plane (Hx) and out-of-plane (H,) configurations, respectively.
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Figure 3.9. Optical microscope image of the Hall bar device and schematic of the second harmonic

Hall measurement. The coordinate system and in-plane magnetic field H// x are indicated.

To characterize the magnetic properties of the device, we first measured the anomalous Hall
resistance Rape under a sweeping H,, as shown in Fig. 3.10. The resulting curve displays a clear saturation

behavior, from which we determined the anomalous Hall resistance Rang = 2Q and the effective

anisotropy field Hx = 7 kOe.
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H (kOe)

Figure 3.10. The anomalous Hall resistance measured with a perpendicular external magnetic field.

Next, we performed the second harmonic Hall measurements to quantify the damping-like SOT

arising from the absorption of SHE-generated spin current in the BiSb layer. An AC current (259.68 Hz)

67



was applied while sweeping Hy between £9 kOe, and the corresponding second harmonic Hall resistance
Rlz.{" was recorded, as shown in Fig. 3.11. The signal was fitted using the standard second harmonic
model, which includes parasitic thermoelectric terms originating from the ordinary Nernst effect (ONE),
the ANE, and the spin Seebeck effect (SSE), allowing the extraction of the anti-damping-like effective
field Hap.

Figure 3.12 summarizes Hap as a function of Jgis. A linear fit yields an effective spin Hall angle

ff _ 2e OH, .
0% = = tpmMs =2 ~ 3.5 based on the relation:
h oJBisb

R2(,0 RAHE AD
RXAHE [
H 2 HytHy

FTRoNeH T RANE+sSE (3.1

where Raue is the anomalous Hall resistance amplitude, fem = 0.8 nm is the CoFe thickness, and Ms =

1850 emu/cm? is the saturation magnetization.
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Figure 3.11. The second harmonic Hall resistance measured by different BiSb current densities

JBisb.

To estimate Jpish, we initially assumed the conductivity of BiSb as omisp = 1.5x10° Q'm™,

corresponding to a sheet resistance Rie: = 666 Q for a 10-nm-thick stand-alone BiSb layer. Then, the

sheet

o . . R S
current flowing into the BiSb layer was estimated by Isiss = lbias * (S‘—“k) The uncertainty in this

sheet
BiSb

estimation originates from ng‘igi,‘, as the actual sheet resistance of BiSb embedded in the multilayer stack

may differ from that of the stand-alone BiSb. To reduce this uncertainty, we fabricated a reference stack
with the same layer structure but excluding the BiSb layer and used the sheet resistance of this reference

to indirectly evaluate the embedded BiSb sheet resistance.
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The result shows that the effective conductivity of the BiSb layer in the actual stack is ogis, =

1.3x10° Q'm™!, corresponding to a sheet resistance of R

sheet

BiSb

777 Q, which is slightly different from

the value for stand-alone BiSb. We have estimated the effective spin Hall angle egf{{ based on this

corrected value, as shown in Fig. 3. 12.
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Figure 3.12. The extracted antidamping-like field Hap as a function of Jisb.

3.3.2. Direct and Inverse Spin Hall Measurements: Signal Analysis
and Spin Hall Angle Estimation

We now evaluate the performance of the DSH sensing device shown in Figure 3.8. Figure 3.13

shows a representative DSH resistance, defined as Rpsu = Vosu / Ipc, measured at room temperature

under a DC current of Inc = 0.6 mA while sweeping an in-plane magnetic field H,. A large resistance of

Rpsu = 0.27 Q was obtained, which is three orders of magnitude greater than the expected anomalous

Hall resistance (~0.14 mQ) for an in-plane Hy. This further confirms that the observed signal does not

originate from conventional Hall effects.
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Figure 3.13. DSH resistance Rpsu = Vpsu/ Inc measured with Inc = 0.6 mA at room temperature.

Figure 3.14 demonstrates the linear dependence of the output voltage Vpsu, confirming that the

observed signal does not originate from thermomagnetic effects such as the anomalous Nernst effect.
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Figure 3.14. The relationship between the Vbsn and the bias current Inc.

To further verify the spin-related origin of the signal, we examined the reciprocity between DSH
and ISH measurements. Figures 3.15 (a) and 3.15 (b) compare the DSH resistance Rpsu and ISH
resistance Risu = Visu / Ipc, obtained by injecting current perpendicularly through the pillar from the top
electrode and detecting the voltage in the BiSb layer. For both cases, Inc = 0.2 mA was applied, and both

measurements yielded comparable resistances of Rpsu~Risu~0.27 €, confirming the reciprocal relation

between DSH and ISH responses.
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Figure. 3.15. (a) and (b) Comparison between Rpsn and ISH resistance Risn at Inc = 0.2 mA.

The observed resistance is also consistent with previous ISH measurements performed on 20 pum-
wide CoFe (5 nm)/MgO (2 nm)/BiSb (10 nm) stacks, where Risy ranged from 0.1~1 Q. However, our
present devices exhibit significantly higher noise levels, which we attribute to dominant spin-transfer
noise, as will be discussed in Section 3.3.6. Nevertheless, the output resistance in our BiSb-based devices
significantly surpasses that reported in Ta/MgO/CoFeB and Pt/MgO/CoFe devices?, underscoring the
potential advantage of BiSb in SOT-based magnetic sensors. The switching-field difference between the
DSH and ISH configurations is discussed in detail in Section 3.3.10.

To estimate the intrinsic spin Hall angle sy from the output resistance Rpsi of the device, we follow

the model in Ref. 21, where the DSH resistance is expressed as:

L (PSR ) tanh (=) (3.2)
where: ¢ is the thickness of the surface conduction layer, A is the spin diffusion length of BiSb,
P is the spin polarization of the FM layer, w is the width of the pillar.
Here, we consider that the two-dimensional topological surface states dominate conduction in 10

nm-thick BiSb'*?2, and only the top surface contributes to the DSH signal. The current flowing through

the BiSb layer beneath the pillar, sy, is calculated by the following equation:

sheet w
Igisp = (Rzﬁa:ekt) (_)[DC (3.3)

RBish/ \WH

The two preceding factors in Eq. (3.3) respectively account for (i) current shunting through the

sheet
stack

sheet>
Rpish

other layers, represented by the ratio and (ii) geometrical current reduction due to the narrower
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pillar width (ﬁ) Here, z?aec‘i(t denotes the sheet resistance of the full stack, and wy; is the width of the

Hall bar. Substituting this expression into Eq. (3.1) yields the actual measurable DSH resistance:

sheet

v RN w0\ Oy PRI !
R Jpsu _ ( stack) (_) SHUTBIS 5 tanh (_s)
w

DSH sheet
I, Hien ) \wy 2)r
lQSHP R:?aecekt Is
= /%) tanh | — 3.4
wH sf 2. ( )

We note that Eq. (3.3) is identical in form to the expression derived for ISH resistance in Ref. [8§],
where voltage shunting in the BiSb layer is considered, confirming theoretical reciprocity between DSH
and ISH. Using: R:?aielf =178.6 Q, wy =50 um, P = 0.5, ts=2 nm, Ay =2 nm, we obtain: Osy = 164,
which is nearly 50 times larger than the effective spin Hall angle 0§{{~3.5 estimated from second
harmonic Hall measurements in Section 3.3.1. This significant discrepancy underscores the importance
of using direct measurement techniques like DSH/ISH to access the intrinsic spin-charge conversion

efficiency of topological insulators.

3.3.3. Cross-Validation of Spin Hall Angle: Comparison between
Second Harmonic and DSH Methods

In this section, we compare the SHA values obtained from two commonly used techniques: the
second harmonic Hall method and the DSH sensor method. Although both are widely applied to evaluate
spin—charge conversion in BiSb/CoFe heterostructures, the SHA extracted from second harmonic
measurements is significantly smaller than that obtained using the DSH approach.

This discrepancy arises mainly from the ultrathin CoFe layer (0.8 nm) used in this study. Because
the spin diffusion length of CoFe (~6.2 nm) greatly exceeds its thickness, the injected spin current cannot
be fully absorbed, leading to reduced interfacial spin accumulation and an underestimation of the
effective spin—orbit torque in second harmonic measurements. Consequently, the resulting SHA appears
smaller than its intrinsic value.

In contrast, the DSH method directly detects the spin current through the generated transverse
voltage and is less susceptible to incomplete spin absorption in the FM layer. The SHA obtained from
DSH measurements therefore more accurately reflects the total spin current injected from the BiSb layer.

These results highlight that the extracted SHA strongly depends on the FM layer thickness relative
to its spin diffusion length. In ultrathin FM systems, second harmonic methods tend to underestimate the

actual spin Hall angle, whereas DSH provides a more faithful measure of the intrinsic spin—charge
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conversion efficiency. To our knowledge, a systematic comparison of these two techniques within the
same BiSb-based heterostructure has not been previously reported, and the present work offers new
insight into the influence of spin absorption on SOT characterization. We will address this problem later

in chapter 4.

3.3.4. Influence of Bulk Conductivity in Topological Insulators on
Signal Detection
In this section, we discuss how the bulk conductivity of the TI layer affects the detection of ISH
signals in BiSb-based spintronic devices. The ISH voltage in our analysis is described by the following

equation:

@ — OsH PRsheet (i)
; B Agtanh T (3.5)

This model assumes that the charge current flows predominantly through the topological surface
states of the BiSb layer, which are responsible for converting spin current into charge current. However,
in practical TI materials, bulk conduction may be non-negligible due to the presence of defects or
unintentional doping. These bulk pathways do not contribute directly to the spin-to-charge conversion
but instead act as shunting channels that reduce the effective voltage output.

To better understand this effect, we consider an equivalent circuit model of the TI layer, as shown
in Figure 3.16. The total output signal is generated by the spin-to-charge conversion at the top surface
state, while the bulk and bottom surface states act as parallel current paths with lower resistance. These
shunting paths divert part of the current away from the top surface and thereby reduce the detected ISH

voltage.
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Figure 3.16. Equivalent circuit model for the topological insulator layer in the ISH sensing device.
Only the top surface contributes to the ISH voltage, while the bulk and bottom surface act as

shunting resistances.

In this model, the total output voltage Vo can be expressed as:Vo =1, Rg™ =L, Ry = I;RE"™ with
Io=I,+L+1I;. Here, Io is the total injected current, and R{™, Ry, and REC™™ represent the
resistances of the top surface, bulk, and bottom surface states, respectively. The total effective resistance
of the TI layer is given by the parallel combination:

— =
Ry Rsop Rp Rgottom

(3.6)

From this relation, we can understand that the sheet resistance Rsheet used in Eq. (3.6) reflects not
only the voltage-generating effect of the top surface but also the shunting effects from the bulk and
bottom surface states. A more conductive bulk leads to a lower total sheet resistance, which in turn lowers
the output ISH voltage, even though the spin Hall effect itself remains unchanged at the surface.

Therefore, to maintain high sensitivity and a high SNR in ISH-based sensing devices, it is essential
to minimize bulk conductivity and enhance the dominance of surface-state transport. These insights also
highlight the importance of material quality, especially in topological insulators with short spin diffusion

lengths, such as BiSb.

