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Abstract

Investigation of Energy Efficient Magnetic Switching in Novel Materials and Device
Structures for Spintronics Application

by

Cheng-Hsiang Hsu

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Sayeef Salahuddin, Chair

Amidst the digital transformation era, data-intensive computing applications such as ar-
tificial intelligence and big data analytics are rapidly evolving. As a result, computing
hardware development is under pressure to deliver higher performance while minimizing en-
ergy consumption. This presents a significant opportunity for hardware research, moving
alongside and beyond traditional CMOS technology. Spintronic devices have emerged as a
promising candidate to address the gaps in the computing memory hierarchy and serve as
an emerging device for beyond von Neumann computing schemes. In the core of a spin-
tronic device, the spin-charge conversion phenomenon plays a crucial role in determining
its performance and energy efficiency. Spin-charge conversion enables the generation of a
spin current, which can be utilized to manipulate magnetization and magnetic textures -
spin-orbit torque. However, several significant challenges hinder the widespread adoption of
spintronic devices in future computing hardware. These challenges encompass high operating
power in comparison to traditional silicon counterparts, ensuring material compatibility with
the silicon CMOS platform, developing highly scalable solutions for future process nodes,
and addressing specific fundamental design hurdles. In this dissertation, my primary objec-
tive is to tackle various challenges by innovatively designing materials, fabrication processes,
and device structures. Firstly, I discover significant spin-charge conversion efficiency in com-
mercially available silicides, which exhibit a scalable underlying mechanism that could offer
new insights into spin physics. Leveraging these silicides, I achieve highly energy-efficient
magnetic switching, outperforming state-of-the-art heavy metal systems for magnetic mem-
ory applications. Moreover, I tackle the fundamental design challenge of achieving field-free
spin-orbit torque switching by engineering a device fabrication process that allows for easy
tunability of magnetic anisotropy. Lastly, I propose and experimentally explore a potential
pathway towards the long-awaited pure voltage-driven magnetic bi-directional switching in
commercially available magnetic tunnel junction devices.
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Dr. Sinéad Griffin, Dr. Sujoy Roy, Dr. Stephen Kevan, and Dr. Lin-Wang Wang.

My PhD journey would not be complete without my peers and undergraduate researchers
I’ve had great honor to mentor. Mentoring undergraduate students at Berkeley has been
one of the greatest moments in my PhD. Seeing them grow over time and evolve into in-
dependent thinkers and researchers brings great sense of accomplishment to me. I am so
lucky to have met these undergraduate students which have all been great friends even af-
ter being graduates. These undergraduate students are (in chronological order) Jonathan
Jeffrey, Megumi Tanaka, Miela Gross, Hannah Kleidermacher, Emma Blenkinsop, Jonathon
Webster, Ian Hoffmann, Tarik Fawal and Jennifer Toy. I would like to thank my friends and
colleagues at Berkeley and the Bay Area: Steve Volkman, Shehrin Sayed, Adi Jung, Saavan
Patel, Niklas Roschewsky, Praveen Gowtham, Dominic Labanowski, Yen-Kai Lin, Li-Chen
Wang, Jong-Ho Bae, Daewoong Kwon, Jiuren Zhou, Korok Chatterjee, Ava Tan, Yu-Hung
Liao, Ming-Yen Kao, Urmita Sikder, Lars Tatum, Dasom Lee, Pratik Brahma, Jongho Park,
Namho Jeon, Meshal Alawein, Michael Oduoza, Hanuman Singh, Jyotirmoy Chatterjee,
Sucheta Mondal, Amal El-Ghazaly, Akshay Pattabi, Zafer Mutlu, Debanjan Polly, Hyejin
Jang, Maite Goiriena, Niharika Gupta, Der-Hsien Lien, Lucas Caretta, Chien-Ting Tung,
Xiaoer Hu, Dwi Patnaik, Alvin C.C Li, Nishita Deka, Allen Yu-Lun Liang, Jeff Lin, Ramo
Tsai, Nai-Wen Hu, Chien-Shen Wu, and Emily Beeman.



xx

There will never be enough appreciation to be expressed toward my family: my parents
and my brother Vincent. Their care and support since the day I was born is unmatched. I
would like to thank my brother Vincent for taking care of me since the day I came to the US
for college. He took care of me from time to time during my PhD and sharing conversations
on each of our work is very therapeutic. At last and definitely not the least, I will dedicate
my utmost appreciation to Jessica Ho, my partner. Coming to Berkeley for my PhD is one
of the best decisions I have made because of Jessica. Jessica has been with me since the
second year of my PhD and has seen it all in terms of my highs and lows. It is as if we did
my PhD together. I wholeheartedly thank her dedication to our relationship and our goals.
This PhD will not be possible without her by my side every single day. The addition of our
dog, Bonbon, to our family toward the end of my PhD is a blessing.



1

Chapter 1

Introduction

1.1 Current outlook of computing hardware research

Brief history of technology advancement

Technology advancement in the recent two decades has skyrocketed in multiple facets. The
main drivers include the rise of mobile computing devices such as smartphones and tablets
since 2007, rapid growth in cloud computing and internet of things (IoT), and faster 5G
cellular connectivity. These technology development dramatically reshaped both our daily
lives and the technology industry. A few examples include booming of e-commerce, stream-
ing of entertainment content, commercial services conducted directly from smartphones,
widespread social media access, increased remote/online working/learning, the adoption of
fintech and more advanced electrical appliances. At the heart and soul of all the techno-
logical advancement mentioned above is the continuous improvement of computing power
enabled by the cutting edge individual devices at the fundamental level. The movement,
processing, and creation of data all rely on different designs of circuits that are built from
these individual devices such as transistors, diodes, capacitors, resistors and interconnects.

Keeping Moore’s Law alive

Gordon Moore passed away but Moore’s Law is well alive and the outlook is promising
and exciting.1 Moore’s Law was proposed by Gordon Moore in 1965 that the number of
transistors on an integrated circuit will double every two years - a prediction that stood the
test of time and led the entire semiconductor industry even to this day. Geometric scaling
of transistor and interconnect dimensions has long ended in the early 2000s where feature
sizes reached below 100 nm [163]. Since then, effective scaling with the FinFET, strained
silicon and high-k metal gate technologies has been the main technology scaling approach for
higher power efficiency and performance. As we approach the physical limit of the material

1Gordon Moore passed away on March 24, 2023 at the age of 94. He is the co-founder of Intel alongside
with Robert Noyce.[158]
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dimension, news about Moore’s Law is dying is circulating and people are wondering what
will be the next technological advancement or guiding principal. However, Moore’s Law is
not simply a geometric scaling principle, it is truly a performance-based scaling principle at
the fundamental level. Moore’s Law will sustain and the semiconductor industry is on pace
to develop device and chip performance improvements that follows the Moore’s Law for the
next decade.

Current status of technology development

Among the various electronic components and devices, transistor is at the heart of every
computing hardware in the modern era. The current most advanced logic transistor is based
on the so called FinFET which the silicon channel is formed in a raised 3D fin structure with
the high-k dielectric and metal gate formed around the three sides. This is the foundation of
modern transistor technology in the 2010s with Intel debuted in its 22 nm process node [136],
followed by TSMC in its 16 nm technology node [1] and Samsung in its 14 nm technology
node [138]. With FinFET lasting us 10+ years of successful transistor technology scaling, its
structure is no longer sustainable for future scaling of power efficiency and performance. This
welcomes the beginning of a new era with gate-all-around (GAA) FETs with nanosheet of
silicon channel completely surrounded by the high-k dielectric and metal gate which provides
even better gate control and off-state-leakage. This transition started with Samsung in
2019 announcing the adoption of GAA technology in its 3 nm technology node [166] which
later in 2022 started initial production. TSMC also announced their adoption of GAA
structure in 2022 [2] which will begin production by 2025. Unfortunately, as the cutting-edge
transistor technology node becomes more sophisticated, not every semiconductor foundry is
able to sustain this technology competition at the cutting-edge due to economical challenges.
Global Foundries stopped its further development of 7 nm FinFET technology [49] and intel
announced it will outsource its latest CPUs to be manufactured by TSMC’s 3 nm/5 nm
nodes, indicating a sluggish development of its leading-edge foundry technology nodes [137].

One of the most important technologies enabling this continuous scaling of transistor
technology in the last decaded is the successful deployment of the extreme ultraviolet (EUV)
lithography system [8]. It is no coincidence that the early deployment of the EUV lithography
system and integration to its fabrication process in TSMC [3] and Samsung [134] in 2019, led
them to be the two only-standing semiconductor foundry business to continue developing
the leading-edge technology today. Intel received its first deployment of EUV system in
late 2022 hoping to catch up to the two leading-edge leaders in its Intel 4 technology node
development [135].

One strong drive for more cutting-edge hardware is the rise of a new era of generative AI
applications and tools such as ChatGPT, Bard and deepfakes. These computation intensive
applications continues to drive further development of new hardware at the device, circuit
and system architectural level. Concepts such as in-memory and near-memory computing
especially for cloud computing and edge-AI applications have been intensively researched and
developed. The wide-spread of AI applications and tools also drove graphic processing unit
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Figure 1.1: Energy forecast of information and communications technology (ICT) compared
to the global energy consumption. Global electricity demand forcast by 2030. Figure adapted
from Nature [83].

(GPU) chip design companies such as NVIDIA and AMD to a new height among the fabless
semiconductor companies. However, implementing computation-intensive AI algorithms and
models on GPU hardware is not a sustainable solution in terms of performance and power
efficiency in the long term.

To address this, emerging memory technologies that provide various attractive properties
such as non-volatility and analog computing that are more challenging to implement on
traditional silicon CMOS are being heavily and actively studied. In addition, computing
schemes that emulate our biological brain such as neuromorphic computing requires devices
and hardware architectures that closely resemble the biological neural networks. To this end,
emerging memory technologies such as phase-change memory, resistive memory, ferroelecrtic
memory and magnetic memory all possess different properties that can suit this need. This
dissertation focuses on addressing the fundamental challenges in magnetic memory research
and development for spintronics applications and beyond.

Global challenges in computing and information technology

At the global scale, energy consumption for the computing and information technology sector
is projected to take up 21% of the global energy consumption by 2030 (see Figure 1.1). This
is a very pressing issue adding on to the ongoing annual increase of the total electricity
consumption from the ICT sector. The most effective solution to such global energy crisis
is to address the source - fundamental building block of electronic circuits: transistors and
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memory devices. The creation, movement and processing of data all consumes energy. By
reducing the consumption of individual circuit components and devices, there is a hope to at
least slow down the increase of the total energy consumption in the ICT sector. As a result,
research and development of efficient and task-specific devices for future computing scheme
is of utmost importance and urgency.

1.2 Overview of memory technology

Memory hierarchy in computing

The traditional memory hierarchy for a von Neumann computer architecture is depicted in
Figure 1.2. In a typical von Neumann computer architecture, running programs are allocated
in the main memory with frequently accessed data stored in the cache level memory according
to the locality of reference. The higher in the hierarchy pyramid the faster and smaller
capacity of the memory devices. Registers are for storing the data and instruction used
in carrying out operations in the arithmetic/logic unit (ALU). The lower the pyramid the
less frequent the stored information is accessed as well as serving as a non-volatile storage
for data, operating system, and program installations. Logic and arithmetic operations are
only done in the center processing unit (CPU) with data written, accessed, erased in the
main memory. While leading-edge device nodes are often developed for faster and higher
performance logic transistor and SRAMs, the DRAM space has been targeting higher density
and lower cost per bit a priority. This causes a gap in performance between logic processor
and DRAM known as a Memory Wall [163]. To combat this growing gap between main
memory and the logic processor, innovative solutions at the system architecture level such as
multi-threading, increase of embedded SRAM cells and advanced system on chip packaging
solutions [163] has been quite successful but not sustainable for the long term and future
high performance computing demand. To address this, emerging memory technologies that
are based off of different physical phenomena provide not only intrinsically task-specific
advantages but also different electrical performance and packaging designs for faster overall
system speed and power efficiency.

Emerging memory technologies

Traditional CMOS memory modules throughout the entire memory hierarchy are based
off of transistors and/or capacitors wired into specific circuitry for different specifications
except hard disk drives which mainly stores information in magnetic disks composed of small
magnetic domains. For example, NAND and NOR flash memory devices are floating gate
transistors that wire in the architecture that resembles a NAND and NOR gate respectively.
On the other hand, dynamic random-access memory (DRAM) cell is a volatile memory
component consists of one transistor and one capacitor that serves as the main memory
modules in modern computers. Due to this memory hierarchy that is designed for separate
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Figure 1.2: Generic memory hierarchy for a classic von Neumann computing architecture.

modules to be assembled on a motherboard, it is quite challenging to simply embed different
memory modules on to logic chips and expect this to work flawlessly. Stringent electrical,
speed and power specification on-chip makes embedding memory devices directly on or close
to the logic unit very difficult. As a result, different memory devices that live in spaces
between each level of the memory hierarchy is necessary for faster and more power efficient
computing systems.

For the past few decades, there are a variety of emerging non-volatile memory (NVM)
technologies in research and development including phase-change memory, resistive memory,
ferroelectric memory and magnetic memory (Table 1.1). The common characteristic is non-
volatility and the ability to embed with current CMOS technology. While most of the stand
alone application of these emerging memory technologies have been commercialized already,
the embedded application in large foundries remain to be widely deployed. The reason
being the challenge for these emerging memory technologies to perfectly replace or add on
to existing technologies without giving up on trade-offs. For example, in table 1.1 we can
see that STT-MRAM actually possess characteristics that are either close to or out-perform
the embedded SRAM (eSRAM) in terms of speed, cell size, standby power and endurance.
However, SRAM design rules are among the most stringent given the closest distance in
terms of data transfer to the logic unit. The few nanoseconds slower in speed, slightly lower
endurance and the maturity of the CMOS SRAM technology makes CMOS SRAM still the
best choice when competing with other emerging memory technologies at this moment.

However, this is not the end of the story as there is great room for improvement on all
of the emerging memory technologies listed above. For example, spin-orbit torque (SOT)
is a great candidate for next-generation magnetic memory technology due to the separate
read/write path, potentially faster writing speed and lower switching power [117]. This
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Table 1.1: Different memory candidates for embedded applications including emerging mem-
ory devices. FG, floating gate; FE, ferroelectric; GST, GeSbTe; F, feature size; N, number
of stacked layers. Table adapted from Nature Electronics [163].

makes SOT-MRAM a candidate to improve upon STT-MRAM and eventually serve as an
alternative eSRAM candidate. Compared to the other emerging non-volatile memory solu-
tions, spintronics-based memory technology is the most mature and possess advantages over
the rest in the most specifications. In addition, spintronics devices serve as powerful probes
to study spin-based physics and other quantum phenomena. This dissertation investigates
in-depth into spintronics at both the fundamental level and application level.

1.3 Spintronics and MRAM

What is spintronics?

Spintronics are electronic devices that leverage the spin degree of freedom in electrons (Fig-
ure 1.3) to build components for computing hardware. The term spintronics originated from
a program of the Defense Advanced Research Projects Agency (DARPA) in 1993 under
program manager Stuart Wolf [38]. It was the first program to systematically study and
explore magnetic-based quantum microelectronics that contributed to the development of
magnetoresistive random-access memory (MRAM). However, the development of spin-based
physics started much earlier than 1993 starting from the discovery of magnetic materials
among many people around the world including the Romans, Greeks and Chinese [116] to
the more recent spin-transport phenomena such as the giant magnetoresistance (GMR) ef-
fect in the 1980s which led to the Noble prize award in physics of 2007 [153]. The discovery
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Figure 1.3: Electron spin and its local magnetic field with the respective spin quantum
number.

of GMR opened up a brand new avenue for studying spin-transport physics and engineering
of spintronics devices such as the spin valve [79]. The spin valve structure consists of two
ferromagnetic layers sandwiching a metallic spacer. Electric current can be applied in-plane
to the structure or vertical to the structure. As the magnetic moments of the two ferromag-
netic layers align in parallel or anti-parallel, the resistance of the spin valve changes (Figure
1.4a). Spin valve drove many subsequent fields of spintronics including the improvement of
magnetic read/write head in magnetic hard drives, magnetic sensors and development of the
initial versions of MRAM [25]. Modern spintronics development began with the discovery of
GMR effect.

Magnetic memory

Since the discovery of GMR, the field of spintronics advanced significantly over the last
30 years. The discovery of tunneling magnetoresistance (TMR) around the 1990s in Fe /
Al2O3 / Fe with 18% TMR ratio [127], CoFe / Al2O3 / Co with 11.8 % [128], and 200
% in Fe / crystalline MgO / Fe [151, 210] further extended the magnetoresistance effect
with larger resistance change by replacing the metallic spacer with a insulating tunneling
barrier layer sandwiched between two ferromagnetic layers (Figure 1.4b). Similar to the
GMR effect, but instead of having a non-magnetic metallic spacer layer where the spin
polarization of the polarized current passes through without losing the spin information, a
very thin tunneling barrier is in place for the spin-polarized current to tunnel through and
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Figure 1.4: Schematic of a: giant magnetoresistance (GMR) and b: tunneling magnetoresis-
tance (TMR). NM is non-magnetic conducting spacer layer and FM is ferromagnetic layer.

reach the other ferromagnetic layer. As the relative orientation of the moments in the two
magnetic layer switches between parallel and anti-parallel configuration, the resistance value
changes respectively but a higher resistance ratio can be achieved when compared to the
GMR effect.