3.3.5. Analysis of Parameter Uncertainty and Its Impact on Signal
Estimation

In this study, the Osy was estimated from the experimentally measured spin Hall resistance Rps,

based on the following expression (also denoted as Eq. (3.7) in the main text):

sheet
Ry = SIS ) anh () (3.7)

DSH 21“
where P denotes the spin polarization of CoFe, R,sgl}esebf is the sheet resistance of the BiSb layer, w is
the width of the pillar, A is the spin diffusion length, and ¢ is the thickness of the topological surface

states in BiSb.
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To account for current shunting through the full multilayer stack, the expression was modified as
follows:

_ OsuPRES t5
R = Jtanh (Msf) (3.8)

psH .

where RZ?;? and wy are the sheet resistance and width of the full Hall track, respectively. Both
of these values can be precisely measured through electrical and lithographic methods, contributing
negligible uncertainty to the estimation of Gsy.

However, the remaining key parameters - namely the spin polarization P, spin diffusion length A,
and surface state thickness ¢ - introduce significant uncertainty into the estimation of fsy. In the
following sections, we analyze the impact of each parameter in detail.

(1) Spin Polarization P

We used a spin polarization value of P = 0.5 for CozgFe7 in our analysis. This choice is supported
by previous experimental data from Andreev reflection and TMR measurements?>24, As shown in Fig.

3.17, our sample’s composition (Fe = 70%) matches well with those prior studies, where spin polarization

values close to 0.5 were consistently reported.
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Figure 3.17. Spin polarization P of CoFe alloys as a function of Fe atomic fraction. Reproduced

from Ref. 23 with permission from AIP and 24 with permission from AIP.

Temperature-dependent TMR measurements by Karthik et al. demonstrate that the spin polarization

decreases from P =~ 0.50 at 8 K to P = 0.45 at room temperature, reflecting the expected thermal
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suppression of interfacial spin asymmetry?. Based on this observation, we estimate an uncertainty of

approximately +10% in the spin polarization at room temperature. Since fsy is inversely proportional to

P, this variation would result in a corresponding uncertainty in fsg. Importantly, by using the maximum

reasonable value of P = 0.5, our estimation of fsy serves as a lower bound within the range P = 0.45~0.5.
(2) Spin Diffusion Length A and Surface State Thickness

The spin diffusion length Asr and the surface state thickness ts of BiSb both appear in the nonlinear
term Agtanh (%), which complicates the estimation. In this work, we assume a maximum possible value
st

ts = 2 nm based on the study of Bi thin films by Hou et al.?>. Since BiSb has a larger band gap than
elemental Bi, its topological surface states are expected to be equal to or thinner than 2 nm. Assuming a
smaller ¢, would increase the extracted Osu for the same experimental Rpsy, and thus # = 2 nm provides
a conservative upper bound.

The estimation of Asr is more involved due to its appearance in the same nonlinear term. BiSb is a
topological insulator with an enlarged quantum-size-induced band gap of approximately 200 meV at a

thickness of 10 nm?, which prevents spin diffusion into the bulk. Therefore, we impose the physical

constraint A < £, We numerically calculated the term Agtanh (ﬁ) for several combinations of 7 and
sf:

Ase within this boundary, as shown in Fig. 3.18. The results show that A tanh (zt—s) decreases as #; and
Asf

Ast decrease, meaning that its maximum value is obtained when both parameters take their largest

physically allowed values.

Consequently, by adopting ¢, = 2 nm and A5 =2 nm, the extracted Osy in this work should be regarded

as a conservative lower bound, valid for all physically reasonable combinations of #; <2 nm and As < .
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Fig. 3.18. Calculated value of A tanh (i) with various & < 2 nm and Ag < .
f-

The calculated curves show that the term A tanh (if) increases monotonically with both # and
Ags- Therefore, by adopting the maximum physically reasonable values # = 2nm and Ay = 2nm, the
extracted Osy represents a conservative lower bound within the full parameter space allowed by #; < 2nm
and Ay <t.

In summary, the uncertainties in the parameters P, Ay, and ¢ directly influence the estimation of
the spin Hall angle. By conservatively assuming their maximum values, we ensure that the calculated
Osu serves as a lower bound of the true value. This approach allows us to make meaningful comparisons
with previously reported values in the literature, even in the absence of precise knowledge for each

parameter.

3.3.6. Noise Analysis in Spin Hall Magnetic Field Sensor

Noise fundamentally limits the detectivity of spin Hall magnetic field sensors. In this section, we
briefly analyze the primary noise sources relevant to the devices studied in this work and clarify their
implications for device performance.

(1) Johnson—Nyquist Thermal Noise
All resistive sensors are subject to Johnson—Nyquist noise, which originates from the thermal

motion of charge carriers and sets an intrinsic lower bound for voltage fluctuations. The root-mean-
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square voltage fluctuation is given by: V, = \/4kzTR o Af; where kg is the Boltzmann constant, 7 is
the absolute temperature, R, denotes the resistance of the effective sensor pillar that contributes to
the detected voltage signal, and Af'is the measurement bandwidth. For our DSH sensing device, Riijjar
~ 1 kQ. At room temperature (7= 300 K) and Af'= 1 Hz, the resulting Johnson—Nyquist thermal noise
voltage is V, = 4.1x107° V, which is much lower than the experimentally observed fluctuation, indicating
that other noise sources dominate.

(2) Spin-Transfer Torque Noise

A key difference between DSH and ISH sensors is that the DSH configuration drives a spin current
directly into the FM CoFe layer: J; = iHSHJBiSb, where Osy is the spin Hall angle and Jgisp is the in-plane

charge current density in the BiSb layer. In our devices, the combination of a very large Osy ~ 164 and
an ultra-thin CoFe layer (0.8 nm) produces a pure spin current that exceeds the charge current by more
than two orders of magnitude. The FM layer absorbs this spin current, and at high bias current and high
spin Hall angle, the resulting SOT drives magnetization instabilities, manifesting as pronounced spin-
transfer noise with a 1/f'spectral characteristic. This mechanism is absent in ISH sensors because their
spin Hall layer is nonmagnetic.

(3) Magnetic noise and amplifier noise.

These two noises are not different between the DSH and ISH sensors.

These analyses indicate that Johnson—Nyquist thermal noise is not the limiting factor in our devices.
Instead, the dominant contributions arise from spin-transfer torque noise—enhanced by the ultra-thin
CoFe layer (0.8 nm) and large spin Hall angle.

In addition to these intrinsic noise sources, the magnetization reversal mechanism also plays a
critical role. The observed square-like switching behavior, rather than smooth magnetization rotation,
results in domain-wall nucleation and depinning events, producing Barkhausen noise that further
increases the low-frequency noise level. These abrupt domain-wall jumps lead to discontinuous changes
in magnetization, which are directly translated into Hall-voltage fluctuations, thereby amplifying the 1/f-
type noise component. Although both DSH and ISH devices in our experiments exhibit relatively high
noise levels (Fig. 3.16), the DSH configuration inherently introduces spin-transfer noise because of the
direct torque on the FM layer, whereas ISH sensors avoid this mechanism and thus have the potential for

higher intrinsic SNR. These observations reinforce the discussion in Chapter 1 (Section 1.4.1), where
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smooth magnetization rotation is emphasized as a key requirement for achieving low-noise performance

in HDD read-head sensors.

3.3.7. Role of Magnetization Reversal Mode in Determining Linearity
and Noise Performance

As discuessed in Chapter 1 (Section 1.4.1), smooth magnetization rotation is a key requirement for
achieving stable, low-noise magnetic field sensing in high-density HDD read-head applications. In our
DSH sensors, however, the CoFe layer reverses predominantly via discontinuous domain-wall-mediated
switching, which contributes significantly to the enhanced low-frequency noise identified in Section
3.3.6 due to the associated Barkhausen-type magnetization jumps. Because the reversal mechanism
directly determines both the linearity and the noise floor of spin-Hall-based sensors, this section
examines how different switching modes influence device performance and discusses engineering
strategies to promote smooth or quasi-coherent rotation in DSH devices.

The CoFe layer in our devices exhibits a square-like switching profile, indicative of domain-wall—
mediated reversal rather than coherent rotation. This reversal mode leads to significant drawbacks: (1)
large hysteresis due to irreversible domain-wall jumps, (2) nonlinear response near zero field arising
from abrupt nucleation events, and (3) enhanced low-frequency Barkhausen noise, consistent with the
observations in Section 3.3.6. These characteristics are incompatible with the requirements of HDD read
heads, where linearity, reversibility, and low coercivity are essential for achieving high SNR during high-
speed readout.

In contrast, smooth or quasi-coherent magnetization rotation enables a continuous and reversible
response to small fields. This behavior reduces hysteresis, expands the linear sensing range, and
suppresses Barkhausen fluctuations, thereby improving both signal fidelity and noise performance.

To realize smooth rotation, several engineering approaches can be adopted: reducing magnetic
anisotropy via material tuning or CoFe thinning, replacing CoFe with a softer alloy (e.g., NiFe),
optimizing the device geometry to promote single-domain—like behavior, applying a stabilizing bias field,
and minimizing interfacial roughness to reduce pinning sites. These strategies directly target the reversal
mechanism and form a practical pathway toward high-SNR DSH sensors compatible with HDD
requirements. The following sections build upon this discussion by comparing DSH, ISH, and TMR
devices under these performance criteria.
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3.3.8. Comparison with TMR Sensors and Parameter Optimization
for Noise Reduction

This section presents a detailed comparison between TMR sensors and DSH sensors, focusing on
the trade-off between signal output and noise. We also discuss the geometric and material parameters
that can be optimized to improve the SNR of DSH sensors.
(1) Comparison with TMR and ISH Sensors

TMR sensors are known for their high output due to large magnetoresistance ratios. However, in
sensing applications, SNR, not absolute output, is the most critical factor. For instance, the Deep Space
Network can detect signals as weak as -160 dBm (~1 x 107® W) from Voyager, thanks to its extremely
low system noise. This highlights the importance of noise suppression over raw signal amplitude.

The output voltage of a TMR sensor is approximately proportional to the applied bias voltage: AV
~ Viias ¥ TMR. However, scaling down the TMR device leads to increasing thermal and magnetic noise:

Thermal noise is given by:

Ny = /4ks TRyir.f (3.9)

where Rwr; is the resistance of the magnetic tunnel junction.

Magnetic noise is described by:

4ugkp Taf

Nypae = AV |[—
YHifeMsV v ol

ag — (3.10)
where Vo is the volume of the sensing layer, and Hiirr s the stiffness field.
Additionally, the reference/pinning layer stack in TMR devices imposes a lower bound on stack

thickness and limits down-track resolution. Although dual-free-layer (DFL) structures (Fig. 3.19) have

been introduced to eliminate the antiferromagnetic pinning layer, noise still increases as the device scales.
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Hard Bias/y

Fig. 3.19. (a) Conventional TMR sensor stack and (b) Dual free layer stack. Adapted from Ref. 26

with permission from IEEE.

As an alternative, ISH sensors use nonmagnetic spin Hall layers to avoid spin-transfer noise. The

ISH output is given by:
Vigy = et tanh> * fy, (3.11)

In this case, the thermal noise depends only on the sheet resistance of the SOT layer:

Ny = 4k TR oot/ (3.12)

As Rgneet Increases, output voltage scales linearly while noise increases sub-linearly: Vigy ~ Rgeets
Ny ~ \/m = SNR improves. Experimental data from Ref. 8 (Fig. 3.20) shows that an ISH device

using BiSb with fg; > 16 achieves SNR > 28 dB at only 50 pA of bias current.

30
IsH

Fig. 3.20. (a) Model of a 20 nm x 20 nm inverse spin Hall sensor device with the stack of CoFe (3
nm)/MgO (0.8 nm)/BiSb (5 nm). Some insulating layers, magnetic bias layers and top magnetic
shield are omitted for simplicity. (b) Relationships between the SNR and &n for the device in (a)
at different applied bias current 7 of 400, 200, 100, and 50 pA. Adapted from Ref. 8 with permission
from AIP.