The magnetoresistance effect due to the different configurations of the magnetization in
the two ferromagnetic layers can be explained from the perspective of spin-dependent density
of states (Figure 1.5). In Figure 1.5, when the magnetic configuration is in the parallel state,
equal amount of majority and minority energy states are available on both sides. As a result,
majority up spins (in this illustration) can tunnel from the left magnetic layer to the right
magnetic layer easily resulting in a low resistance value. In the case of anti-parallel state,
majority up spins in the left magnetic layer can not fully tunnel to the right minority up
spin states since there are not enough spin up states in the right ferromegnet to tunnel
to. Same goes with the minority down spin states in the left ferromagnet. As a result, a
higher resistance value is obtained. It is assumed that spin information is preserved during
tunneling.

Another important factor for obtaining high TMR ratio is the symmetry consideration
in the ferromagnet / tunnel barrier / ferromagnet structure (Fig. 1.4b) [25, 151]. Since the
TMR effect is due to the spin-carrying tunneling electrons between the two ferromagnetic
electrodes, a higher tunneling rate will result in a higher TMR ratio. To maximize the
tunneling rate, matching spin-dependent density of states and tunneling matrix elements
of the barrier near the Fermi level is important. When the symmetries of the ferromagnet
electrodes and the tunneling barrier are matched, coherent tunneling can happen across the
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Figure 1.5: Physical origin of tunneling magnetoresistance from a spin-dependent density of
states perspective with two-current model. Graph adapted from Nature Materials [25].

TMR structure resulting in a higher transmission ratio due to the slower decaying evanescent
wave with similar symmetry across the structure [25, 210]. As a result, epitaxial single crys-
talline Fe (001) / MgO (001) / Fe (001) structure gives a much higher (∼ 200 %) TMR ratio
under room temperature when compared to tunnel barrier with amorphous alumina (∼ 70
%) [151, 210]. The discovery of TMR effect pushed the spintronic development further with
improved magnetic read/write head in hard disk drives for higher capacity, more sensitive
TMR-based magnetic sensors and the development of magnetic tunnel junction (MTJ) for
MRAM application. MTJ became the most crucial and widely adopted magnetic device for
spintronics applications.

Up to this point, the main focus of spintronic phenomena presented in this chapter
has been on the passive behavior of spin-dependent transport or physical mechanisms for
magnetic states readouts. Another seminal development in spintronics was the spin-transfer
torque (STT). STT allows manipulation of magnetic moments with spin-polarized currents
via angular momentum transfer, which was theoretically proposed by John Slonczewski in
1996 [174]. Any finite magnetic moment has a finite angular momentum associated with
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Figure 1.6: Illustration of the physical phenomenon of spin-transfer torque in a magnetic
tunnel junction or ferromagnet / tunnel barrier / ferromagnet structure.

it via the gryomagnetic ratio. Through spin-polarizing the electronic charge current, the
spin-polarized current can tunnel through the barrier and arrive at the other ferromagnet.
The spin-polarized current will carry a non-zero angular momentum that can be transferred
to the magnetic moments in the receiving ferromagnetic layer or the so-called free layer (Fig.
1.6). The first ferromagnetic layer in a MTJ thus acts as a spin polarizer. In a practical
MTJ, the polarizer is the fixed layer with pinned magnetic orientation via exchange bias
from an adjacent synthetic antiferromagnet stack. To write the magnetic state in the free
layer back to its original state, a charge current can be injected in the opposite direction [25,
174] (Fig. 1.7b and 1.7c). As a result, simply inject the current in opposite directions with
respect to the MTJ vertical transport direction, the magnetic moment in the free layer can
be toggled thus creating two different magnetic configurations (parallel/anti-parallel) of the
MTJ for TMR readout.

By combining the two effects, TMR can serve as the mechanism for readout of the MTJ
and STT can serve as the mechanism for writing information to the MTJ. If we further
connect the MTJ to an access transistor, the STT-MRAM cell is born with the transistor
supplying a large current to write the information or a small current to read the informa-
tion in the MTJ. However, MRAM was actually first developed before TMR and STT was
discovered. The initial version of MRAM was designed with the Oersted field serving as
the mechanism to switch magnetic moments in a spin valve via bit and word line current
application. The GMR effect in the spin valve serves as the readout mechanism (Fig. 1.7a).
This is a very inefficient way to writing magnetic information since the Oersted field is not
only nonuniform but also control of very small and local magnetic layer within a much larger
array structure was difficult. With the development of STT, control of local magnetization
in a MTJ is much more energy efficient and provides significantly better control of local
magnetization (Fig. b and c).

While STT-MRAM is a very promising emerging NVM solution, it still possess some
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Figure 1.7: Schematic of a, the initial version of MRAM via spin valve and Oersted field
writing mechanism, b and c, the individual MRAM cell based off of STT for writing and
TMR for reading which includes one magnetic tunnel junction and an access transistor.

challenges or drawbacks including endurance and reliability issues of the tunnel barrier,
limited material choice for efficient spin-polarization, and high switching current density.
This leads to the research and development of spin-orbit torque as the next generation
MRAM technology which will be introduced with great detail in chapter 2.

1.4 Dissertation objectives

The main goal of this dissertation is to explore and investigate novel materials and device
structures for efficient manipulation of magnetic states and textures for spintronics applica-
tion in near future computing schemes. The design principles for the materials and device
structures are not only geared toward higher performance and better energy efficiency but
also in materials and device structures that are either available in the current silicon platform
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or not too drastically different from the existing device or material systems in industry.
In Chapter 2, the fundamentals and history of spin-orbit torque will be introduced.

Various techniques to characterize spin-orbit torque and the applications of spin-orbit torque
will be presented. The chapter will end with an outlook for the spin-orbit torque MRAM
development and how this dissertation contributes to this goal.

In Chapter 3, I present how amorphous iron silicide (a-FexSi100−x) can be a very suitable
material for efficient spin current generation in magnetic memory applications. a-FexSi100−x

is not expected to have a strong spin-orbit torque according to the conventional understand-
ing of spin current generation, however, a strong spin-orbit torque is discovered. In addition,
intriguing scaling trend between the spin-orbit torque efficiency and the resistivity was found
in a-FexSi100−x which shows increasing spin-orbit torque efficiency as the resistivity decreases.
This trend is opposite to the conventional scaling trend. On the fundamental level, strong
spin current generation in a fully amorphous low-Z material system is out of expectation
and sheds light on to the possibility of new mechanisms and understandings in spin current
generation.

In Chapter 4, I switch gears into presenting cobalt silicide as an successor to iron silicide
which extends the scaling trend further toward the ideal direction where high spin-torque
efficiency and low resistivity is coupled. A record-high spin Hall conductivity (an important
metric when screening materials for magnetic switching) was found in cobalt silicide that
beats the heavy metal systems which currently is adopted in the state-of-the-art spin-orbit
torque MRAM among the semiconductor foundries and research laboratories worldwide. on
the fundamental level, cobalt silicide also exhibits a interesting concentration dependence
where the peak of the spin-torque efficiency coincides with the transition of the ferromagnetic
phase of it. The underlying physics of spin current generation is similar to the case of iron
silicide, however, due to the different electronic property of cobalt silicide, the spin-orbit
torque possess a slightly different concentration dependence.

In Chapter 5, I present a way to induce field-free spin-orbit torque switching by engineer-
ing the canting angle of the magnetic anisotropy in ferrimagnetic GdCo alloy. The canting
can be easily tuned by oxygen plasma treatment after the devices have been fabricated.
This is a very easy way of inducing canting of the magnetic anisotropy in GdCo. In addi-
tion, interesting magnetic transport signatures such as multistate switching, ratchet effect,
and memristor effect were discovered which are all tunable through the different canting
angle. This work presents a way to easily and effectively fine tune the magnetic texture in
ferrimagnetic GdCo.

In Chapter 6, I present a way to achieve pure voltage-controlled magnetic switching in
a device structure similar to a standard magnetic tunnel junction with two additional few-
angstrom thick layers. This device utilizes two physical phenomena: resonant tunneling
and interlayer exchange coupling to control the configuration between two ferromagnetic
layer separated by a quantum well. Theoretical understanding and discussion is presented.
Memory cell level simulation results are also briefly mentioned. At last, I will show some
initial results toward the demonstration of this engineering design through tunneling I-V
measurements and voltage-pulse/TMR readout measurements. This is an ongoing research
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project.
In Chapter 7, I will conclude by summarizing the major findings toward addressing the

different research questions proposed in this dissertation. I will also provide the potential im-
plication of this dissertation in a more big picture fashion and point to some future directions
for continuing study on these materials systems, device structures or concepts.
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Chapter 2

Spin-orbit torque: theory,
experiments, materials and devices

2.1 Theory

Foreword

Spin-orbit torque (SOT) can be introduced through two different perspectives: technolog-
ical and fundamental. From the technological perspective, spin-orbit torque is a way to
write information into a magnetic bit by switching the magnetic moments via an electrically
(current) generated torque. The process of switching the magnetic moments is exactly the
same as spin-transfer torque (STT) which angular momentum is transferred from the spin
current to the magnetic moments. The main difference is the symmetry/geometry of the
spin polarization in SOT which can be very different depending on how the spin current is
generated whereas in STT, the spin polarization of the spin current is almost collinear due
to the mechanism of spin current generation in STT devices.

From the fundamental perspectives, spin-orbit torque is a probe for studying spin-dependent
physics such as spin-charge conversion, spin current generation, spin injection, spin transport
and manipulation of complex magnetic textures [61]. The main difference of SOT from STT
is the way spin current is generated for SOT. In SOT, spin currents can be generated through
many different mechanisms such as topological spin-momentum locking surface states, spin
Hall effect, Rashba-interfaces, bulk Rashba effect, and in general non-zero Berry curvature.
These effects can be found and engineered in many families of materials. Prior to the discov-
ery of SOT, spintronics research has been mainly focused on magnetic materials and thanks
to SOT, materials research in spintronics has expanded to cover a wide range of materials.
As a result, SOT is not only attractive for technological reasons but also as a useful probe
to study spin physics in many material systems.
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Spin-torque driven magnetization dynamics and torque symmetry

Magnetization dynamics can be described by the Landau-Lifsiftz-Gilbert (LLG) equation
with the addition of spin-transfer torque by Slonczewski in 1996 [174]. If we consider the
dynamics of a normalized (M/Ms) magnetization m in the macrospin picture (the magne-
tization is uniform under the external perturbations) under an effective magnetic field Heff

that includes contribution from applied field, magnetocrystalline anisotopry field, and demag-
netization field), the LLG equation with contribution from field-like (FL) and damping-like
(DL) torque can be written as [139, 117, 174]:

dm

dt
= −γm×Heff + αm× dm

dt
− |τFL|m× σ̂ − |τDL|m× (m× σ̂) (2.1)

where γ is the gyromagnetic ratio and α is the Gilbert damping constant. In equation 2.1
above, the first term describes the precession of the magnetization m about Heff . The sec-
ond term accounts for the damping action of the magnetization m that relaxes back to its
equilibrium position. The last two terms account for the DL torque and FL torque contribu-
tion induced by a spin current with spin polarization direction σ̂. Since the magnetization
m is a unit vector in the LLG equation, the unit of the two torques (τFL and τDL) are Hz
or 1/s. The unit of Heff is Tesla (T).

While the LLG (with spin-torque contribution) equation is a very convenient model for
studying the magnetization dynamics theoretically, we often measure torques in terms of
their effective fields. In this case, the FL torque effective field HFL is

HFL =
1

γ
|τFL|σ̂ (2.2)

and the DL torque effective field HDL is

HDL =
1

γ
|τDL|(m× σ̂) (2.3)

where both HFL and HDL have unit of T. These two terms are often used when describing
the measured torque strength and also shows up in torque analysis of different techniques
such as harmonic Hall measurement and spin-torque ferromagnetic resonance.

In figure 2.1, the schematic of the torque symmetry resulting from the spin current
with spin polarization σ̂ = ŷ is shown. This is a simplified picture with only considering
the simplified anisotopry coefficients which is sufficient to explain most of the spin-orbit
torque phenomena. For a much sophisticated and general treatment of the spin-orbit torque
symmetries, Garello et al. [55] has done a great work. In short, damping-like torque effective
field is an odd function of m where as the field-like torque effective field is an even function
of m regardless of which plane the magnetization m is in.

Although a rigorous and more general treatment of spin-orbit torque symmetry is crucial
to fully understand and consider the different torque symmetry configurations, the actual
switching scenario can be simplified into three: x-type, y-type and z-type. The difference
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Figure 2.1: Symmetry of damping-like torque and field-like torque on a magnetization unit
vector due to a spin current with spin polarization σ̂. Here, the spin polarization σ̂ is taken
to be ŷ.

among the three is the geometry between the spin polarization σ̂ and the equilibrium mag-
netization m direction [52]. In figure 2.2, the three-different type of SOT switching are
shown. The most common and well-studied scenario is the type-z where the magnetization
with out-of-plane anisotropy is switched by the in-plane ŷ spin polarization with a small
symmetry breaking field in the x̂-direction. The second commonly studies scheme is the
type-y since this is the configuration for SOT switching of in-plane MTJs. This is similar to
the case of STT switching in a perpendicularly magnetized MTJ since the spin polarization
and the magnetic anisotopry shares the same axis. As a result, there is an initial incubation
process (Fig. 2.1b lower subplot) where thermal fluctuation is necessary for the full mag-
netic switching. With these few common SOT switching scenarios, we can focus on torque
symmetries with magnetization in the xz plane for type-x and magnetization in xy plane for
type-y during the initial switching period of the full switching process. This simplifies ones
consideration on the critical SOT torque symmetries.
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Figure 2.2: Three different type of SOT switching scenario driven by the spin current in the
ẑ direction with fixed ŷ spin polarization. Graph adapted from Nature Nanotechnology [52].

Spin diffusion, injection and interface transparency

In the previous subsection, I described how the different torque geometries arise under the
presence of a non-zero spin current with spin polarization σ̂. The torque geometries pri-
marily describe how the magnetization is modulated by the spin current and the resulting
magnetization dynamics can be modeled by the LLG equation. Here in this subsection, I
briefly discuss how spin current travels from the source and diffuses across a finite distance
and arrives at the magnet to be switched or acting as the torque sensing layer. This pro-
cess is called the spin diffusion and is usually discussed in the sub-100 nm length scale for
spin-orbit torque devices and spin-orbit torque measurements.

In a typical nonmagnetic metal / ferromagnet bilayer system, the spin current arises due
to spin Hall effect in the bulk of the nonmagnetic (or paramagnetic) metal layer such as
Pt[111, 126] W[147], Ta[112]. The spin current diffuses across the Pt layer in the transverse
direction and injects into the ferromagnet. Once the spin current enters the ferromagnet, it
dephases in a few angstroms as the angular momentum transfers to the magnetization and
the spin current should vanish. As a result, there should be a finite spin diffusion length
associated with the material to describe this decaying spin current and spin relaxation. On
the other hand, while spin-orbit coupling (SOC) is crucial for spin Hall effect, anomalous Hall
effect and other spin current generating effects, SOC is also a crucial factor in spin relaxation
or spin-dependent scattering events. As a result, to fully capture the spin-orbit torque
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Figure 2.3: Schematic of a typical bilayer structure for studying spin-orbit torque of different
materials. The NM (non-magnetic) layer is the material of interest for spin current/spin
accumulation generation and the FM (ferromagnetic) layer is the spin detection layer or the
magnetic layer to be modulated by spin-orbit torque. For some studies, there will be an
insertion layer between the FM and NM layers for enhancing the spin transparency or due
to other mechanisms.

generation and detection in different materials and devices, spin diffusion is an important
component to be addressed.

A general rule when thinking about spin diffusion from a material perspective is that the
greater the spin-orbit coupling the faster the spin current decays. As a result, heavy metals
such as Pt, Pd, Ta are good sources for generating spin current but not for spin diffusion.
On the other hand, lighter metals such as Al, and Cu [190, 123] are a better spin carrying
material with spin diffusion length on the order of a few hundred nm. As a result, a very
useful and important experiment to studying new spin-orbit torque material is the thickness
dependence experiment.