(2) Optimization of SNR in Direct Spin Hall Sensors
In contrast to the ISH structure, the DSH sensor developed in this study involves a FM layer directly
interfaced with the spin Hall layer, resulting in STT effects. These effects introduce additional noise

sources and lead to inherent trade-offs when optimizing the SNR.
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To optimize SNR, both output enhancement and noise reduction must be considered simultaneously.
(1) Output Enhancement

The resistance change of the DSH sensor is expressed as:

sheet
R = HSH[:fBle Jtanh (t_s) (3.13)

st 2.
where sy is the spin Hall angle of the BiSb layer, P is the spin polarization of the FM layer, Rg‘qgif
is the sheet resistance of the BiSb layer, w is the pillar width, # is the spin Hall layer thickness, and As¢
is the spin diffusion length.

Considering current shunting through other layers, the effective output resistance becomes:

_ PR &
R_= Jtanh (Msf) (3.14)

DSH WH

where RSS! s the sheet resistance of the entire multilayer stack and wy is the Hall track width.

The following strategies are identified to increase the output signal:

(@O Increase R:?aefk‘ This can be achieved using buffer, interlayer, or capping layers with higher
resistivity, which increases the voltage drop within the spin Hall layer.

2  Use high-spin-polarization ferromagnets: Half-metallic ferromagnets are promising candidates
to enhance P.

(3 Improve spin Hall angle fsy: This can be achieved by promoting BiSb (012) orientation and
suppressing Sb diffusion into the FM layer through interface engineering.

@ Increase bias current Jyi,s: Within thermal and reliability limits, higher bias currents increase
the output linearly.

(2) Noise Reduction

The SNR also depends on minimizing intrinsic and extrinsic noise contributions, including thermal
noise, magnetic noise, and spin-transfer noise.

(O Thermal Noise

The thermal noise is given by:

Nin = 4k TR 1o/ 3.15)

where Rpiar s the pillar resistance and fis the measurement bandwidth. Reducing Ryiiar decreases
thermal noise, which would suggest using low-resistivity layers. However, this directly conflicts with

output enhancement strategies, as increasing resistance (e.g., via high-resistivity interlayers) improves
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the signal. In practice, the signal gain (~R) can outpace the thermal noise increase (~VR), resulting in a
net SNR benefit when moderate resistance increases are allowed.
@ Magnetic Noise

The magnetic noise can be expressed as:

Nopag = AV /% (3.16)

where a is the Gilbert damping constant, Hgifris the stiffness field, M, is the saturation magnetization,
and V.l is the FM sensing volume. This indicates that extremely thin FM layers increase magnetic noise
due to reduced volume. Therefore, while ultrathin FM layers are often used to maximize spin-orbit torque
efficiency, they must not be reduced excessively, as this compromises magnetic stability and increases
low-frequency fluctuations.

(® Spin-Transfer Noise

The DSH architecture is particularly susceptible to spin-transfer noise because the spin Hall layer
(BiSb) has an exceptionally large spin Hall angle (fsiy ~ 164). The spin current density injected into the

FM layer is:
h
Js = 7 Osutpisp (3.17)

which exceeds the charge current by over two orders of magnitude. As a result, even a modest bias
current of Jyias = 0.6 mA (corresponding to a current density of 2.7 x 10* A/cm?) produces strong spin
torque on the FM layer. This is particularly problematic for ultra-thin FM layers (e.g., 0.8 nm CoFe),
where magnetization becomes dynamically unstable, leading to chaotic behavior and enhanced 1/fnoise.
This phenomenon was confirmed experimentally (Fig. 3.21), where devices with high 6sy BiSb and

thin CoFe layers exhibited substantial low-frequency noise fluctuations.
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Fig. 3.21. DSH resistance Rpsu = Vosu/ Inc measured with Inc = 0.6 mA at room temperature.

To mitigate this, we fabricated devices with thicker CoFe (2 nm) and reduced spin Hall angle (6su

< 1), resulting in a significant reduction in spin-transfer noise (Fig. 3.22 (a) and (b)).

(2) (b)

0.6
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G
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Fig. 3.22. (a) Stacking structure and (b) Rpsu curve of a device using a thicker CoFe (2 nm) and

BiSb with lower Osu (<1) to reduce the spin-transfer noise.

@ Trade-offs and Design Considerations

The optimization of SNR in DSH sensors is nontrivial because strategies for output enhancement
often exacerbate noise sources:
1) Increasing Rsee and lias improves signal but raises thermal and spin-transfer noise;
2)  Thinning the FM layer reduces thermal noise but increases magnetic noise;

3) Enhancing fsy amplifies spin torque noise, limiting the maximum bias current.

84



Ultimately, a balanced approach is required, involving moderate sy, thicker FM layers for
magnetic stability, and interface engineering to maintain acceptable output without triggering dynamic
instabilities.

In summary, while DSH sensors offer a structurally simple and scalable architecture, their SNR
optimization involves inherent trade-offs between output enhancement and noise suppression. The results
in Fig. 3.21 demonstrate that reducing fsg and increasing CoFe thickness effectively suppress spin-
transfer noise, highlighting the importance of material selection and device geometry in achieving high

SNR.

3.3.9. Comparative Scaling Analysis of TMR, DSH, and ISH Sensing
Devices

To evaluate the scaling potential of different magnetic field sensing devices for future high-density
magnetic recording, we compare the performance of TMR, DSH, and ISH sensors. A key assumption in
this comparison is that the bias voltage is fixed for all devices, which is the typical operating condition
for magnetic read heads. Under this assumption, the scaling behavior in both the track-width direction
(X scaling) and the read-gap direction (Z scaling) is analyzed.

(1) Scaling Model

Figure 3.23 shows a schematic of the ISH sensor viewed from the air bearing surface (ABS). For
DSH sensors, the positions of the current source and the voltmeter are exchanged. The scaling analysis
focuses on the rectangular area highlighted by dashed lines, where the length (X direction) corresponds
to the track width of the HDD medium and the height (Z direction) corresponds to the bit length. We
refer to these as “X scaling” and “Z scaling” respectively.

Because X scaling shrinks the sensor only in the transverse direction (perpendicular to the current
flow), the voltage drop along the current path remains unchanged, and therefore the intrinsic signal level

of TMR and DSH devices does not change under X-direction scaling.
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Fig. 3.23. Schematic drawing of an ISH sensing device as seen from the air bearing surface. The
Table below summarizes how the signal voltage and the noise changes with scaling in TMR, ISH,
and DSH sensing devices. We also compare the margin of increasing the bias voltage devices.

Table 3.1 summarizes how the signal, noise, and available bias voltage margin change with scaling

for each sensor type.

Device Properties X scaling Z scaling
Signal — N/A
TMR Noise 0 N/A
Vbias margin Small N/A
Signal l 0
ISH Noise - )
Vbias margin Large Large
Signal — —
DSH Noise i l
Vbias margin Medium Medium

(2) Device-Specific Scaling Behavior

(O TMR Sensors

For X scaling, at a constant bias voltage the signal output remains unchanged, but the resistance of
the MTJ increases, resulting in higher thermal noise. The bias current density in TMR sensors is already
high, and further increasing the bias voltage is limited by spin-transfer torque noise. Consequently, the
available bias margin is small, and the SNR decreases with X scaling. Z scaling of TMR sensors is
already approaching fundamental limits due to the thickness of the multilayer stack, and therefore is not
considered in this analysis.

®@ 1ISH Sensors
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For X scaling, a constant bias voltage leads to a reduced bias current due to the increased pillar
resistance, resulting in a lower output signal. The noise, however, remains determined by the sheet
resistance of the TI layer and is not significantly affected by the pillar resistance. Consequently, the SNR
decreases with X scaling.

However, ISH sensors do not suffer from spin-transfer torque noise because the spin Hall layer is
nonmagnetic, providing ample margin to increase the bias voltage/current to recover signal and SNR.
For example, as shown in Ref. 8, an ISH sensor with a spin Hall angle of 2 requires a bias current density
of 1 x 108 A/em? for SNR = 28 dB in a 20 x 20 nm? pillar, which can be reduced to 2.5 x 107 A/cm? when
the spin Hall angle is increased to 5. Experimentally, we achieved 6sy ~ 61, resulting in an even lower
required current density of 3.4 x 10° A/cm?. This wide bias margin justifies our assumption of constant
bias current in previous ISH analyses.

For Z scaling, reducing the TI layer thickness decreases the pillar resistance, thereby increasing the
bias current at constant bias voltage. Meanwhile, the sheet resistance increases, resulting in a higher
output voltage because: Visu ~ Rsneetlbias- Although thermal noise also increases with resistance, it scales
as VR and thus grows slower than the signal. As a result, the SNR actually improves with Z scaling,
making ISH sensors more resistant to scaling effects compared to TMR devices.

® DSH Sensors

For X scaling, the signal output is largely unchanged, but the increased pillar resistance leads to
higher thermal noise, resulting in a net SNR reduction. Similar to ISH devices, the bias margin of DSH
devices is moderate because their required bias current density is small, allowing some increase in bias
voltage to offset noise. However, unlike ISH devices, DSH sensors suffer from spin-transfer torque noise
in the ferromagnetic layer, similar to TMR sensors, which limits their maximum allowable bias.

For Z scaling, reducing the TI layer thickness lowers the bias current due to increasing Rgneet.
However, since the output voltage & Rsheetbias, it should remain the same. Furthermore, the pillar
resistance also decreases, thereby lowering the thermal noise. As a result, the SNR actually increases.

In summary, in terms of resistance to scaling-induced SNR degradation:

ISH sensor > DSH sensor > TMR sensor

Furthermore, due to spin-transfer noise limitations, DSH sensors are unlikely to be suitable for next-
generation magnetic read heads beyond areal densities of 4 Tb/in?, whereas ISH sensors, with their

superior bias margin and scalability, remain a promising alternative.
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3.3.10. Switching Field Discrepancy and Comparative Evaluation
between DSH and ISH Sensors
A key distinction between the DSH and ISH sensors investigated in this work lies in their noise
performance and magnetic switching behavior. In the DSH sensor configuration, the bias current flows
along the Hall track and injects a transverse spin current directly into the FM CoFe layer. As detailed

previously in Section 3.3.8, the combination of an ultra-thin CoFe layer (0.8 nm) and a very large spin
Hall angle (fsu ~ 161) generates an extremely large spin current density (Js = Z%QSHJBiSb)n which leads

to strong spin-transfer torque and pronounced low-frequency noise. Even under a modest bias current of
0.6 mA (2.8 x 10* A/cm?), the FM magnetization becomes unstable, resulting in significant 1/f-type
fluctuations.

To suppress this STT-driven noise, an optimized DSH structure with a thicker CoFe layer (2 nm)
and reduced sy (< 1) was fabricated. As shown in Fig. 3.22, this device exhibits substantially lower
noise even at higher bias current, although the output decreases to ~0.35 mQ. These results emphasize
the intrinsic trade-off of the DSH architecture: higher Osy and thinner FM layers enhance output but
simultaneously amplify spin-transfer noise, whereas thicker FM layers and lower fsy improve noise
stability at the cost of reduced sensitivity.

Another notable difference between DSH and ISH sensors is the coercive field observed in their
resistance hysteresis loops. The ISH configuration exhibits a smaller coercive field due to stronger local
Joule heating, as the perpendicular current directly heats the pillar region. In contrast, Joule heating in
the DSH sensor occurs mainly along the Hall track, resulting in a higher effective coercive field in the
resistance loop.

We also verified the reciprocal relationship between the DSH and ISH effects by comparing their
voltage responses under identical bias current conditions (Ipc = 0.2 mA), as shown in Fig. 3.15. Both
configurations yield similar magnitudes (|[Rpsu| = |Risu| = 0.27 Q for a 40-pm-wide pillar), confirming
the expected reciprocity. This behavior is consistent with our previous ISH devices based on CoFe (5
nm)/MgO (2 nm)/BiSb (10 nm), which exhibited |Risu| ~ 0.1-1 Q for 20-um-wide pillars. Furthermore,
the output of BiSb-based devices significantly exceeds that of conventional Ta/MgO/CoFeB or

Pt/MgO/CoFeB SOT sensors, illustrating the advantage of using BiSb as the spin Hall material.
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Although both DSH and ISH devices exhibit non-negligible noise due to measurement limitations,
the ISH architecture inherently avoids spin-transfer torque and therefore possesses a fundamentally
higher potential SNR under optimized conditions. In contrast, DSH sensors benefit from a simpler in-
plane current geometry and scalable design.

Overall, these results clarify the switching-field discrepancy in Fig. 3.15 and highlight the
contrasting physical origins of noise and switching behavior in DSH versus ISH structures. A quantitative
noise analysis was presented in the previous sections to evaluate the implications for magnetic sensing

performance.

3.4. Summary of Novelty and Key Contributions

This work presents a novel approach to magnetic field sensing for HDD read heads by utilizing the
DSHE. The main differences and contributions compared to previously published studies are
summarized below.

(1) Distinct Physics and Device Structures

Unlike previously reported works, the present study focuses on a DSHE-based magnetic field sensor
specifically designed for HDD read head applications, rather than SOT-MRAM devices or ISHE-based
sensors. Before, Huy et al. reported an ISHE-based magnetic field sensor® while Zhang et al. investigated
DSHE phenomena but aimed at SOT-MRAM rather than sensing application.?’.

Here, this work applies DSHE physics to HDD reader sensors, which differs both in device
geometry and operational objectives. Table 3.2 highlights the distinction between previous works and

the present study.

Table 3.2. Comparison between previous studies and this work.

DSHE ISHE
H. H. Huy et al. Appl. Phys. Magnetic field sensing device
Lett. 122 (2023) 052401 for HDD reader
R. Zhang et al. Appl. Phys.
gt at App- T SOT-MRAM

Lett. 124 (2024) 072402

Magnetic field sensing device
for HDD reader

This work
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(2) Verification of Reciprocity between DSHE and ISHE

This work confirms the reciprocal relation between DSHE and ISHE within the same device
structure. This was achieved by employing an interfacial layer engineered to be transparent to both: Pure
spin currents (essential for DSHE measurements), and Spin-polarized charge currents (required for ISHE
measurements). In contrast, the device structure in Huy et al., which included a 2 nm-thick MgO
interlayer optimized for ISHE?, blocked pure spin current diffusion and therefore could not verify this
reciprocity experimentally.

(3) Cross-Validation of Spin Hall Angle Determination

The device platform developed in this study also allows multiple techniques to be employed on the
same device for evaluating the spin Hall angle, including: DSHE-based electrical measurements, and
Second harmonic Hall measurements. This enables direct comparison of spin Hall angle values obtained
from independent methods, which is particularly valuable for device engineering. In the work of Huy et
al., such cross-validation was not possible because the MgO barrier suppressed pure spin current
transport, preventing DSHE or spin pumping measurements®,

(4) Noise Mechanism Analysis in DSHE vs. ISHE Sensors

This work reveals that the noise origins in DSHE-based sensors differ fundamentally from those in
ISHE-based sensors: In DSHE sensors, spin-transfer noise is a dominant contributor, especially when a
high spin Hall angle material such as BiSb is used. In ISHE sensors, no net spin torque acts on the
ferromagnetic layer, and such spin-transfer noise is absent. This insight is critical for practical design
because it identifies an intrinsic trade-off in DSHE-based magnetic field sensing: high sensitivity
(enabled by large spin Hall angle) versus increased spin-transfer noise.

In summary, this work provides: (1) A DSHE-based magnetic field sensor specifically tailored for
HDD reader applications, differing in both physics and device design from previous studies, (2) The first
experimental confirmation of the reciprocity between DSHE and ISHE in the same device, (3) a
methodology enabling cross-validation of spin Hall angle measurements within a single device platform,
and (4) a detailed analysis of noise origins, revealing the presence of spin-transfer noise in DSHE sensors
and its absence in ISHE sensors. These findings not only demonstrate the novelty of the present approach
but also provide important guidelines for the future development of spin Hall effect-based magnetic field

SE€Nsors.
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Collectively, these contributions establish DSHE-based sensing as a promising and scalable

candidate for next-generation magnetic read heads, particularly when implemented using high-efficiency

spin Hall materials such as BiSb.
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Chapter 4 Comparison of Spin Hall angles
measured by Spin Accumulation, Spin—
Orbit Torque, and Spin Hall
Magnetoresistance in

BiSb/Interlayer/CoFe Heterostructures

In this chapter, we present a systematic comparison of fsy in BiSb/CoFe heterostructures
determined by three methods: (1) SOT-based second harmonic Hall analysis, (2) SMR, and (3) direct
spin accumulation measurement. To further elucidate how temperature influences spin current generation
in BiSb and the sensitivity of each measurement method to different physical mechanisms (e.g., bulk
conduction vs. surface states), the comparison was performed across a wide temperature range from room
temperature down to cryogenic conditions. Our results reveal that fsi generally increases with decreasing
temperature, but remains consistently higher when extracted from SA measurements than from either
SOT or SMR analyses. We conclude this chapter with a discussion on the implications of these findings

for interpreting the physical meaning of fsy as determined by different measurement techniques.

4.1. Introduction and Motivation

The realization of efficient spin - charge interconversion lies at the core of modern spintronics
research, underpinning both fundamental studies and device-level applications'2. Traditionally, HM/FM
heterostructures have served as primary platforms for generating and detecting spin currents through the
spin Hall effect, with typical fsg on the order of 0.13-°. However, such small fsg values require high
current densities (> 5 x 10° A/cm?) to achieve SOT switching of magnetic layers with PMA, thereby
limiting their scalability and energy efficiency for practical devices, such as SOT-MRAM®?,

Recently, TI/FM heterostructures have emerged as promising alternatives, owing to their
substantially larger fsy and efficient spin current conversion at room temperature®'*. Among various TI

materials, BiSb has attracted particular interest due to its high conductivity, large fsu, and compatibility
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with industrial sputtering processes!>!®. Our previous studies have demonstrated fully sputtered BiSb
heterostructures exhibiting Osy values significantly exceeding those of conventional heavy metals,
indicating strong potential for next-generation SOT-based devices'’?’. In addition, BiSb/FM
heterostructures with in-plane magnetization have been applied to magnetic field sensing devices that
utilize the ISHE and the DSHE, which are promising candidates for next-generation high-density
magnetic recording readers (4 Tbit/in?)*!-24,

Despite these advances, a key issue remains unresolved: the physical interpretation of the giant fsy

observed in TI/FM heterostructures often depends on the measurement technique employed.

Conventional fsy estimation techniques include second harmonic Hall (Rilm) analysis, which determines
the effective SOT acting on the adjacent magnetic layer?, spin-torque ferromagnetic resonance (ST-
FMR)?, and loop-shift methods'?. These techniques differ in their underlying principles, measurement
sensitivity, and applicability to various material systems. Details of the ST-FMR approach will be
discussed later in this section, along with other complementary methods. Building on this, the evaluation
of fsu across different material systems has been extensively explored using a wide range of techniques
based on distinct physical principles. These include spin Hall effect tunneling spectroscopy (SHT), ST-
FMR, spin valves, spin pumping, and the spin Seebeck effect, each offering unique advantages and
limitations.

SHT provides a direct means to probe the spin-dependent density of states at FM/I/NM interfaces,
although the method typically requires the fabrication of high-quality tunnel junctions. Nakagawara et
al. employed SHT combined with weak-antilocalization (WAL) analysis to accurately determine the fsy
of Pt. As shown in their device schematic (Fig. 4.1 in Ref. 27), the use of both ISHE and DSHE
configurations allows suppression of spurious contributions from the AHE and AMR, ensuring that the
extracted SHT signals originate purely from the spin Hall effect. By independently determining the spin
relaxation length via WAL, they reported a robust fsu of approximately 4% at room temperature. This
approach eliminates magnetic proximity effects and parallel conduction paths, although it still requires

precise control of tunnel barrier quality and accurate evaluation of the spin relaxation length.
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Figure 4.1. Schematic illustration of the SHT device structure. The FM/I/HM tunnel junction
enables suppression of magnetic proximity and parallel conduction effects. Figure adapted from

Ref. 27 with permission from AIP.

ST-FMR is a widely used and nominally self-calibrating method for determining the spin Hall angle
in heavy-metal/ferromagnet bilayers. In this technique, a radio-frequency charge current drives
magnetization precession in the ferromagnet via both the spin Hall torque and the accompanying RF
Oersted field, and the resulting oscillatory anisotropic magnetoresistance generates a measurable DC
mixing voltage. Wang et al. performed ST-FMR measurements on Pt/Nig;Fei9 bilayers with varying
ferromagnet thicknesses and extracted an intrinsic spin Hall angle of fsy =~ 0.068 for Pt at room
temperature by explicitly accounting for spin diffusion in the Py layer. Their device configuration (Fig.
4.2 in Ref. 28) enables frequency-resolved measurements, and the authors further demonstrated that fgy
remains nearly constant over a broad temperature range from 13 K to 300 K. While ST-FMR is
compatible with standard microfabrication and provides in-situ calibration through the ratio of symmetric
and antisymmetric voltage components, the method requires careful modeling of spin diffusion and can

be influenced by interfacial spin scattering and spin pumping contributions.
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Figure 4.2. (a) The schematic diagram of the ST-FMR measurement configuration. (b) The Pt/Py
microstrip with the charge current J., spin current Js, RF Oersted field (H:r). Figure adapted from
Ref. 28 with permission from AIP.

Spin valves provide an established route for evaluating the spin Hall angle, particularly through the
spin absorption method implemented in lateral nonlocal geometries. In this configuration, a pure spin
current is generated by electrical spin injection from a ferromagnetic electrode into a Cu channel and is
partially absorbed into a transition-metal wire, where the inverse spin Hall effect produces a measurable
charge voltage. Isasa et al. employed Py/Cu lateral spin valve (LSV) incorporating Pt and Au absorption
wires to extract both the spin diffusion length and the spin Hall angle over a wide temperature range.?
As shown in their device schematics (Fig. 4.3 in Ref. 29), the reduction of the nonlocal spin-valve signal
yields the spin diffusion length via the spin absorption analysis, while the ISHE configuration enables
determination of the spin Hall conductivity after correcting for current shunting and the effective spin
current. Their results revealed that Pt exhibits a predominantly intrinsic spin Hall mechanism, whereas
Au is governed by extrinsic scattering, with a clear additional contribution from phonon-induced skew
scattering due to its low residual resistivity. The spin-valve approach offers straightforward DC-based
spin-current transport characterization without requiring high-frequency excitation, although the

extracted fsy is sensitive to the accuracy of the spin diffusion length and interfacial spin transparency.
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Figure 4.3. (a) Schematic of the LSV geometry used by Isasa et al. to evaluate Osu via the spin

(b) 1.2-

absorption method. A pure spin current is injected from a ferromagnetic electrode into a
nonmagnetic channel”. (b) ISHE measurement configuration in Pt/Au absorption wires for
determining spin Hall conductivity and fsu. Figure adapted from Ref. 29 with permission from
APS.