In a thickness dependence experiment, the thickness of the spin current generating mate-
rial (SCG) is varied with the ferromagnet thickness being fixed. The ferromagnet is in direct
contact with the spin current generating material in a bi-layer structure. As the SCG layer
varies, the amount of spin current that arrives at the FM varies due to spin diffusion length
[110]. By following the drift-diffusion model [191, 111, 196, 62], the thickness dependence of
the measured spin-torque efficiency can be described by,

ξST = ξST,∞(1− sech(tNM/λs)) + C (2.4)

where ξST is the spin-torque efficiency, ξST,∞ is the spin-torque efficiency assuming an ideal
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Figure 2.4: Schematic of a non-local spin injection via a non-local spin valve structure.
Graph adapted from [80].

spin transparent NM/FM interface and infinite diffusion length, tNM is the thickness of the
SCG layer, λs is the spin diffusion length of the SCG layer/material and C is the contribution
from the interfacial mechanisms such as interfacial Rashba. Although this is a very common
theory on spin diffusion and spin-torque generation in materials as a function of thickness, the
true manifestation of different contributions such as bulk versus interfacial remains unclear
as there is no experimental method that can cleanly discern the two contributions. In other
words, having a good functional fit to equation 2.4 does not guarantee a strong bulk origin
and a large C value does not guarantee a large interfacial origin. The debate and challenge
to discern interfacial and bulk contributions in spin-orbit torque studies remain a difficult
challenge. Equation 2.4 serves as a guide to quickly evaluate the thickness dependence of
the SOT and the extracted values such as λs and C should be taken with cautious or with
a further check via other techniques such as spin-pumping.

Here, I will briefly mention two methods for experimentally studying spin diffusion length.
The first method is the non-local spin injection through a non-local spin valve structure
(figure 2.4) [80]. The first ferromagnet serve as a spin injector and the spins accumulate and
diffuse across the non-magnetic metal and arrive at the second ferromagnet serving as the spin
detector. By switching the magnetic field to change the magnetization configuration between
the injector and detector ferromagnetic layer, a difference in voltage (spin voltage) can be
measured due to the GMR effect. From the spin voltage difference, the spin diffusion length
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Figure 2.5: Spin transmission across the (a) NM/FM interface and (b) NM/NiO/FM inter-
face. Graph adapted from Physical Review Letters [225].

can be extracted. The second method is through spin-pumping [85, 188]. In spin-pumping,
a bi-layer of NM/FM is utilized as the spin-orbit torque measurements. By driving the FM
layer into ferromagnetic resonance via microwave magnetic field, coherent precession of the
magnetization can pump pure spin current into the adjacent non-magnetic layer. Through
inverse spin Hall effect, the injected spin current can be converted into electrical voltage
and be detected easily. As a result, heavy metals such as platinum is a common detection
material for studying spin diffusion of other materials. By varying the non-magnetic layer
thickness, we can extract the spin diffusion length.

At last, I will briefly introduce the concept of spin transparency and its importance in
studying spin-orbit torque. In a NM/FM bilayer, spin current/accumulation is generated
either in the bulk, interface or both. As the spin diffuses and inject into the FM layer, not all
spins can be transmitted through the interface. There exist a few mechanisms that can ham-
per the efficiency of spin transmission across the NM/FM interface including spin-memory
loss (SML) and spin back flow (SBF) [145, 225]. The spin back flow can be understood with
the effective spin-mixing conductance of the interface G↑↓

eff [220]:

G↑↓
eff =

G↑↓
NM/FM

1 + 2G↑↓
NM−FM/GNM

(2.5)

where G↑↓
NM/FM is the bare interfacial spin-mixing conductance, GNM = 1/λsρxx, λs is the

spin-diffusion length of the NM, ρs is the longitudinal resistivity of NM. According to the



CHAPTER 2. SPIN-ORBIT TORQUE: THEORY, EXPERIMENTS, MATERIALS AND
DEVICES 21

drift-diffusion analysis [33, 220], the spin transmission coefficient can be written as:

T =
2G↑↓

eff

GNM

(2.6)

only at the condition that the thickness of the NM (tNM) is much larger than the spin
diffusion length λs and the interfacial spin-orbit coupling is negligiable [220].

As one can see, to determine the spin transmission coefficient (T), it is crucial to determine
the effective spin-mixing conductance (G↑↓

eff . To determine G↑↓
eff ), a common experimental

method is to measure the effective damping constant of the system under study. For example,
if the system under study is Pt/Co, the whole stack will be the system for its damping
constant to be measured. The measured damping constant can be written as[220, 11]:

α = αint +G↑↓
eff

gµBh

4πMse2tFM

(2.7)

where g is the gyromagnetic ratio, µB is the Bohr magnetron, Ms is the saturation mag-
netization of the FM layer, αint is the intrinsic damping constant of the FM, and h is the
Planck’s constant. This model (equation 2.7) works well with most of the magnetic het-
erostructures. However, Zhu et al. [220, 226] argues that two-magnon scattering is also an
important contribution to the measured effective damping constant when: 1) rough NM/FM
interface or 2) strong interfacial spin-orbit coupling (such as strong perpendicular magnetic
anisotropy at the Pt/Co interface). In this case, the measured effective damping constant
will be,

α = αint +G↑↓
eff

γh̄2

(2MstFMe2)
+

βTMS

t2FM

(2.8)

where βTMS is the two-magnon scattering coefficient.
In figure 2.5, a paramagnetic NiO layer is inserted between Pt and Co which boosted the

interface spin transparency to nearly unity [225]. As a result, a large spin-torque efficiency is
measured which is very close to the theoretical intrinsic spin Hall angle of Pt [225]. Boosting
spin transparency for stronger spin-orbit torque is an active field of research within the
spintronics community.

2.2 Material systems and mechanisms

Heavy metals and spin Hall effect

Heavy metals were the first material system to show strong spin-orbit torque especially in
Pt [126, 111], Ta [112] and W [147]. The first demonstrated full magnetic switching via
spin-orbit torque was done in Pt/Co/AlOx with perpendicular magnetic anisotropy [126].
Although the paper mainly attributed the origin to the inversion symmetry breaking of the
interface and the structure with Rashba effects, others argue that spin Hall effect is a stronger
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Figure 2.6: Benchmark of spin-torque efficiency ξDL as a function of resistivity (ρ) in known
systems to demonstrate SOT.

contribution to the observed spin-orbit torque and the spin-torque efficiency (then spin Hall
angle) is characterized to be around 5∼10 % without further engineering of the interface
[111, 112, 110]. Overtime, spin-orbit torque was discovered in Ta (15∼20 %) [112, 95, 55],
W (30 ∼ 35 %) [147, 4], AuxPt100−x [223], rare-earth elements [160], W-Hf alloy [51] and 5d
transition metal-Al alloys [194].

Spin Hall effect was attributed as the main mechanism of spin current generation in
heavy metals especially in Pt, Ta and W where Pt is widely adopted in many spintronics
device research. The phenomenological picture of spin Hall effect is depicted in figure 2.6
where a laterally injected charge current is converted into two spin currents flowing in the
transverse opposite directions and each equipped with opposite spin polarization directions
that are also transverse to both the charge and spin current direction. Spin Hall effect can be
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Figure 2.7: Schematic of spin Hall effect. Spin current with opposite spin polarization
directions diffuse in the transverse direction to the charge current.

attributed to either the intrinsic origin or extrinsic origins that shares many similarities with
anomalous Hall effect in ferromagnets. The intrinsic origin is the non-zero Berry curvature
that arise from the bulk band structure of the material [202, 172]. The extrinsic origin
includes side-jump and skew-scattering [172, 71]. While most heavy metals are deposited
through sputtering which leads to polycrystalline structures, the finite grains structures in
single element metallic film possess intrinsic contributions. For studying extrinsic scattering
mechanisms, heavy elements embedded in light element metals are the main systems [154,
227].

Rashba-Edelstein effect and Rashba interface

Rashba-Edelstein effect, also known as inverse spin galvanic effect, is an effect based on
Rashba spin-orbit coupling (an ubiquitous physics that is not associated with any particular
materials system or structure but possess odd-in-p characteristics) [157] which an electron
traveling through a constant electric field in the perpendicular direction will experience a
Rashba effective field that is perpendicular to both the electric field and electron’s moving
directions (figure 2.8). This Rashba field can align the electron spin and create a non-zero
spin density that can either diffuse into the adjacent ferromagnet or exert a torque on the
magnetization via exchange interaction [118]. If we take the electron to be traveling toward
the x̂-direction and experiencing an electric field in the ẑ-direction, the Rashba field BRy will
be in the ŷ-direction and can be written as

BRy = 2αRkF/gµB (2.9)
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Figure 2.8: Schematic of the Rashba-Edelstein effect and the influence on a traveling electron
and its spin. Graph adapted from Nature Materials [118].

where αR is the Rashba parameter, kF is the wave vector, g is the gyromagnetic ratio, and
µB is the Bohr magnetron. As the current is applied (e.g. in x̂), the Fermi contour of the
Rashba interface shifts (in x̂) in the direction of the current, resulting in a unbalanced spin
population in the transverse direction (ŷ-spins) (figure 2.9). This spin momentum locking
effect is a signature of Rashba spin-orbit coupling effect that requires inversion symmetry
breaking and spin-orbit coupling.

This basically shows that at any interface with broken inversion symmetry, a non-zero
electric field can generate a net spin density/accumulation or any system with broken inver-
sion symmetry in the bulk lattice can induce a non-zero spin density. Since most material
heterostructures in studying spin-orbit torque require at least a bi-layer NM/FM structure, it
is challenging to discern the relative strengths of the bulk spin Hall effect and the interfacial
Rashba-Edelstein effect.

Semiconductors and bulk Rashba crystals

Rashba spin-orbit coupling does not only apply to broken inversion symmetry at interfaces
but actually it applies to any system with broken inversion symmetry of any forms. In
semiconductors with non-centrosymmetric structures such as the zinc-blende or wurtzite
semiconductors - GaAs, ZnTe, inversion symmetry is broken at the unit cell level inducing a
bulk Rashba spin-orbit coupling. Rashba [157] and Dresselhaus [42] were the first to found
that in these wurtzite semiconductors with structural inversion asymmetry, bulk spin-orbit
coupling is odd in electron momentum p. This odd in p characteristic only survives in system
with broken inversion symmetry and is unique on top of the normal spin-orbit coupling as I
will show below.

Similar to a traveling electron in a magnetic field will experience a Lorentz force, a
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Figure 2.9: Schematic of the spin-momentum locking at a Rashba interface. a, a Rashba
band splitting due to inversion symmetry breaking. b, a measured Rashba band at Au
(111) surface via angle-resolved photoemission spectroscopy (ARPES). c, the unbalanced
population of spins in the Rashba Fermi contour due to the charge current. Graph adapted
from Nature [178].

traveling electron in an electric field E will experience an effective magnetic field B ,

B ∼ E × p/mc2 (2.10)

where c is the speed of light and m is the electron mass, due to relativistic effects. This field
due to the spin-orbit coupling also introduces a energy associated with the momentum of
the electron that takes the form of a Zeeman energy Hamiltonian

ĤSO ∼ µB(E × p) · σ

mc2
(2.11)

where σ is the Pauli spin matrices and µB is the Bohr magnetron. In crystals, with crystal
field E=−∇V , the spin-orbit field becomes

BSO(p) = −µB(∇V × p)/mc2 (2.12)

and since time-reversal symmetry is preserved for spin-orbit coupling,

BSO(p) · σ = −BSO(−p) · σ (2.13)

, the spin-orbit coupling effective field BSO must be odd in electron momentum p

BSO(p) = −BSO(−p). (2.14)

This snippet of derivation was done with the help of Manchon et al. [118].
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Figure 2.10: (a) Spin-orbit field symmetry from Rashba spin-orbit coupling. (b) Spin-orbit
field symmetry from Dresselhaus spin-orbit coupling with strain in the (001) direction (c)
the combination of the two types of spin-orbit coupling. (d-f) schematics and representative
result of spin-orbit torque characterization with current along the [100] crystal direction and
full angle field scan. (g) Experimental result of the measured spin-orbit field symmetry as a
function of different current injection direction. Graph adapted from Nature Materials [118]
and Nature Communications [29].
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As a result, with inversion symmetry breaking and spin-orbit coupling, odd-in-p spin-
orbit coupling field can induce many interesting spin polarization symmetries by injecting
current along different symmetry directions in any crystal that lacks bulk inversion symme-
try. Here, I will show GaAs as a model system to create spin currents with diverse spin
polarization directions [29].

In Chen et al., spin-orbit torque was studied with applying the current along different
crystal symmetries that follows the Rashba and Dresselhaus spin-orbit fields. When linear
k is small near the Γ point, the Hamiltonian associated with the Rashba spin-orbit coupling
[17] can be written as

ĤR = αR(σxky − σykx) (2.15)

where αR is the Rashba parameter that characterizes the spin-orbit coupling strength. The
Hamiltonian associated with the Dresselhaus spin-orbit coupling [42, 118, 29] can be written
as

ĤD = βD(σxkx − σyky) (2.16)

where σD is the Dresselhaus parameter that characterizes the spin-orbit coupling strength.
The respective resulting spin-orbit field symmetries are shown in figure 2.10a and b. By
applying current along the different symmetry directions, the resulting spin-orbit fields man-
ifested as the spin polarization directions of the spin current can be mapped out (Figure 2.10
d-i). We can see that the characterized in-plane spin-orbit field in GaAs/Fe (figure 2.10h)
highly resembles the case of the combination of Rashba and Dresselhaus spin-orbit coupling
in theory (Figure 2.10c). While the spin symmetry is zinc-blende semiconductor is rich and
interesting, the measured spin-orbit torque is not as strong as the heavy metal system with
the measured SOT efficiency to be around 3 % [29]. This might due to the semiconducting
nature which does not conduct a large amount of current to start with since spin-orbit torque
is a current effect.

Topological insulators, spin-momentum locking surface states and
Berry Curvature

Topological insulators possess topologically protected spin-momentum locking surface con-
ducting states that can generate efficient spin currents and spin accumulations at the in-
terface. To this date, topological insulator is the material system that exhibits the largest
spin-torque efficiency with numbers between 200 % and 1600% [124, 39, 197, 92, 31, 148,
167, 201] depending on the specific topological insulator/ferromagnet heterostructure and
the crystallinity of the sample under study.

While the spin-momentum locking surface state is the main factor for such high spin-
torque efficiency, this property is very similar to Rashba interfaces and bulk Rashba crystals.
In fact, a much general depiction can be adopted to explain the Bandstructure origin in terms
of Berry curvature. Berry curvature is the effective field that produces the equivalent Lorentz
force on a traveling electron that along with spin-orbit coupling, a transverse spin current
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Figure 2.11: (a) Spin-momentum locking surface conducting states with linear band crossing
in topological insulators (b) ARPES result on Bi2−xCaxSe3. Graph adapted from Nature
[178].

can be produced. In a crystalline material with a well-defined band structure, we can calcu-
late the spin Hall conductivity (σz) through the Kubo formula which the Berry Curvature
contributes greatly to the spin Hall conductivity in the k -space[60]. The expressions for the

Berry curvature (Ωk) and the Kubo Formula for spin Hall conductivity (σz
xy) are [60]:

Ωz
n(k) =

∑
n′ ̸=n

2Im[⟨kn|jzx|kn′⟩⟨kn′|vy|kn⟩]
(ϵkn

− ϵkn′)2
(2.17)

σz
xy =

e

h̄

∑
k

Ωz(k) =
e

h̄

∑
k

∑
n

fkn
Ωz

n(k) (2.18)

where jzx = 1
2
{sz, v} is the spin current operator with sz = h̄

2
β
∑

z and fkn
is the Fermi

distribution function for the nth band at k. Ωkn is the Berry curvature for the nth band [60].

From expression (1), we can immediately know that a large Berry curvature (Ωk) can be
obtained with near degenerate energy states from the denominator of the expression and large
spin-orbit matrix elements in the numerator. In topological insulators, linear band crossing
at the Fermi level with spin-orbit coupling is a great representation of near degenerate
energy bands and with inversion symmetry breaking providing spin-orbit coupling, a large
spin current can be generated.

Although large spin-torque efficiency can be obtained in topological insulators (¿ 200
%), the large resistivity hampers a low critical current density for magnetization switching.
This is an issue as more spin-orbit torque materials are discovered. Empirically, high spin-
torque efficiency is coupled with high resistivity across the heavy metal, antiferromagnet,
and topological insulators (figure 2.6). This is not ideal since achieving low critical switching
current density for magnetization switching requires a low resistivity as well. The quest for
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higher spin-torque efficiency (ξST ) is not the only goal but instead achieving high spin-torque
efficiency at low resistivity is the desired direction for lowering the critical current density
for magnetization switching (figure 2.6 black arrow).

Another very important research field within the topological physics and Berry physics is
the origin of such properties and signatures in a fully amorphous material. Led by professor
Hellman’s group here at Berkeley, topological surface states characterized through ARPES
has been observed in a fully amorphous bismuth selenide [37] film and also disorder can
drive a topological trivial insulator into a non-trivial topological insulator [36]. In addition,
both experimental and theoretical signature of Berry density or Berry curvature have been
extensively explored and shown to be appreciable in fully amorphous materials as well [14,
86, 88, 89].

Complex semi-metallic oxides

Following the discussion in the previous subsection, Berry curvature emerges as a design
principle for bandstructure engineering of large spin current in crystalline materials. As a
result, quantum materials based on complex oxides naturally emerge as a candidate to 1)
engineer large Berry curvature via different oxide crystalline structures, 2) engineer exotic
band symmetries to generate spin current with unconventional spin polarization directions,
and 3) engineer atomically precise defect-free epitaxial interface between the spin current
generation layer and the ferromagnet.