Spin pumping employs ferromagnetic resonance in a ferromagnet/heavy-metal bilayer to generate
a pure spin current, which is subsequently converted into a transverse charge voltage through the inverse
spin Hall effect in the heavy metal. Azevedo et al. investigated spin pumping in NiFe/Pt bilayers and
demonstrated that the measured dc voltage under FMR consists of two distinct contributions: the spin-
pumping-induced ISHE voltage and an AMR mixing voltage arising from microwave-induced rf currents.
As illustrated in their measurement configuration (Fig. 4.4 in Ref. 30), systematic separation of the
symmetric (spin pumping) and AMR Lorentzian components enables quantitative extraction of the spin
mixing conductance, spin-diffusion length, and the spin Hall angle of Pt.*® The method offers the

advantages of contactless spin-current generation and straightforward device preparation; however,
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accurate determination of fsy requires careful modeling of damping enhancement, interface spin-mixing

conductance, and suppression of spurious thermoelectric contributions.

Figure 4.4. (a) Spin pumping measurement setup for NiFe/Pt bilayers. FMR is driven by
microwave excitation, generating a spin current into Pt. (b) Detection of the ISHE voltage in Pt as
a function of microwave frequency and power for extracting fsu. Figure adapted from Ref. 30 with

permission from APS.

SSE provides a thermally driven route for generating spin currents in magnetic insulators, which
can be detected in an adjacent metal layer through the inverse spin Hall effect. In a typical longitudinal
SSE geometry, a temperature gradient applied across a ferromagnetic insulator such as YIG drives a
magnon-mediated spin current toward the interface, where it is converted into a transverse electric field
in the metal via the ISHE. Uchida et al. first demonstrated this mechanism using Pt and Nb wires
deposited on a YIG slab, and the corresponding device structure is illustrated in Fig. 4.53!. They showed
that the opposite-sign SSE voltages in these metals can be exploited to construct a Pt/Nb spin-Hall
thermopile with an order-of-magnitude enhancement in the detected ISHE voltage’'. Subsequent studies
by Weiler et al. and Miao et al. confirmed that SSE-induced ISHE voltages can be used to qualitatively

assess spin—charge conversion efficiency in heavy metals such as Pt, with reported Osy values on the
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order of 0.02-0.033233, While SSE enables contactless and thermally driven spin-current generation,
quantitative determination of fsy remains challenging due to uncertainties in thermal gradients,

interfacial heat flow, and parasitic thermoelectric effects such as the ANE3.

(a) 7oA
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5 spin-Hall thermopile
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Figure 4.5. Schematic of the longitudinal SSE configuration in YIG/heavy-metal bilayers. A
temperature gradient applied across the YIG layer drives a magnon-mediated spin current, which
is converted into a transverse voltage via the ISHE in the heavy metal layer. Figure adapted from

Ref. 31 with permission from IOP Publishing.

These complementary approaches have collectively advanced the understanding of Osy and its
dependence on material properties and external parameters such as temperature. A concise summary of
these techniques, including their principles, advantages, limitations, and representative studies, is

provided in Table 4.1.
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Table 4.1. Summary of representative techniques for evaluating the Osy.

Method Principle Advantages Limitations
Tunneling junction detects Eliminates magnetic Complex tunnel junction
spin-dependent DOS; proximity and parallel fabrication; requires
SHT
ISHE/DSHE suppress AHE  conduction; robust over  accurate spin relaxation
and AMR wide T length
RF current excites In situ calibration; Sensitive to FM
magnetization precession; frequency-resolved; thickness; requires spin
ST-FMR
DC mixing voltage from compatible with diffusion modeling;
AMR microfabrication interfacial effects
Nonlocal spin injection into Direct spin current Complex multilayer
Spin valves NM channel; ISHE in transmission; no RF interfaces; Ospy depends
absorber needed on spin diffusion length
Requires accurate spin
FMR-driven spin current; Contactless spin injection;  mixing conductance;
Spin pumping
ISHE in HM layer simple device fabrication  thermoelectric artifacts
possible
Thermal gradient drives Avoids electrical Susceptible to ANE and
SSE magnon spin current; ISHE excitation artifacts; probes other thermal artifacts;
detection spin-thermal coupling  careful calibration needed

As summarized in Table 4.1, each method offers distinct benefits and challenges, and the choice of
technique often depends on the specific material system and experimental objectives.

Alternatively, the direct detection of SA at the interface provides another route, which we have
previously implemented using a DSH sensor architecture. This approach directly measures the
electrochemical potential difference between the spin—orbit material and the adjacent magnetic layer
under in-plane current injection.

In our earlier work using a Bio.ssSbo.is/interlayer/Cog3Feo 7 heterostructure, 6su was evaluated by

both second harmonic Hall analysis and SA measurement, yielding vastly different results: fsy ~ 3.5
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from the second harmonic measurement, compared with fsg ~ 164 from SA analysis. This discrepancy
raises fundamental questions about the physical meaning of fsy values derived from different
experimental approaches.

This systematic review of established techniques, together with the introduction of the direct spin
Hall sensor approach, provides the methodological foundation for the experimental investigation
presented in the following sections. In the next section, we describe the device fabrication, measurement
setup, and experimental procedures employed for evaluating fsy in BiSb/CoFe heterostructures, which

form the basis for the comparative analysis discussed later in this chapter.

4.2. Experimental Methods

4.2.1. Sample Fabrication and Structure Characterization

Figure 4.6 (a) presents the schematic layer structure of the fabricated sample. The multilayer stack
consisted of a buffer layer (3.6 nm)/BiSb (10 nm)/interlayer (1.2 nm)/CoFe (1.5 nm)/NiFeGe (4 nm)
capping layer, which was deposited on thermally oxidized silicon substrates using magnetron sputtering.
The buffer layer was introduced to promote the growth of the BiSb (012) orientation, following the
procedure reported in Ref. 35. The TI layer consisted of BiSb with a nominal composition of BigsSbs.

Figure 4.6 (b) shows the XRD patterns of the BiSb layer in this work and the previous study (Ref.
22). The BiSb layer exhibits predominant (012) orientation with a minor (001) component. Compared to
the previous work, the (012) peak intensity is reduced, indicating a weaker BiSb (012) texture.

The FM layer was a CoFe alloy composed of 30% Co and 70% Fe. The interlayer was designed as
a hybrid NiFeGe (0.9 nm)/MgO (0.3 nm) bilayer, serving as a diffusion barrier to suppress Sb out-
diffusion from the TI layer. The high-resistivity capping layer was employed to protect the CoFe layer

from oxidation and to avoid shunting of the in-plane bias current.
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Figure 4.6. (a) Schematic illustration of the sample used in this work. (b) XRD patterns of the BiSb

layer in this work and the previous work (Ref. 22).
4.2.2. Device Design for SOT, SMR, and SA Measurements

Two types of devices were patterned from the same film stack to separately investigate SOT, SMR,
and SA effects. For SOT and SMR measurements, six-terminal Hall bar devices with lateral dimensions

of 10 pm x 25 um were fabricated using photolithography and Ar-ion milling, as shown in Fig. 4.7.

I 30pum

&)

Figure 4.7. Optical micrograph and wiring configuration of the Hall bar device used for SOT and
SMR measurements. The in-plane magnetic field H was applied along the x-direction, while the
longitudinal voltage Vxx and second-harmonic transverse voltage Vf{“’ were simultaneously

measured under an applied current /.
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For SA measurements, a distinct four-terminal planar device was fabricated (Fig. 4.8). The
fabrication process began with defining a 50 um-wide channel using photolithography and ion milling,
followed by the formation of two 50 um x 50 um CoFe/capping layer pillars through an additional ion
milling step down to the BiSb surface. An OMR negative photoresist was applied as an insulating layer,

after which Ta (20 nm)/Pt (10 nm) electrodes were deposited on the pillars to form top contacts.

a.

50 um I

7 X

Figure 4.8. Optical micrograph of the planar device for SA measurements. The top electrodes (V=,

V-) and current leads (I+, I-) are indicated.

To investigate angle-dependent magnetoresistance, the magnetic field was rotated in three
orthogonal planes (yz, xz, and xy), enabling separation of SMR3¢3% and AMR contributions, as illustrated

in Fig. 4.9.

yz - plane
SMR

Figure 4.9. Schematic illustration of angle-dependent magnetoresistance measurements in three
rotation planes: (a) yz-plane, where the magnetic field H is rotated by an angle @ with respect to
the z-axis to probe SMR; (b) xz-plane, where H is rotated by an angle 8 with respect to the x-axis
to probe AMR; and (c) xy-plane, where H is rotated by an angle ¢ with respect to the x-axis to

simultaneously capture SMR and AMR contributions.

4.3. Results
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4.3.1. Second Harmonic Hall Measurement of Spin—Orbit Torque

The SOT efficiency of the BiSb/CoFe heterostructures was first evaluated using the second
harmonic Hall (2w) measurement technique. Figure 4.7 shows an optical micrograph of the fabricated
Hall bar device, along with the defined coordinate axes and the measurement configuration. This
geometry enables the characterization of both the AHE and the second harmonic Hall resistance, which
are essential for the SOT analysis.

Figure 4.10 presents the anomalous Hall resistance Raug of the device, measured with a direct
current of 0.1 mA applied along the xx-direction, while sweeping a perpendicular magnetic field H, from
+15 kOe to —15 kOe. From the Rane—H, loop, Ranr = 2 Q and the magnetic anisotropy field Hy = 11.7

kOe were extracted. These parameters are used in the subsequent SOT evaluation.

2T

L I 1

-1I5 -lIO -% lO 5 10 15
H_(kOe)

Figure 4.10. The anomalous Hall resistance measured with a perpendicular magnetic field.

Second harmonic Hall voltage measurements were then performed using an alternating excitation
current of 259.68 Hz, while sweeping an in-plane magnetic field Hy along the x-direction from + 10 kOe
to - 10 kOe to extract the damping-like SOT component. Figure 4.11 shows the measured second

harmonic Hall resistance Ry at different excitation currents, which were fitted using the following

expression®:

R}i — AZHE . HX _:‘3_]]( +R0NEHX +RANE+SSE (4.1)

Here, Hap is the effective damping-like SOT field, while Rone and Rane+sse represent the

contributions from the ONE and the combined ANE and SSE, respectively.
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Figure 4.11. The second harmonic Hall resistance measured with various a.c. at room temperature.

Figure 4.12 shows the extracted Hap as a function of the BiSb current density Jgisy. The effective

spin Hall angle for SOT, eggT, was calculated according to:

9SO — %, Mtey H ap
SH

(4.2)
h JBiSb

where e is the elementary charge, # is the reduced Planck constant, #pm = 1.5 nm is the thickness of the
CoFe layer, M; = 1850 emu/cm? is the saturation magnetization of CoFe, and Jgisp is the current density

in the BiSb layer.
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Figure 4.12. The antidamping-like field Hap as a function of the current density Jsisn.
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For the present sample, HSSgT was estimated to be approximately 0.54 at room temperature (300
K), which is smaller than SET ~ 3.5 observed in our previous work. It has been demonstrated that
65" strongly depends on the surface roughness and the the BiSb (012) texture of the BiSb layer?**. The
smaller 9§3T of this sample can be explained by the larger surface roughness (9.9 A) and the weaker
BiSb (012) texture comparing with those in the previous work??.

Additional measurements were conducted at lower temperatures from 300 K down to 50 K.
However, due to the slight increase of Hi at low temperatures and the dominant Rang+ssg contribution,
the second harmonic signal originating from SOT (first term in Eq. 4.1) becomes too weak below 200 K.
Consequently, reliable extraction of 9§2T was only possible down to 200 K.

In summary, the second harmonic Hall measurement provides a reliable estimation of SQT in
BiSb/CoFe heterostructures at temperatures above 200 K, yielding a value of approximately 0.54 at room
temperature. However, the increasing magnetic anisotropy field and the dominant thermoelectric
contributions at lower temperatures limit the applicability of this method in the cryogenic regime. To

complement the SOT-based analysis and further investigate the origin of the large spin Hall angle in

BiSb, we employed direct SA measurements, as described in the following section.

4.3.2. Spin Accumulation Voltage Measurement

The spin Hall angle of the BiSb/CoFe heterostructures was further evaluated using the SA method.
For the device shown in Fig. 4.8, a direct current /sp = 0.2 mA was applied along the x-direction while
an external magnetic field was swept along the y-direction. The spin accumulation voltage Vsa was
measured between the top electrode and the bottom BiSb layer.

Figure 4.13 shows the spin accumulation resistance ARsa = AVsa/lsa as a function of temperature
from 300 K down to 50 K, where A denotes the amplitude (half of the peak-to-peak signal) of the
hysteresis curves. A monotonic increase in ARsa was observed with decreasing temperature: ARga

increased from approximately 1.3 mQ at 300 K to 2.8 mQ at 50 K.
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Figure 4.13. Temperature dependence of the spin accumulation resistance.

Figures 4.14 (a) and 4.14 (b) present representative ARsa hysteresis loops measured at 300 K and
50 K, respectively. It is worth noting that a sample with a relatively low spin Hall angle was intentionally
chosen for this work, resulting in reduced spin-orbit torque noise in the ARsa hysteresis curves compared

with devices exhibiting a giant spin Hall angle reported in our previous studies.
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Figure 4.14. (a), (b) Spin accumulation resistance hysteresis curves at 300 K and 50 K, respectively.

The spin Hall angle 6k was extracted from the SA measurements using the following relation?24:

A V 05/\ PR stack t
ARSA — I SA _ SH sheet Asf tanh(f) (43)
SA sf

where P = 0.5 is the spin polarization of CoFe, RZL?:; is the sheet resistance of the full stack at each

temperature, w = 50 um is the device width, zs ~ Ass= 2 nm represents the topological surface thickness

and spin diffusion length of BiSb*!, respectively. For low-temperature measurements, At was assumed
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to be constant, which is reasonable because the resistivity (or momentum relaxation time) of the surface-
dominated conduction in 10 nm - thick BiSb is nearly temperature-independent over the range 4 - 300 K.

In summary, the SA method reveals a monotonic increase in 92{_} with decreasing temperature,
consistent with enhanced spin-orbit coupling and surface-dominated transport in BiSb at low
temperatures. Compared with the second harmonic Hall analysis, the SA measurement provides a larger
Osu value due to its direct detection of spin accumulation at the interface. To further cross-validate these
observations and assess the spin Hall angle from a different perspective, we performed SMR

measurements, as described in the following section.

4.3.3. Spin Hall Magnetoresistance Measurement

The SMR of the BiSb/CoFe heterostructures was measured using the Hall bar device. The magnetic
field angular dependence of the longitudinal resistance variation ARy« was characterized under three
magnetic field rotation configurations:

(1) yz-plane rotation (SMR-dominant),
(i1) xz-plane rotation (AMR-dominant), and
(iii) xy-plane rotation (combined SMR and AMR contributions).

Figure 4.9 schematically illustrates the experimental configuration used to evaluate the angular
dependence of the longitudinal resistance variation ARy« under three magnetic-field rotation planes: yz-
plane (SMR dominant), xz-plane (AMR dominant), and xy-plane (combined SMR and AMR
contributions). The external magnetic field was fixed at Hx =9 kOe during the measurement. Figure 4.15
presents a representative angular dependence of AR,x measured at 300 K. The resistance changes were

0.33Q, 0.24 Q, and 0.013 Q for the xy-, yz-, and xz-plane scans, respectively.
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Figure 4.15.

Figure 4.15. Angular dependence of the longitudinal resistance variation ARxx measured at 7= 300
K under an external magnetic field of H = 9 kOe for magnetic-field rotations in the xy, yz, and xz

planes.

In the ideal case of full magnetization saturation, the SMR and AMR components satisfy the
additive relation*?:

AR (xy)=AR (yz)+AR, (xz) 4.4)
and the SMR amplitude is directly given by ARx(yz).

However, since the magnetic anisotropy field of the sample is Hy = 11.7 kOe at 300 K, which is
larger than the maximum available rotation field (H = 9 kOe), full saturation along the z-direction could
not be achieved. As a result, AR«(yz) does not represent the intrinsic SMR signal. The angular
dependence of SMR in the unsaturated regime can be expressed as:

AR, (1-m’)= AR, m’ (4.5)

When the magnetic field is not strong enough to saturate the magnetization along the z direction,

the maximum of the SMR curve only reaches:

ARSMR (1_my2):ARSMRmz2 :ARSMR[;]—[J (46)

k

Using H = 9 kOe and Hy = 11.7 kOe, we obtain a scaling factor (9/11.7)> = 0.591. Therefore, the

ARxx()’Z)
0.591 °

intrinsic SMR value is estimated as: ARgyr= Figure 4.16 shows the temperature dependence of

ARy for the three rotation planes and the extracted ARswmr. As the temperature decreases from 300 K to
50 K, all ARy values show an upward trend. However, the change of AR«(xz), i.e., the AMR component,

is much smaller compared with those of AR«(yz), AR«(Xy), and the calculated ARsmr. Specifically,
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ARxx(yz) increases from 0.24 to 0.37 Q, AR«(xy) from 0.30 to 0.52 Q, and ARsmr from 0.4 to 0.6 Q.
This enhancement of SMR at low temperatures indicate that the spin Hall effect from the topological

surface states becomes more dominant at lower temperatures.
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Figure 4.16. Temperature dependence of the longitudinal resistance variation ARxx for magnetic-

field rotations in the yz, xz, and xy planes, together with the extracted SMR contribution.

The spin Hall angle 9§ﬁR was evaluated from the SMR data using the following relation:

tanh’ L
2ARy _ o Ae 24, A _ g
R i 14& t t
s 1+ g coth = | 1+ g. coth| =
el s

XX
sf st

j “4.7)

Pother!Bisb

where RY. is the minimum longitudinal resistance of the Hall bar, and &= is the current

PRisplother
shunting factor between the BiSb layer and the other layers. Here, pgis» and gisy are the resistivity and

thickness of the BiSb layer, and pother, fotmer are those of the other layers. gr and gr correspond to the

transverse and longitudinal spin absorption factors, respectively, with g, = 2ps/lsze[ngnli ]coth (I—S),
X Asf:

(I—Pz)ps/lstcoth(ff)

and g =
F ppArcoth (%)

The first term in the bracket of Eq. (4.7) represents transverse spin current

absorption, whereas the second term corresponds to longitudinal spin absorption by the CoFe layer. We

can rewrite Eq. (4.7) as:
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2AR A tanh{zi} 1
SMR _ 02 st st 1

o =g, { v } @8
R A Coth[sz 1+G, 1+G,

sf

where Gy = g, coth (;—Zf), Gy = ggcoth (;—:f) Under the condition of Gy > 1, Eq. (4.8) can be further

simpilifer to:
2AR A tanhz[/%] 1 1
R“SMR — 052}1 ica A of 1— 1 G (49)
! *o cosh[;‘] +O

This form is equivalent to the conventional SMR model with an additional correction factor 1/ (1 +

Gy) that accounts for longitudinal spin current absorption by the CoFe layer.

To evaluate the Gr as a function of temperature, the following material parameters for CoFe were
used®: p. (300 K) =31.4 uQ-cm, p,(7) = p_(300 K) [1+a(7-300 K)] , with o = 1.67 x 107 K"'. This
diffiuction length was set to Ar(300 K) = 10 nm, Ax(7)/Ar(300 K) = pr(300 K)/pr(T) based on the Eillott-
Yafet spin flip mechanism. The spin polarization P was assumed to increas linearly from 0.5 at 300 K to

0.9 at 50 K374445,

For BiSb, the measured values were pgisp = 777 pQ-cm and ps = 311 pQ-cm, which are nearly
temperature independent for 10 nm thick BiSb due to surface-state-dominated trasport**. The current

shunting factor ¢ was obtained from the measured full-stack resistivity at low temperatures.

4.3.4. Comparative Analysis and Temperature Dependence of Spin Hall
Angles measured by SA, SMR and SOT

Figure 4.17 presents the temperature dependence of the normalized spin accumulation resistance

ARsa/ARsA(300 K) and normalized spin Hall magnetoresistance ARsmr/ARsmr(300 K) in BiSb/CoFe

heterostructures over the range of 50 - 300 K. Both quantities increase monotonically as the temperature

decreases, indicating an enhanced spin Hall angle at lower temperatures.
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Figure 4.17. Temperature dependence of the normalized spin accumulation resistance
ARsa/ARsa(300 K) and spin Hall magnetoresistance ARsmr/ARsmr(300 K) for BiSb/CoFe
heterostructures. Both quantities increase as temperature decreases, indicating an enhanced spin
Hall angle at lower temperatures.

Figure 4.18 summarizes the temperature dependence of the effective spin Hall angle fsi determined
by the three experimental techniques: SA, SOT, and SMR. All three methods show a clear increase in

Osi with decreasing temperature, consistent with the spin Hall effect dominated by topological surface

states.
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Figure 4.18. Temperature dependence of the spin Hall angle su in BiSb/CoFe heterostructures
determined by SA, SOT, and SMR measurements. The SA-derived #su values are consistently the
largest and exhibit the strongest temperature dependence, followed by SOT, with SMR yielding
the smallest values.

Among the three techniques, the SA method yields the largest sy values and exhibits the strongest

temperature dependence, increasing from approximately 1.1 at 300 K to 2.3 at 50 K. The SMR-derived
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93%“ also increases with decreasing temperature, but its rate of change is smaller than that of SA, ranging
from approximately 0.22 at 300 K to 0.26 at 50 K. The SOT-derived HgﬁT values lie between those
obtained from SA and SMR.

Overall, 923 remains consistently higher than ng and HE%T when using the same spin
diffusion length parameter Ass = 2 nm in Egs. (4.3) and (4.4). This systematic difference highlights the
intrinsic discrepancies among the techniques, which are likely associated with their different sensitivities
to interfacial transparency, spin backflow, and surface-dominated conduction.

To provide a concise summary of the quantitative results and their temperature dependence, Table
4.2 compares the spin Hall angles obtained from SA, SOT, and SMR measurements at representative
temperatures. The table highlights the relative magnitudes, absolute values, and variation trends for each
method, serving as a compact reference for the comparative analysis.

Table 4.2. Comparison of spin Hall angle fsi determined by different measurement techniques in

BiSb/CoFe heterostructures.