The model system for complex oxide was strontium iridate perovskite and pyrochlore
where Nan et al. [130], Wang et al. [193], and Everhardt et al. [46] showed a strong torque
around 50∼ 100 % SOT efficiency but with sputtered transition metal ferromagnets. Nan
et al. [130] further showed that the SOT efficiency can be tuned by the orthorombicity of
the crystal structure. Shortly after, all-oxide heterostructures that leverage the defect free
interface were demonstrated in SrRuO3/SrIrO3 [109] and LSMO/SrIrO3 [77]. Liu et al. [109]
showed by controlling the magnetocrystalline anisotopry in SrRuO3, field-free magnetization
switching can be achieved in a all-oxide device. Huang et al. [77] further demonstrated that
a defect-free epitaxial interface between LSMO/SrIrO3 can generate a very large torque over
100 % efficiency. At last, Bose et al. [13] showed that following the design principle of Berry
curvature through bandstructure engineering in nodal line semimetallic IrO2, one can tune
both the relative strength between FL-torque and DL-torque as well as the strength of the
spin-orbit torque and conductivity.

Overall, complex semi-metallic oxides provides a strong torque efficiency in the range
of 50% to 110 % with a resistivity value below 1000 µΩ-cm. This can provide a well-
balanced SOT efficiency and resistivity but more or less still falls on the conventional trend
empirically driven by heavy metal and topological insulators (figure 2.6). As a result, a
material system that exhibits a drastically different SOT efficiency and resistivity away from
the conventional trend is necessary. However, there are still many complex oxides to be
explored especially the potential to exhibit z-spin polarization spin current and large torque
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Figure 2.12: (a)(b) Schematic of intrinsic orbital Hall effect from orbital texture. (c) Orbital
angular momentum L is induced in the E x k direction. (d) With spin-orbit coupling, the
geometry of spin Hall effect and orbital Hall effect may be the same or opposite depending
on the correlation ⟨L · S⟩ between L (orbital angular momentum) and S (spin angular
momentum) Graph adapted from Physical Review Letters [57].

efficiency by engineering the symmetries in the band structure via strain, crystal structures
and different all-oxide heterostructures.

Light elements and orbital effects

According to the conventional wisdom, light elements are not expected to exhibit any spin-
orbit torque as the atomistic spin-orbit coupling is weak. Nevertheless, a variety of light
element materials have exhibit measureable spin-orbit torque albeit weak (ξSOT < 10%).
While the SOT efficiency is weak, magnetization switching driven by SOT is still achievable
[30, 217, 35]. In addition, an emerging theory of understanding spin current generation in
light element or light element interface is actively developing - orbital contributions to induce
torques on magnetization [57, 56, 103, 64, 34]. The light element materials include Ti (1∼2
%) [45, 64, 34] , Cr (1∼8 %) [199, 35], Zr (∼ 3 %) [217], V (∼ 7 %) [195], Cu (∼ 1 %) [5],
Mo (0.3 %) [30], Al2O3 interface [96] and more.
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The theoretical idea of orbital torque on magnetization was pioneered by Go et al. [56],
with the origin from the orbital Hall effect [99, 183]. The phenomenological description of
orbital Hall effect is the generation of orbital angular momentum in the electrons in response
to a transverse charge current or electric field (figure 2.12). It is the analog version of spin
Hall effect but instead the electron’s orbital moments/angular momentum is polarized rather
than its spin. This is more prominent in light element materials or materials with strong
orbital hybridization among the p-orbitals [57]. In earlier literature, it was predicted that
strong orbital Hall effect originates from the amount of orbital Aharonov–Bohm (AB) phase
factor the d-electron acquires as it moves from one orbital to the next (s-d hybridization)[100].
It was also predicted that spin Hall conductivity is approximately the product of orbital Hall
conductivity and spin-orbit polarization due to spin-orbit coupling. As a result, Go et al.
[57, 56] showed that for orbital torque to arise, orbital current can be converted into spin
current via spin-orbit coupling in the ferromagnet or at the interface of NM/FM and exert
a torque on the magnetization. While there are many theoretical work done recently toward
the orbital contribution to spin-orbital torque, the experimental technique remains unclear
to cleanly discern orbital torque from spin torque. Another aspect worth mentioning is that
torque efficiency arising from orbital contributions remains weak (10∼15 %) [96] as compared
to spin-torque in topological insulators > 200%.

Antiferromagnet and the effect of antiferromagnetic ordering

Antiferromagnets (AFM) have several advantages when it comes to spintronics application
including lack of stray fields, high magnetic resonance frequency (THz range), versatile ma-
nipulation and coupling to rich magnetic ordering. Antiferromagnet has not been an active
component in spintronics until the discovery of spin current generation in AFM/FM bilay-
ers that kicked off the research in manipulating magnetic texture through antiferromagnets
especially the Cu-Au-I type AFM such as X50Mn50 (X=Pt, Ir, Fe, Pd) [215, 214, 53, 144].

The Cu-Au-I type AFM exhibits a spin-torque efficiency in the range of 8 % ∼ 24 %[189,
214, 144] for polycrystalline samples and up to 60 % in epitaxial IrMn [219]. The origin
of spin current generation in AFM can be attributed to two main categories: 1) spin-orbit
coupling driven effects or 2) antiferromagnetic ordering. From this experimental results, it
seems like both categories contributed to the spin current generation with spin-orbit coupling
driven effects being the dominant one and the AFM ordering at the interface enhanced the
SOT efficiency by a constant amount across all the different Mn-based AFM alloys. From
multiple studies [215, 214, 144] the strength of spin current generation and spin-torque
efficiency characterized through both spin-pumping and spin-torque ferromagnetic resonance
shows such order PtMn > IrMn > PdMn > FeMn. This matches the order of spin-torque
efficiency in the heavy metal systems: Pt > Ir > Pd. The much larger SOT efficiency in these
AFM shows the enhancement due to the AFM ordering on top the varying spin Hall effect
contributed by the heavy element. Another Cu insertion experiment done by Tshitoyan et
al. [189] shows that in IrMn/Cu/FM exhibits a SOT efficiency of 5.6 % while IrMn/FM
exhibits 22 %. This further indicates that the AFM/FM ordering at the surface is crucial to
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Figure 2.13: (a) Schematic of exchange bias in PtMn/[Co/Ni]. (b)(c) Field-free SOT switch-
ing and memristor effect. (d) Stack design for field-free SOT switching in IrMn/CoFeB. (e)
Field-free switching in IrMn/CoFeB. Graph adapted from Nature Materials [53] and Nature
Nanotechnology [141].

enhance the overall SOT efficiency and spin Hall effect survives even with a thin 1 ∼ 2 nm
insertion.

In addition to the enhancement of SOT efficiency due to the interface AFM/FM ordering
effects, exchange bias effect due to the pinned interfacial moments is useful in achieving
field-free spin-orbit torque deterministic switching (figure 2.13) [53, 141]. Exchange bias
effect exists in system where AFM is in direct contact with FM. At the AFM/FM interface,
individual AFM moments try to align with the FM moments while balancing the AFM
coupling with the moments underneath the interface, resulting in a thin pinned layer of
AFM moments. These pinned moments can act as a in-plane field during magnetization
reversal of the FM moments thus a symmetry breaking field is no longer required during
SOT switching.

At last, another class of AFM that possess non-collinear AFM ordering can go one step
further in providing strong AFM ordering-dependent SOT that shows rich torque symme-
try [216, 131]. Noncollinear AFM has exhibit strong anomalous Hall effect due to the large
momentum-dependant spin-splitting driven by the non-collinear magnetic ordering [98]. This
is similar to the bulk Rashba type spin-orbit coupling but instead of dominantly driven by
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Figure 2.14: Different bandstructure topologies with left to right being: Dirac semimetal,
magnetic semiconductor, Weyl semimetal and line node semimetal. Graph adapted from
Reviews of Modern Physics [7].

crystal field, here, it is driven by the noncollinear magnetic ordering resulting in a non-zero
polarizing field. Evidence of AFM ordering driven mechanism include the crystal symme-
try dependent SOT strength in IrMn3[216] and Mn3GaN [131]. In Mn3GaN, appreciable
damping-like torques in x̂-direction and ẑ-direction were observed. This indicates a different
way of engineering unconventional spin-orbit torque symmetries through noncollinear AFM
ordering and inducing field-free SOT switching through ẑ-spins instead of the exchange bias
effect.

Overall, AFM is a very versatile and strong spin current generating material with a
relatively low resistivity. In epitaxial IrMn [219], the large SOT efficiency (60 %) couple with
low resistivity (< 100µΩ − cm) is one of the highest spin Hall conductivity (σs) materials
beating Pt (figure 2.15).

Two-dimensional materials and low-symmetry crystalline effects

Two-dimensional materials span across a wide range of rich physical properties including
topological semi-metallic physics, and low-symmetry crystalline structure that can exhibit
exotic torque symmetries. Along with the rise of two-dimensional (anti)ferromagnets and
Moire superlattice-based physics, abundant phenomena and physical properties can be ex-
plored in 2D material spintronics.

The emphasis of 2D material in the context of spin-orbit torque research has been the
transitional metal dichalcogenide (TMD) especially the Weyl semimetal WTe2 [169, 106,
115]. Other TMDs such as MoS2 shows a weak spin-torque efficiency of 2 % [168] and
the origin of such SOT is attributed to intarfacial Rashba-Edelstein effect. On the other
hand, strong SOT efficiency was found in thick WTe2 [169] with values up to 51 % with a
strong bulk contribution and long spin diffusion length, which exhibits signatures of bulk
band topology. Weyl and Dirac semimetal possess a bulk band gap in its bandstructure
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Figure 2.15: Benchmark of the spin-Hall conductivity (σs = ξDL,SOTσc) among the well-
studied materials including best results of cobalt and iron silciides from this dissertation.

due to spin-orbit coupling except certain points where isolated linear band crossing exist
[204]. The linear band crossings arise from the topological surface states due to the bulk
band topology similar to the topological insulators. In Dirac semimetals, the bands are
doubly-degenerate whereas the degeneracy is lifted in Weyl semimetals creating a pair of
Weyl nodes with opposite chirality resulting in opposite spin polarization directions similar
to spin-momentum locking[82].

In addition to the large SOT efficiency, non-trivial torque symmetry can arise due to the
low crystal symmetry leveraging the atomically thin two-dimension nature can [115]. Mac-
Neil et al. showed that z-spin polarized spin currents can be generated in single to few-layers
WTe2. At last, with the discovery of two-dimensional ferromagnet such as Cr2Ge2Te6 [59],
CrI3 [75] and twisted bi-layer graphene (Moire crystals) [28], building van der Waals het-
erostructures for efficient spin current generation, complex magnetic texture manipulation,
and studying new quantum and topological physical phenomena.
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2.3 Brief introduction on experimental measurement

techniques

In this section, I will present a brief introduction of several common experimental techniques
for characterizing spin-orbit torque at the materials level, device level, and memory cell level.

Materials level characterization

The material design space for generating spin-orbit torque is very wide and diverse. The
abundance in materials for spin current generation can be seen in the previous section of this
chapter. At the materials level, the focus is on characterizing material properties at a macro
scale without other significant considerations beyond the spin current generating (SCG)
material such as optimizing the magnetic properties of the spin detection ferromagnetic
layer or effect of device dimensions. At the materials level, the common device structure as
a vehicle to characterize spin-orbit torque is the SCG layer / ferromagnet detection layer
structure similar to the NM/FM bi-layer in figure 2.3. A few other variant structures include
the insertion of a thin paramagnetic or antiferromagnetic oxide layer between the SCG layer
and the ferromagnet, and the insertion of a metallic spacer layer for diffusion of spin current
but separating the SCG layer and the ferromagnet to eliminate interface effects. Aside
from extracting the individual damping-like and field-like torque strength (per unit charge
current density), the three metrics that are the most crucial for designing SOT-devices are
spin-torque efficiency ξDL,FL, resistivity ρc and interfacial spin transparency Tint.
For spin-torque efficiency, damping-like torque efficiency ξDL is more often the focus since
it directly relates to the SOT switching of magnetization. In the recent years, research on
enhancing spin transparency at the SCG / FM interface has become very active.

Harmonic Hall measurement

Harmonic Hall measurement is a transport technique that utilizes the Hall signal from the
ferromagnet that is modulated by the spin-torque [65, 55, 9]. The amount of modulation
is small and only pulls the magnetization away from equilibrium (held by an external field
in the in-plane geometry or by magnetic anisotropy in the out-of-plane geometry) by no
more than 1∼ 2 degrees. By injecting an a.c. current into the Hall bar device, Hall voltages
at the first and second harmonic of the injected a.c. current frequency are recorded. In
the first harmonic, planar (or anomalous for out-of-plane geometry) Hall effect voltage of
the ferromagnet is present which includes information such as magnetic anisotropy geom-
etry and quality of the ferromagnet. The second harmonic Hall signal is produced due to
the magnetization being modulated by spin-torque. Planar Hall effect (or anomalous for
out-of-plane geometry) signal in the first harmonic shows a linear response to the injected
a.c. current thus when a spin-torque that follows the a.c. current frequency acts upon a
magnetization, which its transport readout is also oscillating at the a.c. current frequency,
a second harmonic voltage arises and contains information regarding the spin-torque acting
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Figure 2.16: a, schematic of in-plane harmonic Hall measurement. b, first harmonic Hall
signal of the in-plane geometry. c, second harmonic Hall signal of the in-plane geometry d,
schematic of out-of-plane harmonic Hall measurement. e, first harmonic Hall signal of the
out-of-plane geometry. f, second harmonic Hall signal of the out-of-plane geometry

on the magnetization. In addition, thermoelectric effects in the the second harmonic signal
is present because the SCG material/ferromagnet bi-layer or tri-layer structure is composed
of materials with different resistivity values, a temperature gradient in the stacking direction
will be present due to Joule heating [9, 162]. From the first and second harmonic Hall sig-
nals, damping-like and effective fields can be extracted. Further, the spin-torque efficiency
(ξDL,FL) can be extracted by

ξDL,FL =
2e

h̄
MstFM

∆BDL,FL

jSCG−layer

(2.19)

where Ms is the saturation magnetization, tFM is the thickness of the ferromagnet spin de-
tection layer, ∆BDL,FL is the damping-like or field-like torque effective fields, and jSCG−layer

is the current density in the spin current generating layer during the experiment.
Depending on the geometry of the measurement, the requirements on the scanning param-

eters and magnetic properties will be different. For in-plane harmonic Hall measurements,
the ferromagnet will have in-plane magnetic anisotropy (IMA) with as minimal uniaxial
anisotropy as possible and a full angle 360◦ scan is required. In order to separate the
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Figure 2.17: a, schematic of spin-torque ferromagnetic resonance (STFMR) measurement. b,
Optical microscope image of a STFMR device. c, STFMR lineshape with different microwave
frequency. d, Fitting of symmetric and antisymmetric Lorentzian to the lineshape.

thermoelectric effects from the spin-orbit torque effects in the second harmonic signal, a
field-sweep starting from a few hundreds of Oe higher than the IP coercive field up to a large
field value (∼ 1 T) is crucial to ensure the ferromagnet is pinned by the external field during
the measurement and minimize the effect of magnetic domain pinning. For out-of-plane
harmonic Hall measurements, the ferromagnet will have a strong perpendicular magnetic
anisotropy (PMA) with nearly no IMA and a bipolar hysteric field scan is required. The
magnetization will be pinned in the out-of-plane direction and the field will be applied in
the in-plane direction to slightly bring the magnetization equilibrium direction away from
the ẑ-axis. Modulation of the spin-torque will be present as small angle dynamic deviation
from the equilibrium direction similar to the in-plane harmonic geometry. One field sweep
measurement will be done in the x̂-direction and ŷ-direction. Certain corrections may be
necessary to account for finite amount of IMA in the sample under study [65, 161].

Spin-torque ferromagnetic resonance measurement

Spin-torque (ST) ferromagnetic resonance (FMR) measurement is a microwave frequency
transport measurement that relies on driving the ferromagnet into resonance and modulating
the damping of the resonating magnetization via spin-torque. In ST-FMR measurement,
the device structure contains a co-planar waveguide contacted microstrip fabricated from
the SCG layer/ferromagnet bi-layer. A single-port microwave current is injected into the
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microstrip and the mix-down DC voltage (Vmix) is measured across the microstrip. As the in-
plane field is applied, the magnetization is brought into resonance and out of resonance as the
field continues to increase away from the resonance field. The field-dependent Vmix contains
two separate lineshapes: symmetric Lorentzian representing the damping-like torque and
the antisymmetric Lorentzian representing the field-like torque. If we conduct a microwave
frequency dependent sweep, the linewidth (∆B) of the Lorentzian should increase according
to

α =
γ

2πf
∆B, (2.20)

where α is the damping constant, γ is the gyromagnetic ratio, f is the frequency of the
microwave current. The presence of the symmetric Lorentzian component and the direct
modulation of ∆B as a function of microwave frequency are signatures of spin-orbit torque
modulating the resonating magnetization. To extract the spin-torque efficiency, one need to
be careful on what assumptions can be made to simplify the analysis. For a more generic
case, one would need to calibrate the amount of current running through the SCG layer
with a vector network analyzer and some calculations. Once that is done, the expression for
symmetric Lorentzian component [115, 124, 197]

Vs = −Irfγcos(θH)

4

(
dR

dθH

)
τip

(
1

∆H

)
Fs(Hext) (2.21)

where dR
dθH

is the anisotropic magnetoresistance, τip is the damping-like torque strength in
the unit of Oe or T, ∆H is the linewidth, and Fs(Hext) is the symmetric Lorentzian function.
Afterwards, the spin-torque efficiency can be extracted with the expression

ξDL =
σs

σc

(
2e

h̄

)
=

τipMstFM

σcEcos(ϕ)

(
2e

h̄

)
(2.22)

where E is the electric field across the microstrip, Ms is the saturation magnetization and
tFM is the thickness of the ferromagnet. The above treatment is a more generic case. When
the field-like torque is purely due to Oersted field arising from the current in the SCG layer,
a much simple analysis can be implemented with expression

ξDL =
Js
Jc

=
Vs

Va

(
2e

h̄

)
µ0MstFMdSCG

√
1 +

4πMeff

Hres

(2.23)

where dSCG is the SCG layer thickness, Vs is voltage of the symmetric Lorentzian component,
Va is voltage of the antisymmetric Lorentzian component, 4πMeff is the demagnetization
field and Hres is the resonant field.

STFMR is also a useful method to characterize the damping constant of the ferromag-
net for ultimately characterizing the interfacial spin transparency. On page 20-21 of this
dissertation, I briefly introduced the extraction of the spin transmission coefficient through
spin-mixing conductance and the magnetic damping constant. Here, I will extend that in-
troduction to include
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Figure 2.18: a, schematic of magnetic loop shift measurement. b, Anomalous Hall effect
(AHE) voltage field loops with opposite DC current and fixed in-plane field. c, the measured
coercive field and amount of field shift as a function of current. d, same as c but without
in-plane field to compensate the DMI. Graph adapted from Physical Review B [146].

Magnetic loop shift measurement

The magnetic loop shift measurement takes into account of the DMI interaction and the
magnetic textures in the ferromagnet that serves as the spin-torque detection layer. This
method allows the extraction of damping-like spin-orbit torque efficiency and DMI field
strength simultaneously.

This technique is pioneered by Pai et al. [146] which an in-plane Hx is fixed during the
measurement to reorient the domain wall moments that have been pinned by the DMI and
sweep the out-of-plane field to switch the PMA magnet while measuring the anomalous Hall
effect voltage (figure 2.18). The amount of the loop shift magnetic field is proportional to
the damping-like torque effective field by a factor of (2/π) -

∆HDL =
(
2

π

)
Hz

shift,eff . (2.24)

Once the damping-like torque effective field is obtained, one can use expression 2.19 to
extract the damping-like torque efficiency. While this technique is simple in terms of not
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requiring an a.c. current injection or any lock-in detection and the analysis is relatively
simple compared to the three previous methods, there are few drawbacks. The drawback
are the lack of field-like torque characterization, requirement of a strong PMA magnet on
top of the SCG material and the accuracy of field geometry between the fixed in-plane field
and sweeping out-of-plane field.

Spin pumping

Spin pumping method utilizes the inverse of charge-to-spin conversion process in the SCG
material and readout the induced voltage due to inverse spin Hall effect (iSHE) or spin gal-
vanic effect (inverse Rashba-Edelstein effect). By placing a electrically connected SCG/FM
bi-layer or tri-layer device on top of a microwave transmission line or microwave cavity that
generates a microwave magnetic field, the magnetization is driven into resonance and begin
to inject spins into the SCG layer. Through spin-to-charge conversion processes mentioned
above, a non-zero voltage can be measured. By fitting to the iSHE voltage expression in
[188, 6], the spin-charge conversion efficiency can be extracted. This method has become
less common among the spin-orbit torque community as it is highly sensitive to the place-
ment of the sample in the microwave field and due to the inverse effect of spin-orbit torque.
As a result, the efficiency values extracted via spin pumping has become less reliable and
recognized among the spin-orbit torque community.

Device level characterization

At the device level, emphasis is shifted to achieving efficient magnetization switching thus
material properties of the ferromagnet are now a crucial design parameter. Magnetic prop-
erties such as thermal stability, saturation magnetization, magnetic anisotropies and other
coupling effects with the SCG layer become important. The common device structure as
the testing vehicle is still the SCG / FM bi-layer but the ferromagnetic layer now possess
perpendicular magnetic anisotropy (PMA) since magnetic tunnel junction (MTJ) with PMA
provides a higher device density thus more memory capacity. The important metrics at the
device level are Critical switching current density Jc, thermal stability of the fer-
romagnet to be switched ∆, and switching efficiency Jc/∆. A much more rigorous
testing vehicle structure is the nanopillar consists of the ferromagnet with PMA located on
top of the cross-point of a Hall bar made up of the SCG material. This testing vehicle is
more involved in terms of fabrication but is closely resembling the actual MTJ device in
cross-bar memory arrays and a device dimension/geometry-dependent switching experiment
can be systemically designed.

SOT-induced magnetic switching measurement

SOT-induced magnetic switching measurement is the most direct experiment to probe the ef-
fectiveness of SOT magnetic switching [126]. The experimental setup is quite simple and the
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Figure 2.19: a, schematic of SOT-driven magnetic switching experiment. b, SOT switching
loops of Ta/GdCo/Pt with PMA of opposite symmetry breaking field sign.

data does not require any sophisticated post-processing. One will need a current pulse gen-
erator and a nanovoltmeter or any sourcemeter that has such capability. During switching,
a non-zero in-plane symmetry breaking field is necessary for deterministic switching, unless
there are field-free mechanisms designed or built-in to the material stack or device structure.
By conducting a current pulse amplitude sweep in a hysteric manner, the critical current
density (jc)can be found at the current density where the magnetization switch from down
to up state and from up to down state. The readout of the magnetization state is through
anomalous Hall effect voltage. One can either program a synchronized pulse-I-measure-V
with a small delay during the pulse or a pulse train that alternates between write current
pulse and read (small) current pulse. In figure 2.19, a schematic of the SOT switching setup
and measurement geometry is shown and a very clean SOT switching loop of Ta/GdCo/Pt
is shown.

Thermal stability measurement

The thermal stability of a ferromagnet characterizes how stable the ferromagnet retains its
magnetization along the magnetized direction from existing thermal energy in the ambient
environment. The thermal stability measurement is based on the fact that field switching of
the magnetization is a thermal activation process. Due to the time-dependent nature of such
thermal activation process, the coercive field at which magnetization switching occurs is a
function of the magnetic field ramp rate [69, 161]. The relation between thermal stability
factor (∆), coercive field (Hc) and ramp rate (r) is [161]:

Hc = Hk

1−
√√√√ 1

∆
ln

(
f0Hk

2∆

1

r

) (2.25)



CHAPTER 2. SPIN-ORBIT TORQUE: THEORY, EXPERIMENTS, MATERIALS AND
DEVICES 42

By fitting this expression to the coercive field as a function of ramp rate, we were able
to extract the thermal stability factor (∆) and the anisotropy field (Hk) in the easy-axis
(out-of-plane) direction. f0 is the attempt frequency and it is often assumed to be a few to
tens of GHz in the fitting. The thermal stability in the unit of energy can be calculated by
multiplying ∆ by kBT where kB is the Boltzmann constant and T is the temperature.

Switching efficiency

Once we obtain both jc and ∆, we can easily calculate the switching efficiency with

jc
∆
. (2.26)

In reality, the same type of PMA magnet deposits/grows differently on the different SCG
materials and some type of PMA magnet are even very difficult to be deposited on certain
SCG materials. As a result, it is crucial to have a metric that allows researchers to compare
SOT switching efficiency that is not affected by the different properties across a diverse
range of materials. This metric characterizes how much current density is required to switch
the magnetization per unit amount of thermal stability. Instead of comparing solely on
critical switching current density, this metric provides a much more fair comparison between
different SCG materials and magnetic heterostructures.

Memory Cell level characterization

At the cell level, there are a few important metrics as design principals for SOT-MRAM.
This subsection is intended to be kept short since this is not the main focus of the disser-
tation. At the cell level, a full MTJ is connected with an access transistor in both stand
alone and embedded applications. The state-of-the-art MTJ design usually follows a struc-
ture such as: underlayer or seed layer/free magnetic layer/tunnel barrier/reference magnetic
layer/synthetic antiferromagnetic layer/capping layer. The MTJ is built on a SOT line that’s
made of the SCG material of choice. In a cross-bar array structure, the top and bottom elec-
trodes of the MTJ are sandwiched between word lines and bit lines similar to figure 1.7.
A few important metrics at the memory cell level include the tunneling magnetoresis-
tance (TMR) ratio, critical switching current Ic, tunneling resistance times the
cross-sectional area of the MTJ - RA, thermal stability of the MTJ ∆ which is
associated with reliability, and access speed. Most of these metrics are coupled with each
other, consequently, it is quite challenging to optimize the design trade-off in a SOT-MRAM.
I will go over more on how a purely voltage-driven memory cell can overcome many of these
design trade-offs that provide a scalable MRAM solution.



CHAPTER 2. SPIN-ORBIT TORQUE: THEORY, EXPERIMENTS, MATERIALS AND
DEVICES 43

Figure 2.20: a, schematic of field-free SOT-MRAM cell design. b, Cross-sectional TEM
of the MRAM cell. c, the MRAM characterization scheme. d, time-dependent switching
experiment. e, fabrication process of the SOT-MRAM cell at IMEC’s CMOS line and cross-
sectional TEM image of the fabricated cell.

2.4 Spin-orbit torque device applications

SOT-MRAM: Developments and Challenges

STT-MRAM research has been ongoing for more than a decade with most leading semicon-
ductor foundries and a few MRAM start-up/spun-off companies such as EverSpin, Avalanche
Technology and Grandis. However, public knowledge of SOT-MRAM development and re-
search in industry is not revealed until 2018 by IMEC (Interuniversity Microelectronics
Centre) [54]. Since then, leading foundries began releasing the news of developing SOT-
based MRAM products and presented progress and findings at the annual MRAM forum
at IEDM (International Electron Device Meeting) [175]. Although SOT-MRAM products
remains primitive compared to STT-MRAM as STT-MRAM is still continuously scaling,
increasing number of research institutes have announced the integration of SOT-MRAM to
12 inch silicon CMOS platform [54, 72].

SOT-MRAM cell design includes material choice in MTJ stack and SOT line, etching
optimization, and field-free engineeing. The material choice for the SOT line is ubiquitously
tungsten especially in its β-phase. This is because tungsten has the highest spin-torque
efficiency among the single element heavy metals and tungsten is a common refractory metal
for transistor gate metal and contact metal in most CMOS fabrication lines. The MTJ stack
design is very similar to STT-MRAM since the readout of a SOT-MRAM is still via tunneling
magnetoresistance (TMR). Etching the nanopillar of the MTJ has been a challenging task
not only in SOT-MRAM but also STT-MRAM since the magnetic property of the MTJ is
very sensitive to side-wall redeposition and side-wall damage. For SOT-MRAM, the etching
parameters are even more stringent as the MTJ pillar need to be precisely fabricated on top of
the SOT line, thus, precise etch stop on the SOT line is required for optimal SOT performance
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and device-to-device variability. At last, for SOT-MRAM to switch deterministically via
spins generated by tungstern, field-free switching design need to be incorporated into the
SOT-MRAM cell. For the work done at IMEC [54, 101], a magnetic heavy metal line is
incorporated on top of the full MTJ stack to create a stray field as symmetry breaking
field. For the work done at Tohoku University, a canting angle of the magnetic free layer in
the MTJ was made but the magnetic anisotropy direction is in-plane thus not the industry
standard perpendicular MTJs [72]. Nevertheless, the ability to integrate a canting design
into the current CMOS 12 inch line is a valuable demonstration and a further step toward
SOT-MRAM commercialization.

Other useful SOT applications

While the SOT-MRAM is the main application this dissertation addresses, there are an
abundant of spintronics device applications that SOT can provide. This include spintronic
oscillators, and spin logic devices. These applications all leverages the efficient manipulation
of the magnetic textures via electric current that SOT provides. In spintronic oscillators,
devices such as spin-torque nano-oscillators that requires a RF spin-torque to drive the
magnetization oscillating in the RF frequency. Other applications of spintronics oscillation
includes DC-to-RF for RF generation and RF-to-DC for RF detection. These could have
impact in the field of communication and mix-signal circuits [41]. As for logic devices, a
few proposals such as using domain wall as logic components [114], MESO (magnetoelectric
spin-orbit) devices [119], and other proposals [10, 50] have been proposed or demonstrated
in the past decade.
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Chapter 3

Large spin-orbit torque in amorphous
iron silicide

This chapter is based on a paper submitted for publication that I am the lead author of and
I have obtained the permission from my co-authors to use the data for this dissertation.

3.1 Foreword and motivation

SOT induced magnetization switching has shown great potential for next-generation mag-
netic memory technology beyond conventional spin-transfer torque in terms of faster switch-
ing, separate read/write current path and broader material design space [105, 163, 41].
Beyond its application as a magnetic memory, SOT is also an effective probe to study rich
spin-dependent transport physics [61] such as the spin Hall effect[111, 43, 70, 91], the Rashba-
Edelstein effect [126, 44, 67, 118] and spin-momentum locking surface states in topological
materials [73, 124, 197, 178]. These mechanisms have been studied in many material sys-
tems including heavy metals [111, 112, 147, 126], topological insulators [124, 39, 92, 162],
transition metal chalcogenides [168, 169], antiferromagnets [144, 219, 131], light metals [102,
195, 217], oxide semi-metals [130, 13], semiconductors [173], two-dimensional electron gas
[205] and all-oxide epitaxial systems [77].

According to the conventional wisdom of SOT generation, an amorphous material, which
has no bulk bandstructure defined, and without any heavy element is unlikely to exhibit a
large spin current [172, 111, 124]. In fact, low-Z materials such as Si (ξ ∼ 0.01)[6], V (ξ ∼
0.07) [195] and Zr (ξ ∼ 0.02) [217] usually do not exhibit a strong spin current due to the
weak atomistic spin-orbit coupling [102, 195, 217, 6]. Although large spin-orbit coupling
is not required for spin current generation via spin-momentum locking surface states in
topologically non-trivial materials [47, 142], whether this persists in a fully amorphous low-Z
system is the question to be addressed. Here, the amorphous phase is very distinct compared
to nanocrystalline phases in sputtered topological insulators or transition metal alloys where
a finite size grain exists [39]. However, in the last few years, anomalous Hall Effect (AHE)
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has been observed in amorphous materials such as amorphous FexSi100−x[87, 89, 86, 14].
Theoretically, it was shown that, even in the amorphous phase, a Berry density can be defined
and calculated [14], which in turn, allows the calculation of an AHE conductivity. This shows
that spin related phenomena in amorphous materials carry an intrinsic contribution. Indeed,
the Berry density shows well-defined functional dependence as a function of energy. Similar
effects have been observed in amorphous CoFeB [76] and intrinsic contributions to AHE has
been discussed in amorphous systems [89, 86, 14]. To this aspect, we closely collaborated with
Professor Frances Hellman’s group where tremendous effort has been put in to study spin
polarization effects in fully amorphous ferromagnetic iron silicide and iron germanide. This
brings up an intriguing possibility – in a structure with a broken symmetry at the interface, an
amorphous material should be able to generate spin current and potentially torque a magnet.
In fact, strong spin Hall effect has been found in amorphous-like ferromagnetic heavy metal
alloys [224, 113]. In this work, we examine this possibility in fully amorphous FexSi100−x

(a-FexSi100−x), an amorphous material with only light elements, where conventionally, one
would not expect a spin current. Remarkably, we find that, spin-torque efficiency higher
than 2.0 can be achieved. In addition, the spin-torque efficiency shows a clear functional
dependence on the Fe concentration, indicating a direct correlation to the density of states
of the material. This strong Fe concentration dependence with the peak near 45 % Fe points
to a potential topological origin in a fully amorphous material analogous to the crystalline
bandstructure topology of FeSi and other topological insulators with finite grain sizes.

From a technological standpoint, it is crucial to have a new material system readily
integrable into the silicon CMOS line, outperforming tungsten (ξDL = 32 ∼ 37%, ρc ∼
330µΩ − cm)[54, 147, 72]. Additionally, this system should possess a scalable mechanism,
offering high spin-torque efficiency and low resistivity with tunable knobs, to accelerate the
deployment of SOT-MRAM.