Relative
Method  fsyat300 K Hsyat 50 K Temperature Dependence
Magnitude
SA ~1.1 ~2.3 Strong increase with decreasing T Highest
SOT ~0.54 ~1.1 Moderate increase with decreasing T Intermediate
SMR ~0.22 ~0.26 Weak increase with decreasing T Lowest

In summary, the spin Hall angle of BiSb/CoFe heterostructures was evaluated using three
complementary methods: SOT-based second harmonic Hall analysis, direct SA measurement, and SMR
measurement. All three approaches consistently demonstrate an enhancement of fsy at lower
temperatures, in agreement with spin-orbit coupling effects governed by the topological surface states of
BiSb. Among them, the SA method yields the largest Osy values, followed by SOT, with SMR producing
the smallest values. This trend underscores the importance of the measurement technique in determining
Osu and suggests that the apparent magnitude of the spin Hall angle depends strongly on the specific
physical mechanism probed by each method.

The comparative results obtained from SA, SOT, and SMR measurements provide important insight

into the influence of experimental methodology on the extracted spin Hall angle. In the next section, we
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discuss the physical origins of these discrepancies, focusing on the roles of interfacial spin transparency,

bulk versus surface contributions, and possible extrinsic effects.

4.4. Discussion

4.4.1. Origin of the Discrepancy among SA-, SOT-, and SMR-derived
Spin Hall Angles

The discrepancy in 92,’}, SSIT, and ngm arises from the distinct spin-transport boundary

conditions and interface physics probed by each technique. A consistent way to compare them is to use
a conductance-based description of interlayer/interface spin transmission.

1. SOT measurement and interlayer/interface transparency

For the SOT method, eé‘ﬁf depends on the fraction of spin current absorbed by the FM layer from
the SOT layer through the interlayer. This value can be smaller than the intrinsic spin Hall angle sy, and
can be expressed as eé‘ﬁf = Tist * Oy, Tist (£ 1) is the interlayer spin transparency. The spin current
must first transport through the interlayer, where its transmission depends on the spin transport time
7474 Upon reaching the interlayer/FM interface, a portion of the spins may be lost via spin-flip

scattering or may be transferred into the FM layer. This process is represented by the spin mixing time

1 . . .
Tmix ~ T where g;lix is the mixing conductance at the interface.

mix

The spin transparency factor can be approximated as 7Tist ~ , where a shorter z,,,;, leads to

%" Tmix

higher spin absorption in the FM layer.?**° In practical terms, insulating interlayers with higher barrier
heights tend to yield smaller HEI%T, as observed when the MgO interlayer was replaced by Mg;TixO
with higher TiO composition. In addition, if the FM layer is too thin compared to its spin diffusion length,
the spin current reaching the FM interface may not be fully absorbed, with the residual spin current
diffusing into the capping layer. Consequently, HgﬁT is often an underestimated value of the intrinsic
Osu. Nevertheless, HSSI(_)IT remains a valuable parameter for evaluating the effective torque acting on the
FM layer and is critical for device applications such as SOT-MRAM or spin-torque oscillators.

2. SMR and spin reflection

SMR originates from the modulation of spin reflection at the NM/interlayer/FM interface as the
magnetization direction varies. The longitudinal resistivity of the NM (SOT) layer can be expressed
approximately as®’:
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where G; and G; are the real and imaginary parts of the interfacial spin-mixing conductance.

Compared with SOT, several key differences arise.

(1) The SMR signal scales quadratically with the spin Hall angle fsy, so any uncertainty in Gy, 4, or
p leads to a strong underestimation of HEE R during parameter extraction.

(2) SMR is governed by spin reflection, whereas SOT originates from spin transmission
(absorption). Although both effects share interfacial parameters (g™, Gex), they involve different
boundary conditions for spin current flow.

(3) Because of the strong parameter sensitivity and saturation of the reflection term, experimentally
extracted ngm is typically smaller than ng-

This can be understood physically as follows: when the magnetization vector is perpendicular to
the spin polarization (m L s), spin absorption at the NM/interlayer/FM interface is maximized and spin
reflection is minimized, resulting in the largest longitudinal resistivity modulation. Conversely, when m
Il s, spin absorption is minimized, reflection is maximized, and the resistivity modulation becomes
smaller. The SMR signal is therefore determined by the contrast in spin reflectivity between these two
magnetization configurations, rather than by the transmitted spin current.

Interlayer properties play a critical role in controlling this reflectivity contrast. A high-resistance
interlayer or one with a short spin diffusion length attenuates the spin current and suppresses both the
reflected and transmitted spin components. This leads to a smaller overall SMR signal and makes the
extracted 932{’”* extremely sensitive to the assumed model parameters. Conversely, an optimized
interlayer with appropriate thickness and spin transparency can enhance spin reflection contrast while
minimizing spin-flip scattering losses, resulting in a clearer modulation signal and more reliable
evaluation of Osy.

In short, while SOT measures the absorbed spin current, SMR probes the reflected component. The
balance between these two channels is determined by the interface spin mixing conductance and
interlayer properties, which directly dictates the magnitude and accuracy of the measured 92%“.

3. SA measurement and intrinsic spin Hall angle
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The SA technique provides a direct probe of the interfacial spin chemical potential at the surface of
the SOT layer. It operates under an open spin-current boundary condition, js (z = 0) = 0, meaning no
transverse spin current is transmitted into the FM layer. As a result, the spin accumulation builds up at
the interface, maximizing us (z = 0). Under this condition, the measured 92{} closely approximates the
intrinsic spin Hall angle of the SOT layer>>*%,

When the magnetization is parallel to the spin polarization, interfacial absorption is minimized, and
the measurement becomes insensitive to g, interlayer transparency, or FM thickness. Typically, the
hierarchy is 92{_} > Si’f > Sﬁ R

Experimental implementation: In this work, SA signals are measured using nonlocal voltage
detection between top and bottom electrodes. Because SA does not rely on spin transmission, it is far
less sensitive to interfacial imperfections, providing a more intrinsic evaluation of the spin Hall effect.

4. Summary and implications

The three techniques reflect different physical processes:

Method Physical process Boundary condition Interface dependence Typical value
SOT  Spin transfer (absorption)  Partial transmission Strong (via Tisr) Intermediate
SMR  Spin reflection contrast Partial reflection Strong and nonlinear Lower

Highest
SA Spin accumulation Open circuit (js = 0) Weak
(intrinsic)

agﬁT is most relevant for device applications (e.g., SOT-MRAM).
932{’”* reflects interface reflection but often underestimates the true value.
9§ﬁ best reflects the intrinsic spin Hall conversion in the SOT layer.

4.4.2. Interface Effects and Spin Transparency in
BiSb/Interlayer/CoFe Heterostructures
The difference in the spin Hall angles obtained from SA, SOT, and SMR measurements is closely
related to interface spin transparency and spin loss mechanisms in the BiSb/interlayer/CoFe
heterostructures. Figures 4.19 schematically illustrate the fundamental physical processes involved.

(1) Spin loss in the interlayer and spin-flip scattering
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When spin current propagates through the interlayer, part of the spin polarization is lost due to bulk

. . . .. . . . . . L . .
spin-flip scattering inside the interlayer, characterized by a spin-diffusion length A;-, as shown in Fig.

419650,

Figure 4.19. Schematic illustration of spin current generation, transmission, absorption, and

reflection in a TIl/interlayer/FM heterostructure.

For thin interlayers (#; < /lg“), the spin loss is small, whereas for thick interlayers (¢ >/1£L), the
spin current experiences exponential attenuation, and beyond approximately 2 - 3 /ILL, almost no spin
reaches the FM layer. Each spin-flip event destroys part of the spin polarization, resulting in a net
reduction of spin current as it travels across the interlayer. This process imposes a fundamental limit on
interface spin transparency and consequently suppresses the effective spin Hall angle extracted from
SOT and SMR measurements.>!-5
(2) Spin transparency at the interfaces

The spin transparency (7,,) at the interlayer (IL)/TI and FM/IL interfaces determines how much
spin current is transmitted into the FM layer. A lower T, leads to larger spin reflection and reduced
spin transfer, thereby lowering the effective spin Hall angle in SOT and SA measurements. In contrast,

for SMR, stronger spin reflection can enhance the detected resistance modulation, resulting in a larger
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apparent 0sn.>! For SOT measurements, the spin current flows once across the IL/TI and FM/IL
interfaces, leading to single-pass spin loss. For SMR measurements, because the spin current is reflected
at the FM/IL interface, it traverses the interlayer twice—forward and backward—thus experiencing
double-pass spin loss. In contrast, in SA measurements, the spin current does not penetrate the FM layer;
instead, it accumulates at the IL/FM interface. Consequently, the spin loss only occurs within the TT and
interlayer region, and no additional loss arises in the FM layer.>
(3) Relation to the magnitude of Osy for different measurement techniques

This difference in the number of spin-loss paths directly explains the relative magnitude of the spin
Hall angles obtained by the three measurement methods:

SA oT SMR
Osqn > Osn > s -

Spin accumulation3*>

at the interface is observed in the SA method, as illustrated in Fig. 4.20:
SA corresponds to a spin open-circuit boundary condition (M || £ o), where no spin torque acts on the
FM layer. As a result, the absorbed spin current J‘;bs is essentially zero, the interfacial spin accumulation

is maximized, and the spin loss is minimal. Therefore, SA yields the largest spin Hall angle, closest to

the intrinsic Osy of the BiSb layer.

@
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,‘IQJ,
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Figure 4.20. Schematic illustration of spin accumulation at the IL/FM interface under SA

measurement (spin open-circuit condition).
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In the SOT measurement, the magnetization is perpendicular to the spin polarization (M L o), and
the spin current must be absorbed by the FM layer, resulting in single-pass spin loss across the TI/IL and
IL/FM interfaces. Thus, the extracted HggT reflects the effective torque efficiency, which is lower than

the intrinsic value.

Y% COpe 1
ley,
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Figure 4.21. Schematic illustration of spin absorption during SOT measurement, where spin

current flows across the interlayer and into the FM layer.

Spin loss at the interface is observed in the SMR method, as illustrated in Fig. 4.21:
In SMR, most of the spin current is reflected at the FM/IL interface with minimal absorption. When
M || o, the SMR signal originates from the difference between the spin reflection in parallel and

perpendicular magnetization configurations. Because the spin current traverses the interlayer twice, the

effective spin Hall angle eégR is the smallest among the three.

G
/j][er/()ﬁ@
Q J’@r /

01& Jback

Figure 4.22. Schematic illustration of spin reflection during SMR measurement, where spin

current is partially reflected at the IL/FM interface, resulting in backflow.
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(4) Impact of interlayer engineering

(4.1) Physical origins of spin loss and interface control

These results highlight that the interlayer thickness, material properties, and interface quality
(roughness, barrier height, chemical composition) have a critical impact on the effective spin
transparency 7Tjgr and consequently on the measured fsi. Optimizing the interlayer to minimize spin-
flip scattering and maximize interface transparency is therefore an effective strategy to enhance the
measurable spin Hall signals in SOT and SMR measurements. In TI/FM stacks based on BiSb, direct
contact with the FM can induce interdiffusion (notably Sb — FM) and partial suppression of the TI
surface states; inserting a proper interlayer prevents this chemical intermixing and thus preserves the
intrinsic Osy of the TI layer while stabilizing the interface.>

Spin loss at interfaces originates primarily from three mechanisms: 1) spin-flip scattering due to
magnetic or structural disorder at the interface, which randomizes spin orientation; 2) spin-memory loss
associated with interfacial spin—orbit coupling, which causes partial dephasing of the spin current; and
3) mismatch of spin impedance between layers, which leads to spin backflow. These mechanisms not
only attenuate the spin current amplitude but also reduce the net spin accumulation at the FM interface.>®
58 Beyond these generic channels, the interlayer also tunes two key dynamical time scales governing spin
passage across the interface: the spin-transmission (tunneling/diffusion) time 7 and the spin-mixing time
Tmix that is linked to the interfacial spin-mixing conductance g‘T“liX.