3.2 Sample design and deposition

For our experiments, I collaborated with professor Julie Karel and professor Frances Hellman
on the materials deposition in the early phases of this study. Eventually, I developed my
own sample deposition process and have deposited a-FexSi100−x with x varying from 24%
to 60%. In this study, samples deposited by me and Karel are all well-studied. Co is used
as the ferromagnet to study the spin-orbit torque. I note here that metal-Si junctions are
often plagued by interface states originating from uncompensated bonds which leads to the
pinning of the Fermi level, as is well-known in semiconductor literature[74]. The interface
of Si and Co is very likely to suffer from such pinning, making it impossible to study any
density-dependent phenomena. One way to remove the pinning is to introduce an oxide layer
in between the two materials, so that each can form its own oxide and reduce the amount of
uncompensated bonds (figure 3.1a). Accordingly, I developed a process to insert a ∼1 nm
oxide in between a-FexSi100−x and Co.

There are two main thin film stack designs in this study: Si substrate / a-FexSi100−x /
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Figure 3.1: a,b, schematic of Fermi-level pinning and alleviation via oxide insertion. c, a-
FexSi100−x/Co bi-layer d, a-FexSi100−x/oxide/Co tri-layer. e, a-FexSi100−x / oxide / [Pt/Co]2
with PMA.

oxide / ferromagnet with in-plane magnetic anisotropy (IMA) and Si substrate / ferromagnet
/ oxide / a-Fe45Si55 with perpendicular magnetic anisotopry (PMA). For the IMA stack,
a-FexSi100−x thin films (5.5±0.5 nm) with composition ranging from x = 24 to 60 were
deposited at room temperature on amorphous SiNx on Si substrates by co-sputtering of
iron and silicon elemental targets and electron beam co-evaporation from elemental iron
and silicon sources in an ultra high vacuum system (base pressure for this work 1e-9 Torr).
4 nm of ferromagnet Co is subsequently sputtered on top of a-FexSi100−x more precisely,
onto a thin oxide that is approximately 1∼1.5 nm thick formed on top of a-FexSi100−x.
All heterostructures are capped with sputtered silicon oxide. The thin oxide insertion was
done by wet chemical treatment. First, single layer a-FexSi100−x capped with aluminum
oxide was deposited. Next, the aluminum oxide layer is washed away by wet-etching with
MEGAPOSIT MF-26A photoresist developer, a 2.0-2.5 % tetramethylammonium hydroxide
(TMAH) based developer. After aluminum oxide wet-etching, de-ionized water was used to
rinse off the developer and blow dried with N2. The uncapped a-FexSi100−x is immediately
transferred into the sputtering chamber (base pressure below 1e-8 Torr) with a load-lock.
Prior to sputter deposition of cobalt, low power RF back-sputter of the sample was done
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Figure 3.2: a,b, TEM of a-Fe45Si55 / Co and the local FFT of Fe45Si55 and Co region
respectively. c,d,e, TEM of a-Fe45Si55 / oxide / Co and the local FFT of oxide, Fe45Si55
and Co region respectively. f, TEM of a-Fe45Si55 / oxide / Co and the local FFT of entire
tri-layer.

to clean off the surface contamination. For the PMA stack, the heterostructure is reversed
with the PMA ferromagnet [Pt (1.2 nm)/Co (1 nm)]2 deposited on Ta (2 nm) seed layer
on silicon substrate as the first layer. The ferromagnet is than capped with 1∼1.5 nm of
a-Fe45Si55 and 2 nm of AlOx consecutively. We perform the same aluminum oxide wet-etch
as mentioned above and this process oxidizes the thin layer of a-Fe45Si55. Afterwards, 6 nm
of a-Fe45Si55 is deposited with 2 nm Ta capping layer to be oxidized in air.

Sputtering deposition is done in an ATC 2200 UHV 8-gun sputtering chamber at room
temperature with base pressure below 1.5e-8 Torr. Evaporation is done in an ATC 1800-HY
Hybrid ion mill/electron beam evaporator chamber.
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3.3 Structural and magnetic properties

Structural characterization

The amorphous structure of a-FexSi100−x is studied through high-resolution cross-sectional
transmission electron microscopy (TEM) (Fig. 3.2) and synchrotron X-ray diffraction (Fig.
3.3). In figure 3.2, no local nanocrystal formation or lattice fringes are observable across the
entire a-Fe45Si55 layer in both the a-Fe45Si55/Co bi-layer and a-Fe45Si55/oxide/Co tri-layer.
Further analysis of the TEM image with local fast Fourier transform (FFT) also confirms the
amorphous phase of a-Fe45Si55 without any distinct reciprocal space peaks (Insets of figure
3.2a, 3.2d). As a quick comparison, the 4nm Co layer has visible grains in the cross-sectional
TEM. This is visible in both the bi-layer and the tri-layer heterostructure. The reciprocal
space FFT also exhibit distinct reciprocal space peaks in the Co layer of the two stacks.
Distinct grains in a 4 nm Co layer serves as a clear comparison to the fully amorphous
structure in a-Fe45Si55 layers where no local order can be found at the single atomic length
scale.

To further confirm the amorphous phase, I did synchrotron grazing incidence diffraction
at Stanford Synchrotron Radiation Lightsource (SSRL) in SLAC National Accelerator Labo-
ratory. Synchrotron diffraction was carried out at beamline 11-2 with a high-flux X-ray source
generated by a 26 pole, 2 Tesla wiggler insertion device. Grazing incidence X-ray diffraction
(GI-XRD) measurements are carried out to characterize the film structure of a-FexSi100−x

at an incident angle of 0.25 degree and the 2D X-ray pole figures were measured via a two-
dimensional 100-pixel monolithic solid state Ge detector array at room temperature. The
X-ray 2D pole figure (figure 3.3a) shows the diffraction pattern of a 10 nm a-Fe40Si60 film,
where a diffused pattern is observed and the only observable peaks connected by Kikuchi
lines are associated with the single crystal silicon substrate (figure 3.3a). The absence of a
diffraction signal from the a-Fe40Si60 layer confirms the lack of long-range ordering or tex-
tured nanocrystals in the a-Fe40Si60 thin film. For a-Fe40Si60 (10 nm) / Co (4 nm) bi-layer,
the additional peaks are associated with the polycrystalline 4 nm Co layer. The observation
is similar in 10 nm a-Fe45Si55 blanket film and a-Fe45Si55/Co bi-layer where no long-range
ordering is observed. To check whether GiXRD at a synchrotron facility is capable of resolv-
ing small grains on the order of 4 nm or even smaller, I tested a control sample Pt (6nm)
/ Co (2.5 nm). In the 2D pole figure (figure 3.3e), clear polycrystalline rings from Pt and
Co are observable and the textured Co peaks are also observable which is similar to the Co
signal in a-Fe40Si60/Co and a-Fe45Si55/Co. This shows that synchrotron GiXRD can easily
resolve grain size < 2.5 nm with mid-level atomic weight of Fe and Co. The confirmation on
the lack of both short-range and long-range ordering well agrees with the great amount of
structural characterization Professor Karel and Professor Hellmsn’s group has done in such
Fe-based amorphous thin films [90, 87, 89, 88, 14].
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Figure 3.3: All grazing incidence XRD (GiXRD) are done at 0.25 degree angle to minimize
substrate signals. a, 2D GiXRD of a-Fe40Si60 (8 nm). b, 2D GiXRD of a-Fe40Si60(8 nm)/Co(4
nm). c, 2D GiXRD of a-Fe45Si55(8 nm). d, 2D GiXRD of a-Fe45Si55(8 nm)/Co(4 nm). e, 2D
GiXRD of Pt(6 nm)/Co(2.5 nm).

Magnetic Characterization

Magnetic characterization on the a-FexSi100−x magnetic heterostructures include vibrating
sample magnetometry and X-Ray magnetic circular dichroism (XMCD). Vibrating sample
magnetometer (VSM) measurements are done in-house with a Lakeshore VSM 7400 series at
room temperature with sample rotating capability and fields up to 1.75 Tesla. We conducted
VSMmeasurements on blanket a-FexSi100−x thin films in the in-plane geometry. From vibrat-
ing sample magnetometry measurements, a-FexSi100−x shows no appreciable ferromagnetism
(from the negligible saturation magnetization and zero remanence) for Fe concentrations
below x = 50 at room temperature. For 50 < x < 60, a-FexSi100−x transitions away from
the non-ferromagnetic phase characterized by the increased saturation magnetization from
nearly zero to 50 emu/cc and 80 emu/cc respectively (figure 3.4), which is consistent with
previous literature by professor Hellman’s group [87].

I further characterize these a-FexSi100−x films through XMCD. XMCD is a powerful
experimental technique used to study the magnetic properties of materials at the atomic
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Figure 3.4: Magnetization versus in-plane external field of a-FexSi100−x blanket films with x
= 27 ∼ 60 via vibrating sample magnetometer (VSM).

level. In XMCD, circularly polarized X-rays with a very specific energy (associated with the
specific electronic energy transition) are shined onto a sample and measuring the difference
in absorption between left and right circularly polarized light. If the element associated
with the energy transition of the material under study is magnetic, the difference will be
non-zero. As a result, XMCD is a very sensitive probe for studying elemental magnetism. In
my measurements, I primarily check magnetism arising from Fe in a-FexSi100−x. As we can
see in figure 3.5a, the XMCD (difference) is increasing with increasing Fe content. This is
expected as higher Fe concentration means more likely to develop exchange-coupled magnetic
moments. The curve is skewed due to the drift in energy of the beam at the time of the
measurement. It can be filtered out by a background subtraction. In figure 3.5b, a typical
x-ray absorption spectroscopy data is shown with the two circular polarization of the beam.
A difference in the XAS signal at L3 and L2 edge is visible exhibiting a clear dichrosim. One
additional feature in the XAS spectroscopy data (figure 3.5b) is the post-edge bump feature.
This is associated with the oxidized Fe in the 2+ oxidation state[22]. In figure 3.5c, a strong
XMCD in the Co L-edge is observed representing the strong ferromagnetism in elemental
Co layer of a-Fe45Si55/oxide/Co.

3.4 Electronic and charge transport properties

Within the Fe concentration range of a-FexSi100−x in this study, the electronic property is
close to a semimetal and close to a small gap semiconductor only when the Fe concentration
very low (<15%) [87, 107]. The resistivity of the a-FexSi100−x layer was determined by
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Figure 3.5: X-ray magnetic circular dichroism (XMCD) on a) a-FexSi100−x blanket films. b)
Circular polarization dependent X-ray absorption spectroscopy at Fe - L3,2 edge on a-Fe45Si55
blanket films. c) Circular polarization dependent X-ray absorption spectroscopy at Co - L3,2

edge on a-Fe45Si55/Co bi-layer.

conducting a four-point resistance measurement on double Hall bar devices fabricated from a
blanket film. We characterize the resistivity through two different double Hall bar dimensions
(figure 3.6a, b). For the smaller double Hall bar, the current lead in the double Hall bar for
resistivity measurements is 6 micron in width and 40 micron in length, and the Hall voltage
leads are 2.5 micron in width and 14 micron in length. For the larger double Hall bar, the
current lead in the double Hall bar for resistivity measurements is 12 micron in width and 40
micron in length, and the Hall voltage leads are 5 micron in width and 14 micron in length.
The resistivity values of FexSi100−x (x = 25 to 60) are shown in figure 3.6. The resistivity
values are reasonably close to the previous work done by Karel and Hellman on much thicker
films (∼ 100 nm).

3.5 Large spin-orbit torque efficiency

Measurement of large SOT in a-Fe45Si55/oxide/Co

The harmonic Hall measurement is conducted to characterize the effective field strength due
to current-induced spin-orbit torque that modulates the ferromagnetic thin film adjacent to
a-FexSi100−x. It is capable of differentiating different components of the spin-orbit torque and
obtaining the spin-orbit torque efficiency. The harmonic Hall measurement was conducted on
a home-built setup composed of a 1 Tesla electromagnet with a Lakeshore HMMT-6J04-VR
Hall probe/475 Gaussmeter for field precision control, a Signal Recovery 7270 dual harmonic
lock-in amplifier, a Keithley 6221 AC/DC current source, a sample rotation stepping motor
and a home built coaxial cable connection network to the devices under test. The single Hall
bar and double Hall bar devices are wirebonded to non-magnetic chip carriers. Chip carriers
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Figure 3.6: a) Optical microscope image of a small double Hall bar. b) Resistivity of a-
FexSi100−xas a function of Fe concentration x.

Figure 3.7: a, TEM imaging in STEM mode. b,c,d,e, EELS elemental mapping with different
colors.
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are then mounted onto the sample rotation stepping motor with a socket connected to the
home-built connection network. AC current at low frequency (< 1500 Hz) is injected with a
Keithley 6221 AC/DC current source, and both first and second harmonic Hall voltages were
detected through Signal Recovery 7270 dual harmonic lock-in amplifier. This measurement
is carried out as a function of three parameters including the angle between current and
external magnetic field, magnetic field strength and current amplitude. We measured at
least three different devices on each a-FexSi100−x sample, and we repeat this through 4
different batches of depositions. In other words, we repeat the deposition of concentration
series of a-FexSi100−x at least 4 times, fabricated devices out of all the samples and measured
at least three different devices on each sample via the full current, field, angle dependence
harmonic Hall measurements.

To characterize spin-orbit torque in a-FexSi100−x, we first patterned the stacks into Hall
bar structures (Fig. 3.a, inset) with optical lithography and Ar ion-milling (Appendix C).
We measured both double Hall bars mentioned above in section 3.4 and different single Hall
bars for the harmonic Hall measurement. The single Hall bars have current lead of 5 (12)
micron in width and 30 (30) micron in length and Hall voltage leads that are 3 (5) micron
in width and 30 (30) micron in length. Next, we carried out harmonic Hall measurements
[9, 162] on a concentration series of a-FexSi100−x (5.5 ± 0.5 nm) / oxide (1 ± 0.5 nm) /
Co (4 nm) tri-layer at room temperature. The insulator is formed by a chemical wet-etch
treatment that constructs an oxide composed of iron oxide, silicon oxide and cobalt oxide
characterized through electron energy loss spectroscopy (EELS) (Fig. 3.7, Appendix C).
The structure of the oxide is characterized through high-resolution TEM and local FFT to
be amorphous (Fig. 3.2c). In Fig. 3.8, we show a full set of measured signal and extracted
parameters from a single device (current line width 12 micron) from a-Fe45Si55 (5.5 nm) /
oxide (1 ± 0.5 nm) / Co (4 nm). For the harmonic Hall measurement, an oscillating a.c.
current is injected, and transverse voltages at both its first (Fig. 3.8b) and second harmonic
(Fig. 3.8c) are measured. We conduct this measurement as a function of in-plane angle,
current magnitude and external field strength. A clean planar Hall signal is observed in
a-Fe45Si55 (Fig. 3.8b) as well as all other a-FexSi100−x concentrations with no appreciable in-
plane uniaxial anisotropy. In addition to the SOT signals including the field-like (FL) torque
(Figure 3.8) and the damping-like (DL) torque, thermoelectric effects, such as anomalous
Nernst effect (ANE) and ordinary Nernst effect (ONE) that can lead to spurious results
have been carefully considered [9, 162] (Fig. 3.8d, h). By doing a full field angle (φB)
and magnitude (Bext) sweep, each individual contribution in the second harmonic signal can
be differentiated (Fig. 3.8d, 3.8h). After separating out the thermoelectric contribution
and field-like torque in the second harmonic signal (Fig. 3.8e), we obtain the effective field
strength due to the damping-like spin-orbit torque ∆BDL,SOT at different injected current
densities in the a-FexSi100−x layer (Fig. 3.8f). One important quantity required in the
extraction of ∆BDL,SOT from the second harmonic voltage is the anomalous Hall voltage
VAHE (or resistance RAHE). For my samples, I saturate the magnetization of the magnetic
stacks understudy in the out-of-plane direction to obtain this quantity (Fig. 3.9). This has
to be done on every sample since slight variation exists across different device dimension and
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Figure 3.8: a, Schematic of patterned Hall bar on a-Fe45Si55 (5.5 nm) / oxide (1∼1.5 nm) /
Co (4 nm) and measurement scheme. Inset, optical microscope image of the double Hall bar
device structure patterned for harmonic Hall measurement. b, First harmonic voltage of the
a-Fe45Si55 (5.5 nm) / oxide (1∼1.5 nm) / Co (4 nm) heterostructure. c, Second harmonic
voltage. d, The DL torque effective field and thermoelectric contribution as a function of
external field obtained from angle fit to cos(φB). e, The DL torque effective field signal after
eliminating the thermoelectric effects including anomalous Nernst effect and ordinary Nernst
effect. The clear 1/(Bext+Banisotropy) dependence shows a strong signature of DL spin-orbit
torque. f, DL torque effective field as a function of injected current density in the a-Fe45Si55
layer. g, SOT efficiency (ξDL) extracted to be an average of 2.13 across five different current
values. The consistency across different current values confirms the clear signal of SOT. h,
Individual plots (varying a.c. current amplitude) of the field-dependent fit to the cos(ϕB)
component of the second harmonic signal.
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Figure 3.9: Anomalous Hall resistance (RAHE) as a function of magnetic field in the out-of-
plane direction (z-direction) on several devices of different Fe concentration.

sample-to-sample variability (Fig. 3.9).

Detail analysis of in-plane harmonic Hall measurement data

From the harmonic Hall measurement, a set of first and second harmonic voltages as a
function of current, magnetic field and angle between field and current is obtained (Fig.
3.8b and 3.8c, Fig. 3.10b and 3.10c, Fig. 3.12a, 3.12b). First, we carry out an angle fit with

V xy
1ω = VPHE × sin(2φB) (3.1)

to the first harmonic Hall voltage for each set of current and field combinations to extract
out VPHE (Fig. 3.8b, Fig. 3.10b). Next, we carry out an angle fit of

VDL+ONE+ANE × cos(φB) + VFL × cos(φB)cos(2φB) (3.2)

to the second harmonic Hall voltage for each set of current and field combinations. At this
point, VDL+ONE+ANE as a function of current and field (Fig. 3.8d) and VFL as a function of
current and field (Fig. 3.10i) are obtained. From VFL, we carry out a field-dependence fit
with

VPHE × ∆BFL

Bext

(3.3)

, to extract the field-like torque effective field ∆BFL as a function of current (Fig. 3.10j).
Since the field-like torque effective field (∆BFL = ∆BFL,SOT + BOe) contains both the
Oersted field BOe and field-like spin-orbit torque effective field ∆BFL,SOT , by subtracting
out the Oersted field contribution from the total field-like torque effective field, the effective
field due to field-like spin-orbit torque ∆BFL,SOT is obtained (Fig. 3.10j). The Oersted field
is calculated from

HOe = jFeSi ×
tFeSi

2
(3.4)
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and is found to have the same direction as the field-like spin-orbit torque effective field
∆BFL,SOT and minimal in samples with insulator insertion. Next, to extract the damping-
like torque effective field, we conduct a field-dependence fit to VDL+ONE+ANE with expression

VAHE

2

∆BDL

Bext + µ0Meff

+ α∇T + β∇TBext (3.5)

to separate thermal contributions (Fig. 3.8d and 3.8e, Fig. 3.10d) and extract ∆BDL (Fig.
3.8f, Fig. 3.10k) as a function of current density. To quantify the spin-charge conversion
efficiency, the often-used figure of merit is the so called SOT efficiency ξSOT . From the
harmonic Hall measurement, the effective SOT efficiency due to the damping-like torque is
given by[9, 161]

ξDL =
2e

h̄
MstFM

µ0HDL

JNM

, (3.6)

where Ms is the saturation magnetization of the ferromagnet, tFM is the thickness of the
ferromagnet, µ0HDL is the damping-like torque effective field strength and JNM is the current
density flowing through the a-FexSi100−x layer. This expression captures the amount of spin
current generated per charge current injected in the a-FexSi100−x layer. With ∆BDL, we
can calculate the SOT efficiency for each injected current value or current density in the
underlayer (Fig. 2g, Fig. 3.10l).

Discussion on large damping-like SOT efficiency (ξDL)

From this analysis, the SOT efficiency is found to be around 2.13 for a single device over five
different current densities on a-Fe45Si55 (5.5 nm) / oxide (1∼1.5 nm) / Co (4 nm) (Fig.3.8g).
The large SOT efficiency found in a-Fe45Si55 (5.5 nm) / oxide (1∼1.5 nm) / Co (4 nm) (ξDL ∼
2.0) has the same order of magnitude as that in topological insulators (ξDL > 2.0) [124, 39,
92], which has the highest SOT efficiency ever observed. For the sample without the oxide
insertion (Fig. 3.10), the SOT efficiency is about two orders of magnitude smaller (ξDL ∼
0.04) but observable. For both samples, SOT is clean and observable from a few signatures:
1. the clear 1/(Bext+Bdemagnitizing) dependence in the second harmonic Hall signal, 2., the
linear increase in ∆BDL, and 3, the near constant SOT efficiency across different current
density. While there is a small amount of field-like SOT in the sample without the oxide
insertion, there is no appreciable field-like SOT in the sample with oxide insertion (figure 3.8,
3.10). To even further confirm the large SOT efficiency measured in a-Fe45Si55/oxide/Co, I
benchmarked my measurement with a commonly studies SOT system - Pt/Co (figure 3.11)
where the SOT efficiency should be between 5 ∼ 20% [111, 222] and a simple control sample
with only Co layer grown on SiNx substrate. From my measurement on Pt(6 nm)/Co (2.5
nm) and Co (4)-only samples, the SOT efficiency is 0.2 for Pt(6 nm)/Co (2.5 nm) (figure
3.11) and negligible in Co (4 nm)-only (figure 3.12).
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Figure 3.10: Spin-orbit torque characterization of a-Fe45Si55 (8±0.5 nm) / Co (4 nm) by
harmonic Hall measurements. a, Schematic of the harmonic Hall measurement setup. Inset:
Optical microscope image of the fabricated single Hall bar device. The device shown here
has a current line of 5 micron in width and a voltage line of 3 micron in width. Both lines
are 30 micron in length. b, First harmonic voltage of the a-Fe45Si55 (8±0.5 nm) / Co (4
nm) heterostructure. c, Second harmonic voltage of the a-Fe45Si55 (8±0.5 nm) / Co (4 nm)
heterostructure. d, The DL torque effective field signal after eliminating the thermoelectric
effects including anomalous Nernst effect and ordinary Nernst effect. e-h, Detail individ-
ual plots and fitting of the field dependent cos(ϕB) component from four different current
amplitudes. i, Extracted FL torque effective field voltage in the second harmonic signal. j,
Extracted FL torque effective field. Here, field-like torque includes the contribution not only
from FL SOT but also from the Oersted field contribution. In a-Fe45Si55 / oxide / Co, no
appreciable FL SOT signal is observed. k, DL torque effective field as a function of injected
current density in the a-Fe45Si55 layer. l, SOT efficiency (ξDL) extracted to be an average of
0.04 across five different current values.
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Figure 3.11: Harmonic Hall measurement on benchmark sample Pt (6 nm) / Co (2.5 nm). a,
First harmonic Hall voltage of Pt (6 nm) / Co (2.5 nm). Inset, schematic of the stack under
study. b, Second harmonic Hall voltage of Pt (6 nm) / Co (2.5 nm). c, Anomalous Hall effect
resistance in with the field applied in the z-direction to saturate the in-plane moments out-
of-plane. d, The cos(ϕB) component from the second harmonic Hall signal which contains
information including the damping-like (DL) SOT, anomalous Nernst effect, and ordinary
Nernst effect. e, DL-torque component of second harmonic voltage. f, Extracted DL-torque
effective fields as a function of current density in Pt. g, Extracted DL-SOT efficiency in Pt
(6 nm) / Co (2.5 nm) is around 0.2. This value is close to the reported value of slightly
higher resistivity Pt or when the Pt/Co interface exists a very thin Pt-Co alloy[222]. h,
Individual plots and fitting of the field dependent cos(ϕB) component from five different
current amplitudes.
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Figure 3.12: Harmonic Hall measurement on control sample Si / SiNx substrate / Co (4
nm) / SiO2 (3 nm). This control sample is to check any SOT generation due to strain effect
of the 280 nm silicon nitride underlayer or SiO2 capping. a, First harmonic voltage of Si
/ SiNx / Co (4 nm). Inset shows the detail of the stack. b, Second harmonic voltage. c,
Extracted field-like torque effective field voltage in the second harmonic signal. The strong
field-like torque signal here is due to the Oersted field generated from the contact Ti / Au
layer or current distribution imbalance in the Co layer. d-h, Detail individual plots and
fitting of the field dependent cos(ϕB) component from five different current amplitudes. No
clear dependence of the 1/(Bext+Bdemagnitizing) in the fitting indicates no SOT generated
in this stack, which is expected. Without any spin source such as Pt or a-FexSi100−x, no
damping-like SOT can be observed. This also shows that no torque arises from the SiO2

capping layer.

a-Fe45Si55 thickness dependence of SOT

Thickness dependence of SOT efficiency is carried out from 2.5 to 8.5±0.5 nm at the concen-
tration close to 45% Fe. The resistivity values of a-Fe45Si55 across all thicknesses are within
± 25 of 900 µΩ-cm. This indicates that the Fe concentration does not deviate from 45%
significantly. In Fig. 3.13a, we observe a steady increase in SOT efficiency as the a-Fe45Si55
thickness increases. While the SOT efficiency (ξDL) reaches 2.706 at 8.5±0.5 nm, for 4.5 and
6.5±0.5 nm the ξDL are 1.883 and 1.964 respectively which agrees well with the peak ξDL

(1.99) of a-Fe45Si55 (5.5±0.5 nm) in Fig. 3.13a. If we fit the thickness dependence result to
the diffusion theory [213, 155] with the assumption of perfect spin transparency across the
oxide, the SOT efficiency can expressed as

ξDL = θSH

[
1− sech

(
tFe45Si55

λs

)]
+ C (3.7)
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Figure 3.13: a, Thickness dependence of damping-like SOT efficiency in a-Fe45Si55 (t) /
oxide (1±0.5 nm) / Co (4 nm) tri-layer. The SOT efficiency increases as the a-Fe45Si55
thickness increases. To extract parameters such as intrinsic spin Hall angle (θSH) and spin
diffusion length (λs) we fit the thickness dependence SOT efficiency according to the diffusion
theory[213, 155]. b, Damping-like SOT efficiency as a function of the ratio between the
resistivity and thickness. According to the conventional trend, the higher the resistance the
larger the spin-torque. Here, we see an opposite trend which the largest SOT efficiency is
observed at the lowest resistance.

where λs is the spin diffusion length, θSH is the intrinsic spin Hall angle and C is the constant
due to interfacial Rashba contribution. From the fitting, we obtain θSH = 2.605, λs= 3.96
nm and C = 0.59.

While SOT materials are often benchmarked with resistivity being the characteristic
materials transport property, individual device resistance is another metric to be utilized
when comparing absolute quantities. In Fig. 3.13b, we compare the SOT efficiency as a
function of resistance (i.e. ρ / ta−Fe45Si55). We found that the SOT efficiency decreases
as the device resistance increases. This is opposite to the conventional trend where higher
resistivity yields higher SOT efficiency. Also, this shows that the SOT may not be an artifact
due to heating in a-Fe45Si55 / oxide / Co.

3.6 Fe concentration dependence of spin-orbit torque

and its potential origin

Fe concentration dependence results

For the Fe concentration study, we repeat this measurement on multiple devices of each
sample from the concentration series a-FexSi100−x (5.5±0.5 nm) / oxide (1±0.5 nm) / Co (4
nm). We limited the maximum Fe concentration to be x = 60, since a-FexSi100−x begins to
transition away from the non-ferromagnetic phase with onset concentration near x = 50 [87].
For Fe55Si45 and Fe60Si40 single layer films, we point out that the saturation magnetization
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Figure 3.14: a, 1st harmonic Hall signal of Fe55Si45 and b, Fe60Si40.

values (Fig. 3.4) are increased and a small planar Hall effect voltage can be observed at large
magnetic fields (>500 mT) (figure 3.14).

By varying the concentration of Fe we found not only a clear concentration dependence
on ξDL but also an overall enhanced ξDL (Fig. 3.15a). We observed a maximum ξDL of
2.0 around x = 45 and the ξDL decreases as the concentration moves away from x = 45 in
both directions (Fig. 3.15a). While the clear Fe concentration dependence is observed in
a-FexSi100−x (5.5±0.5 nm) / oxide (1±0.5 nm) / Co (4 nm), no Fe concentration dependence
is observed in a-FexSi100−x (8 nm) / Co (4 nm) (Fig. 3.15b). In addition, the overall ξDL

is found to be much smaller (∼ 0.05 across all Fe concentrations) when there is no oxide
insertion (Fig. 3.15b). This observation shows the importance of the oxide insertion for
unpinning the Fermi level in revealing the intrinsic SOT efficiency which is a function of Fe
concentration. This concentration trend agrees with the view of Berry density as a function
of energy in typical crystalline materials. Here, the change in reduced density of state region
on the energy scale through Fe concentration engineering [87] drives an equivalent effect on
the SOT generation, which is similar to the case of intrinsic AHE scaling in ferromagnetic
a-FexSi100−x[87, 89]. More detail on the origin of such large torque and the role of oxide
insertion is provided in the following paragraph.

Potential origin of large SOT in amorphous a-FexSi100−x

There are a few potential origins that can contribute to such concentration dependence profile
including the effect of DOS and onset of the ferromagnetism. We propose that one potential
origin of the large SOT in a-FexSi100−x is the reduced density of states (DOS) in the energy
scale near the Fermi level [87]. We borrow the concept of Berry Curvature in crystalline
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Figure 3.15: a, Fe (x) concentration dependent damping-like SOT efficiency (ξDL) in a-
FexSi100−x (5.5±0.5 nm) / oxide (1±0.5 nm) / Co (4 nm) tri-layer. ξDL increases and
reaches maximum around x = 45 and further decreases as Fe concentration increases above
x = 45. Error bars represent one standard deviation uncertainty. The resistivity of a-
FexSi100−x as a function of Fe concentration is plotted with the axis on the right as convenient
comparison. b, Fe concentration dependence of SOT efficiency in a-FexSi100−x / Co bi-layers.
SOT efficiencies are measured to be around 0.05 across all Fe concentrations in a-FexSi100−x

/ Co except x = 55 and 60, which are potentially due to the weak ferromagnetism in a-
FexSi100−x (x = 55 and 60) layer.
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materials to explain the spin current generation in amorphous materials. However, instead of
utilizing band structure which is well-defined in a crystalline material, we attempt to explain
the spin current generation in terms of density of states in a fully amorphous material. In
a crystalline material with a well-defined band structure, we can calculate the spin Hall
conductivity (σz) through the Kubo formula which the Berry Curvature contributes greatly
to the spin Hall conductivity in the k -space [60]. The expressions for the Berry curvature

(Ωk) and the Kubo Formula for spin Hall conductivity (σz
xy) are [60]:

Ωz
n(k) =

∑
n′ ̸=n

2Im[⟨kn|jzx|kn′⟩⟨kn′|vy|kn⟩]
(ϵkn

− ϵkn′)2
(3.8)

σz
xy =

e

h̄

∑
k

Ωz(k) =
e

h̄

∑
k

∑
n

fkn
Ωz

n(k) (3.9)

where jzx = 1
2
{sz, v} is the spin current operator with sz = h̄

2
β
∑

z and fkn
is the Fermi

distribution function for the nth band at k. Ωkn is the Berry curvature for the nth band[60].

From expression (1), we can immediately know that a large Berry curvature (Ωk) can be
obtained with near degenerate energy states from the denominator of the expression and
large spin-orbit matrix elements in the numerator.

B20 phase FeSi is known to be a small gap semiconductor (50∼100 meV) [47, 142, 122]
and non-magnetic in its ground state from DFT calculations. However, experimentally, B20
FeSi possess rich signatures of correlated system and topological properties including Kondo
insulator [47], conducting surface state [47], ferromagnetic conducting surface state [142]
and spin-momentum locking surface state[142]. These properties indicate the potential to
generate a large spin-torque. In the terms of Berry curvature, near degenerate states close
to the Fermi level in B20 FeSi along with the large spin-orbit coupling near the surface (e.g.
Rashba-type spin splitting at the interface in Ohtsuka et al. may intrinsically contribute
to a large spin Hall conductivity thus a large spin-orbit torque. In Mazurenko et al., the
band structure calculation via DFT with varying atomic position parameters indicates: 1.
a small gap exists along several k-vectors (Fig. 1 of Mazerenko et al.) with different atomic
position parameters [u(Si), u(Fe)], 2. by changing the atomic position parameters the relative
position of these small gap region to the Fermi level in the energy scale can be tuned. Since
tuning the atomic position is nontrivial in a real crystal or thin film epitaxy growth, it may
be challenging to observe these effects in single crystals. As a result, we ask the question
of whether an amorphous system can also meet these criteria: 1. near degenerate states
near the Fermi level 2. large spin-orbit coupling near the surface/interface. If so, we can
tune the relative concentration between Fe and Si in a-FexSi100−x to achieve this Fermi
level-dependent spin current generation. Since the positioning of the Fermi level near the
small gap or reduced density of state (DOS) region in the amorphous material is important,
elimination of Fermi level pinning issue is crucial to observe the spin current generation in
a-FexSi100−x.

Fermi level pinning is a common issue at Schottky junctions where semiconductor in-
terfaces metal. The free electron wavefunction from the metal penetrates into the first few
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angstroms of semiconductor where no electronic states are allowed. As a result, the Fermi
level will be pinned at the energy level where charge neutrality is satisfied (Fig. 3.1a,b).
Although a-FexSi100−x is a high resistivity metallic-like alloy of silicon and iron, there exists
an abundance of Si atoms at the interface between a-FexSi100−x and Co. Locally, Fermi level
pinning can still be an issue and plaque the spin current generation. As a result, insertion
of a thin oxide that can both alleviate Fermi level pinning and provide spin transmission is
essential to the observation of a large spin-orbit torque in a-FexSi100−x.

While the potential origin due to the electronic structure (DOS) is reasonable and matches
the Fe concentration dependence, the effect from the onset of ferromagnetism can not be
overlooked and remain elusive in a-FexSi100−x. In the next chapter, I will discuss the effect
of ferromagnetic transition toward SOT generation in such light element silicide system -
amorphous CoSi.