To control and minimize spin loss, interface engineering plays a decisive role. For example, using
atomically smooth and chemically sharp interfaces reduces spin-flip scattering; inserting optimized
spacer layers (e.g., ultrathin MgO or other insulating barriers) can suppress spin-memory loss while
maintaining sufficient transparency; and matching the spin impedance between layers by tuning the
interlayer thickness or conductivity can suppress spin backflow. Additionally, post-growth annealing and
surface treatment can further improve interface order and reduce interfacial spin disorder. Practically,
metallic interlayers (e.g., NiFeGe) tend to yield short 7 and efficient spin transfer but may suffer from
larger mmix due to interfacial disorder; oxide interlayers (e.g., MgO) introduce a tunneling barrier that
increases 7 yet provide cleaner interfaces with shorter zmix; hybrid metal-oxide designs (e.g.,
NiFeGe/MgO) combine both advantages—short 7 and short mix—and thereby maximize 7ist and the
effective SOT efficiency.?®¥%° Together, these approaches provide a powerful route to enhance spin

transparency and approach the intrinsic spin Hall angle of the TT layer.
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While the above discussion clarifies the physical origins of spin loss and the role of interlayer
engineering, a quantitative evaluation of the effective spin transparency and spin loss remains nontrivial,
particularly when comparing results obtained from different measurement schemes.

(4.2) Quantitative evaluation of spin transparency and spin loss across different measurement
schemes

As discussed in the previous section, interlayer engineering plays a decisive role in determining the
efficiency of spin transmission across TI/IL/FM heterostructures by controlling spin loss and interface
transparency. However, experimentally extracted spin Hall angles often show noticeable differences
depending on the measurement technique, such as SOT, SMR, and SA measurements. This raises an
important question of whether these discrepancies originate from distinct spin-generation mechanisms
or simply reflect different spin-transport pathways and detection sensitivities.

To address this issue, we introduce a simplified but physically consistent framework that
quantitatively relates the results obtained from different measurement schemes. We assume that all three
methods probe the same intrinsic spin Hall angle of the TI layer, and that the observed differences arise
from spin loss in the interlayer and finite spin transparency at the IL/FM interface. Two effective
parameters are introduced: the spin transparency 7 of the IL/FM interface, which characterizes the
efficiency of spin absorption by the ferromagnetic layer, and the spin loss factor L, which represents the
fractional spin-current attenuation during a single transport through the interlayer.

Within this framework, the spin accumulation measurement provides a direct estimate of the
intrinsic spin Hall angle Hgﬁ, as it does not require spin-current transmission into the ferromagnetic layer.
In contrast, the SOT measurement involves a single transport through the interlayer followed by partial
spin transmission across the IL/FM interface, yielding an effective spin Hall angle given by SgT =T(1-
L)&y.

For the SMR measurement, the signal originates from the difference in reflected spin current
between the spin-open circuit and spin-absorbing magnetization configurations. As the spin current
transports through the interlayer twice and the signal reflects the difference between spin-open and spin-
absorbing configurations, the corresponding SMR effective spin Hall angle becomes s%R =T(1-L)? sﬁ.

By applying these relations to the experimentally obtained values of eéﬁ, ng, and Héﬁm, we

extract a spin loss of approximately L = 40% per transport through the interlayer and an effective IL/FM

spin transparency of 7'= 80% under the spin-absorbing configuration. These values are consistent with
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the interfacial spin-loss mechanisms discussed in Section (4), including spin-flip scattering, spin-memory
loss, and spin backflow, and fall within the range reported for metallic and hybrid interlayers in previous
studies.

Importantly, this analysis demonstrates that the quantitative differences among the three
measurement schemes do not indicate inconsistent spin Hall physics, but rather reflect different spin-
transmission pathways and detection sensitivities. The framework therefore provides a unified
interpretation of SOT, SMR, and SA measurements and offers a practical method to quantitatively
evaluate the impact of interlayer engineering on effective spin transparency and measurable spin Hall

signals.

4.4.3. Implications for Intrinsic vs. Effective Spin Hall Angle
Evaluation

Our comparative analysis of sy from SA, SOT, and SMR measurements indicates that Hgﬁ is the
closest representation of the intrinsic spin Hall angle of BiSb, as it is minimally influenced by interlayer
transparency and FM thickness. In contrast, egff and HEER represent effective values that depend on
the ability of the FM layer to absorb or reflect spin currents.

This distinction is crucial for both fundamental studies and device applications. For instance, the
effective spin Hall angle from SOT measurements is highly relevant for evaluating switching efficiency
in SOT-MRAM devices, whereas the intrinsic spin Hall angle from SA measurements provides deeper
insight into the spin—orbit physics of the SOT material.

In conclusion, careful consideration of the measurement technique is essential when interpreting
Osn values. The SA method offers the most direct evaluation of intrinsic &gy, while SOT and SMR provide
effective values that are critical for device performance evaluation. Understanding these differences is
key to optimizing both the material properties and device designs of BiSb/interlayer/CoFe

heterostructures.

4.5. Summary

In this chapter, the temperature dependence of the spin Hall angle in BiSb/interlayer/CoFe
heterostructures was systematically examined using three complementary techniques: SA, SOT second

harmonic Hall measurement, and SMR.
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All three methods revealed a consistent trend: the spin Hall angle increases with decreasing
temperature, which is attributed to the enhanced contribution of topological surface states in BiSb at low
temperatures. Among the techniques, the SA method consistently produced the largest spin Hall angle
values and exhibited the strongest temperature dependence. In contrast, the SOT and SMR methods
yielded smaller spin Hall angles with weaker temperature dependence.

These differences are rooted in the distinct physical sensitivities of each method. The SOT and
SMR measurements depend on spin-transfer or spin-reflection processes at the interlayer/FM interface
and are strongly influenced by the details of spin transport across the interlayer and interface. The SA
method, in comparison, detects spin accumulation under a spin-current open-circuit condition, making it
less affected by the interfacial transparency and FM thickness.

This comprehensive analysis highlights the importance of selecting the appropriate measurement
technique based on the intended purpose, SA for intrinsic property evaluation, SOT for torque efficiency
analysis, and SMR for spin reflection behavior.

Building on these findings, the next chapter will summarize the key results of the entire thesis,
present overarching conclusions, and discuss future directions for the development of BiSb-based

spintronic devices.
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Chapter 5 Summary, Conclusions, and

Outlook

We have presented a comprehensive investigation of spin—orbit phenomena in
BiSb/interlayer/CoFe heterostructures, covering the research motivation, objectives, experimental
methodology, and results from both room-temperature and temperature-dependent studies.

Chapter 1 outlined the research background, fundamental of spintronic phenomena, material
platforms, applications, and the research objectives.

Chapter 2 described the experimental setup and device fabrication methods used in this study.

Chapter 3 demonstrated exceptionally large room-temperature output signals in BiSb-based DSH
magnetic field sensing devices and discussed their application potential in high-density HDD read heads.

Chapter 4 systematically analyzed the temperature dependence of the spin Hall angles using
multiple measurement techniques, clarifying the relationship between intrinsic and effective values.

Building on these findings, this chapter summarizes the key results of the thesis, draws overarching

conclusions, and discusses future directions for research and application.

S5.1. Summary

This thesis presented a systematic study of spin—orbit phenomena in BiSb/interlayer/CoFe
heterostructures.

In Chapter 1, the motivation and objectives for this work were established by reviewing the demand
for the next-generation HDD read heads with focus on magnetic field sensors using the spin Hall effect
and inverse spin Hall effect. BiSb, with its giant spin Hall angle, was identified as a promising candidate
for both fundamental research and practical applications of SOT magnetic field sensors.

In Chapter 2, the fabrication techniques and measurement systems essential for this study were
developed. These included thin film growth, microfabrication of DSH magnetic field sensors and Hall
bar devices, and the establishment of harmonic Hall, spin accumulation, and SMR measurement
platforms. This infrastructure was critical for precise evaluation of spin Hall angle and device

performance.

127



In Chapter 3, room-temperature experiments revealed exceptionally large output signals in
BiSb/interlayer/CoFe DSH magnetic field sensing devices—tens of times larger than that expected from
the second harmonic Hall signals and over two orders of magnitude greater than those in Pt, W, or Ta.
Detailed noise analysis identified dominant sources and suggested optimization strategies to further
enhance directivity. These results demonstrate the strong potential of BiSb devices for next-generation
HDD read heads and magnetic field sensors.

In Chapter 4, the temperature dependence of the spin Hall angles was studied using three
complementary techniques: SA, SOT, and SMR. All methods showed an increase in fsy at lower
temperatures, consistent with enhanced contributions from topological surface states. SA consistently
yielded the largest Osy values and strongest temperature dependence, while SOT and SMR provided
smaller values with weaker temperature dependence. These differences were attributed to each method’

s physical sensitivity - SA being closer to the intrinsic sy, while SOT and SMR reflect effective values

relevant for device-level performance.

5.2. Conclusions

DSH magnetic field sensing devices consisting of BiSb/interlayer/CoFe in chapter 3 exhibit
exceptionally large output at 300 K, exceeding heavy metals by more than two orders of magnitude. The
magnitude of these signals is promising for next-generation HDD read heads. Device optimization,
particularly in noise reduction, can further improve detectivity and operational stability.

From the temperature-dependent studies in Chapter 4, we found that the intrinsic fsy of BiSb
increases significantly as temperature decreases, in line with enhanced surface-state contributions. SA
provides a reliable estimate of intrinsic fsy, whereas SOT and SMR yield effective values determined by
the interface spin transparency, spin absorption and spin reflection. The differences among techniques
underline the importance of method selection: SA for intrinsic property characterization, SOT and SMR
for device performance evaluation.

Overall, BiSb is confirmed as a high-performance spin-orbit material, combining large spin Hall
resistance at room temperature with tunable fsi over a wide temperature range. These properties position
BiSb as a strong candidate for both fundamental research and spintronic applications requiring high spin-
orbit torque efficiency and sensitive magnetic field detection.
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5.3. Outlook

The findings of this work open several promising directions for future research and device
development:

(1) Interface Engineering

Enhance interlayer spin transparency by optimizing composition, thickness, and crystalline quality.
Reduce spin loss at the BiSb/interlayer and interlayer/CoFe interfaces to maximize effective fsp.

(2) Application in Next-Generation HDD Read Heads

Integrate BiSb-based spin Hall devices into HDD reader prototypes to evaluate performance under
operational conditions. Address fabrication scaling and compatibility with existing HDD manufacturing
processes.

(3) Exploration of Alternative Topological Materials

Expand to other topological semimetals with better thermal stability. Design heterostructures

combining BiSb with other spin-orbit materials to tailor spin transparency and torque generation.

Closing Remark

The results presented in this thesis advance the application of BiSb-based heterostructures to
practical spintronic applications, in particular HDD reader. By bridging fundamental physics and
application-oriented device studies, this work establishes a foundation for the development of next-
generation high-density HDD read heads. The methodologies and insights developed here are expected
to inspire further innovations in both materials research and device engineering, ultimately contributing

to high-performance, energy-efficient HDD technologies.
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