Experimental evidence of weak enhancement in spin transparency
to reinforce the role of Fermi level depinning in
a-FexSi100−x/oxide/Co

Insertion of a thin nickel oxide in a heavy metal/ferromagnet bi-layer has been shown to
be capable of enhancing the interfacial spin transparency to near unity [225] which in turn
greatly enhances the measured SOT efficiency. To further study the effect of insulator
insertion on the enhancement of SOT efficiency and the spin transparency at the interface,
I conducted ferromagnetic resonance (FMR) measurement to compare the interfacial spin-
mixing conductance of a-Fe45Si55 / oxide / Co and a-Fe45Si55 / Co. FMR was conducted
through a home-built setup composed of a Model 5403 GMW electromagnet with a Hall
probe for field sensing and controlling, an Agilent E4421B RF Generator, a Signal Recovery
7270 lock-in amplifier, a home-built RF network and impedance matched chip holder. The
fabricated micron size strip is contacted with a co-planar waveguide and then mounted on
a impedance matched chip carrier with wirebonding. An amplitude modulated RF current
is injected by the Agilent E4421B through a bias T to the sample, and the DC mix down
voltage is measured by the lock-in amplifier locking to the amplitude modulation frequency.
As the in-plane magnetic field is swept in magnitude, the ferromagnetic resonance criteria
was satisfied thus a resonance linewidth is measured.

Spin-mixing conductance of the ferromagnet adjacent to a-FexSi100−x is extracted through
the enhancement of damping constant. This enhancement can be described by the expres-
sion[145]

α = αint +
G↑↓

effγh̄
2

2MsdFMe2
(3.10)

where αint is the intrinsic damping constant of the ferromagnet, G↑↓
eff is the effective spin-

mixing conductance, γ is the gyromagnetic ratio, Ms is the saturation magnetization, dFM

is the thickness of the ferromagnet, and e is the electron charge. The Gilbert damping
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Figure 3.16: Measurement of effective damping constant for extracting spin-mixing conduc-
tance through ferromagnetic resonance (FMR). Linewidth of FMR measurement curve as
a function of frequency in a, a-Fe45Si55 / oxide / Co and b, a-Fe45Si55 / Co. Broadening
of the linewidth corresponds to the enhancement of the magnetic damping constant due
to spin current injection. By fitting the relation α = (γ/2πf)∆B where ∆B is the FMR
linewidth and γ is the gyromagnetic ratio, the effective damping constant under the presence
of spin current can be obtained. c, d, Spin mixing conductance via FMR measurement of
effective magnetic damping constant on a-Fe45Si55 / Co and a-Fe45Si55 / oxide / Co for the
comparison of spin transparency with the oxide insertion. The spin-mixing conductance in
a-Fe45Si55 / oxide / Co is approximately 3x larger than that in a-Fe45Si55 / Co.

coefficient can be extracted by fitting the relation

α =
γ

2πf
∆B, (3.11)

to the linewidth which is a function of frequency. In this relation, α is the Gilbert damping
coefficient, γ is the gyromagnetic ratio, ∆B is the linewidth of the resonance curve (Fig.
3.16). From our measurement, α is measured to be 0.00765 for a-Fe45Si55 / Co and 0.02482
for a-Fe45Si55 / oxide / Co (Fig. 3.16c). In the expression [145] (Fig. 3.16d) above, we
found the factor γh̄2/(2MsdFMe2) for a-Fe45Si55 / oxide / Co and a-Fe45Si55 / Co are 9.192
x 10−18 (Ωm2) and 8.775 x 10−18 (Ωm2) respectively. Because these both factors are very
close and the intrinsic damping constant should be similar (since the same Co magnet is in
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both samples), we estimate that G↑↓
eff is approximately 3x larger in a-Fe45Si55 / oxide / Co

than that in a-Fe45Si55 / Co. According to spin transparency expression [221]

Tint = 2
G↑↓

eff

GFe45Si55

(3.12)

where GFe45Si55 = 1/(λsρFe45Si55) and λs is the spin diffusion length, a 3x larger G↑↓
eff in

a-Fe45Si55 / oxide / Co yields an approximately 3x larger spin transparency (Tint) compared
to a-Fe45Si55 / Co.

From the FMR measurements (Fig. 3.16), we found that while the enhancement of
the spin transparency at the interface due to the oxide insertion is appreciable (3x), it
is insufficient to quantitatively explain the overall enhancement (20x to 40x) of the SOT
efficiency especially for a-FexSi100−x (x = 40 % to 50 %). The enhancement of SOT efficiency
with the insulator insertion is dominated by unpinning of the Fermi level on top of the
increase in spin transparency, which unlocks their higher intrinsic spin current generation
efficiency. This is distinct compared to the SOT efficiency enhancement due to enhanced
interface spin transparency when a thin oxide is inserted between Pt and the ferromagnet
[225]. In addition, this reinforces the understanding of reduced DOS as a function of energy
for generating spin current in a-FexSi100−x through Fe concentration engineering. To reinforce
the main role of the oxide to be Fermi level unpinning, SOT measurements are carried out
in a-FexSi100−x / NiO / Co with a different type of oxide insertion - NiO. In a-FexSi100−x /
NiO / Co, a large SOT and the Fe concentration dependence are still observable.

3.7 Unconventional scaling trend between resistivity

and spin-torque efficiency

Following conventional understanding of SOT generation, the SOT efficiency (ξSOT ) increases
as the resistivity (ρc) of the spin source material increases [117] since

ξSOT =
σs

σc

(
2e

h̄

)
= σsρc

(
2e

h̄

)
. (3.13)

This is observed across commonly studied material systems that exhibits appreciable SOT
[143, 223, 194] (Fig. 3.17). However, for an amorphous material, this trend is not expected
as the symmetry breaking at the interface plays the dominant role for SOT and hence the
bulk resistivity should not matter. Indeed, SOT efficiency in a-FexSi100−x shows an opposite
trend where the SOT efficiency increases with decreasing resistivity (Fig. 3b). We note that
the the conventional trend of decreasing SOT efficiency with decreasing resistivity presents
a trade-off for SOT devices as this means that product of conductivity and SOT efficiency
remains somewhat independent; consequently increasing SOT efficiency may not help in
reducing the total switching current (flowing through spin Hall material and the magnet).
Our results show that a-FexSi100−x shows a completely opposite trend, which otherwise seems
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fundamental, while achieving large SOT efficiency (Fig. 3.17). This potentially significant
because for the first time, a material system can provide a scalable spin-torque efficiency as
a function of resistivity in the ideal direction for lowering the switching power or spin-torque
energy cost. Moreover, this is achieved in a material system that is commercially ready
similar to tungsten as a refractory metal in CMOS baseline.

A similar trend in terms of anomalous Hall angle as a function of charge conductivity
is seen for ferromagnetic amorphous Fe, Co-based silicide and germanide [86] where an
increasing conductivity is coupled with an increasing anomalous Hall angle. This shares the
same signature as the SOT efficiency we observe in Fig. 3.17. The similarity between Fig.
3.17 and Fig. 5c in Karel et al. [86] shows the importance of the fully amorphous structure
where the bulk resistivity is decoupled from the spin current generation phenomenon or
origin.

3.8 SOT-switching of magnetization with PMA

SOT switching experiment

The most direct experimental method for studying SOT is to demonstrate SOT switching of
a PMA magnet. In this section, we explore the possibility of efficient magnetization switching
via the large SOT generated by a-FexSi100−x. The pulsed-current switching measurement was
done through a home-built setup composed of a Keithley 6221 AC current source, a Keithley
2181A Nanovoltmeter, a Lakeshore 475 Gaussmeter, and a GMW 5403 electromagnet driven
by a kepco power supply that can produce a bi-polar magnetic field up to 330 mT. To apply
short current pulses and measure the voltage simultaneously, Keithley 6221 and 2181A are
connected with RS-232 and trigger link cables in and configured in the pulse-delta mode.
Keithley 6221 applies a short current pulse (200µs) with a series of amplitude and the
2181A measures the anomalous Hall voltage to read out the magnetization state. Device is
connected in the Hall geometry. During the current pulse train with varying amplitudes and
signs, an in-plane field is applied to break the symmetry along the current direction.

To study the switching properties, we integrated a ferromagnet with strong perpendicular
magnetic anisotopry (PMA) on the a-Fe45Si55 layer with a thin oxide layer in between (Fig.
3.18a inset). From the vibrating sample magnetomery data, we can confirm the strong PMA
(Fig. 3.18a). To conduct SOT switching measurements, we fabricated Hall bars from the
PMA thin film heterostructure with various device dimensions in the micron size regime.
The anomalous Hall resistance as a function of perpendicular field were measured on the
device confirming the strong PMA after device fabrication (Fig. 3.18b). In Fig. 3.18c and
3.18d, clear magnetization switching can be observed with the expected chirality reversal
upon reversing the in-plane symmetry breaking field sign. We find the critical switching
current density (Jc) is as low as 1.3 x 106 A/cm2 through the a-Fe45Si55layer for Hall bar
device with dimension 6 µm in width and 40 µm in length and approximately 4.0 x 106

A/cm2 for device with dimensions 20 µm in width and 70 µm in length (Fig. 3.18c, 3.18d).
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Figure 3.17: Benchmark of SOT efficiency in a-FexSi100−x against materials shown to possess
appreciable SOT as a function of resistivity. The conventional trend of the SOT efficiency
as a function of resistivity of the spin source material is that as resistivity increases the SOT
efficiency increases. Here, the trend in a-FexSi100−x is completely opposite with the SOT
efficiency increasing with decreasing resistivity from 25 % Fe to 45 % Fe. References to each
data point is included in appendix D.

Thermal Stability of the PMA ferromagnet

If we benchmark the switching performance against different material systems with Jc alone,
the legitimacy can be plagued by the different strength and properties of ferromagnet being
switched. Thus, a good metric for evaluating switching performance is the switching effi-
ciency (jc / ∆) where ∆ is the thermal stability factor of the ferromagnet being switched.
The thermal stability (∆) measurement was done through a home-built setup composed of
a Keithley 6221 AC current source, a Signal Recovery 7270 Lock-in amplifier, a Lakeshore
475 Gaussmeter, and a GMW 5403 electromagnet driven by a kepco power supply that can
produce a bi-polar magnetic field up to 330 mT. A small a.c. current (100uA) is applied
to a Hall bar device and the transverse voltage is measured with the lock-in amplifier as a
function of magnetic field applied in the out-of-plane direction (z-direction) with a hystere-
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Figure 3.18: a, Magnetometry of blanket film [Pt (1.2 nm)/Co (1 nm)]2 / oxide (1±0.5 nm) /
a-Fe45Si55 (6 nm) stack showing the strong out-of-plane magnetic anisotropy. b, Anomalous
Hall resistance as a function of out-of-plane field (Bz) measured on device fabricated from the
PMA heterostructure. Device under test is a Hall bar structure with 20 µm in width and 70
µm in length. c, d, Spin-orbit torque switching curve with a + (-) 10 mT symmetry breaking
field in the + (-) x-direction. Clear switching between two states is observed regardless of
the symmetry breaking field sign. The opposite chirality between the two curves is due
to opposite sign of symmetry breaking field for deterministic SOT switching. The critical
current density (Jc) is approximately 3.998 x 106 A/cm2, which is defined when the majority
of the magnetization switches to the opposite direction (RAHE crossing zero). Current pulse
width is 200 µs.
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Figure 3.19: a, Measurement of the thermal stability via ramp rate dependent coercive field.
This plot shows the typical hysteresis switching due to magnetic field along the easy-axis
(z-direction in this case) as a function of ramp rate. b, Since field switching is a thermal
process, the coercive field (µ0Hc) increases as the ramp rate increases. We repeated the
measurement at each ramp rate for at least 15 times to get the average µ0Hc. By fitting the
results with the model from El-Hilo et al.[69], we can extract the thermal stability (∆) of
the PMA magnet in the device. In this device, we find the thermal stability factor (∆) to
be around 2650.

sis profile. The measurement is repeated as a function of magnetic field ramp rate in three
different orders of magnitude. At each ramp rate, we repeat the measurement at least 10
times to find the average coercive field.

The thermal stability measurement is based on the fact that field switching of the magne-
tization is a thermal activation process. Due to the time-dependent nature of such thermal
activation process, the coercive field at which magnetization switching occurs is a function of
the magnetic field ramp rate[69, 161]. The relation between thermal stability (∆), coercive
field (Hc) and ramp rate (r) is[161]:

Hc = Hk

1−
√√√√ 1

∆
ln

(
f0Hk

2∆

1

r

) . (3.14)

By fitting this expression to the coercive field as a function of ramp rate, we were able to
extract the thermal stability (∆) and the anisotropy field (Hk) in the easy-axis (out-of-plane)
direction. f0 is the attempt frequency and we assume it to be 10 GHz in our fitting. We
extracted the thermal stability factor of our PMA magnet through the sweep rate dependent
coercivity measurement (Fig. 3.19a, 3.19b) and find it to be around 2650 for this device.

We conducted the switching experiment and thermal stability measurement on other
device dimensions for repeatability and elimination of size dependence. If we benchmark
the average switching efficiency from multiple devices against several well-studied systems
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Figure 3.20: a, Benchmark of SOT switching efficiency, which is the ratio of critical switch-
ing current density over thermal stability factor (Jc / ∆). Comparing to the well-studied
systems (heavy metal and topological insulators/sputtered chalcogenides), iron silicon is ap-
proximately 3 orders of magnitude more efficient than heavy metals and 1 order of magnitude
more efficient compared to chalcogenides. b, Benchmark of SOT switching efficiency as a
function of resistivity.

including heavy metal[53, 81, 104, 125] and chalcogenides or sputtered topological insula-
tors[31], the switching efficiency is at most three orders of magnitude better than the heavy
metals and approximately one order better than chalcogenides/sputtered topological insula-
tors (Fig. 3.20a). While the maximum improvement on switching efficiency is three orders
of magnitude better than heavy metals, the resistivity is still one order higher than most
heavy metals (Fig. 3.20b). This implies that silicides in general can serve as a new platform
for further down-scaling of switching efficiency through routes such as resistivity lowering
and SOT efficiency increasing. Therefore amorphous silicides present new opportunities for
achieving highly efficient SOT devices.
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Chapter 4

Efficient spin-orbit torque in
amorphous cobalt silicide

4.1 Foreword and motivation

In the previous chapter, large spin-orbit torque has been observed in fully amorphous iron
silicide. While the concentration dependence of spin-orbit torque in iron silicide can poten-
tially arise from the change in density of states near the Fermi level, the role of magnetism
in magnetic element silicide has not been fully understood. In addition, although iron sili-
cide shows a promising scaling trend between the SOT efficiency and resistivity, its resistivity
(ρa−Fe45Si55 ∼ 850 µΩ-cm) is still quite high for lowering the critical switching current density
even further. This is apparent in the benchmark of spin Hall conductivity (σs)

σs =
ξDL,SOT

ρc

(
2e

h̄

)
(4.1)

in Fig. 4.1. Spin Hall conductivity is a very useful metric for capturing the amount of
spin current density a material can supply. For topological insulators, the record high SOT
efficiency is unfortunately coupled with a very high resistivity (> 1000 µΩ-cm). On the other
hand, heavy metal systems exhibit SOT efficiency lower than 35 % [111, 112, 155, 147] but
the much higher charge conductivity they possess, especially for Pt, lowers the amount of
SOT efficiency required to achieve a high spin Hall conductivity thus a low critical switching
current density. The highest spin Hall conductivity ever reported was found in epitaxial
IrMn with ξDL = 0.6 at ρc = 85 µΩ-cm [219]. Although a-Fe45Si55 beats the state-of-the-art
SOT line material - β-W, it still falls behind most heavy metal systems and epi-IrMn. As
a result, a pathway to continue the opposite scaling trend of increasing SOT efficiency with
decreasing resistivity beyond what a-FexSi100−x already provide is necessary for technological
advancement in SOT-MRAM.

To address these questions, I turned to a different silicide - cobalt silicide a-CoxSi100−x.
a-CoxSi100−xis another commonly studied silicide for CMOS applications since the 1990s
[120, 27] especially CoSi2 and B20-phase CoSi. In addition, elemental Co has been used as
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Figure 4.1: Benchmark of spin Hall conductivity on a-FexSi100−x against well-studied SOT
materials.

a cap/linear metal for the first few interconnect layers in CMOS back-end of line processing
[171]. As a result, cobalt silciide is a material system that with compatibility with the
current silicon CMOS platform. From the physics point of view, CoSi has been shown both
experimentally[209, 182] and theoretically[186, 23] to possess topologically protected chiral
Fermions. Specifically, these chiral topological Fermions such as spin-1 Weyl Fermion and
double Weyl Fermion are different from the well-known spin-1/2 Fermion found in many
Weyl semimetals[209, 186]. CoSi belongs to the space group 198 P213 along with other
experimentally studied non-symmorphic chiral crystals [165, 23]. These materials possess
topologcial features such as non-trivial multi-fold band crossing at the Fermi level, multiple
topological chiral nodes near the Fermi level and extensive Fermi arcs[209, 165]. With spin-
orbit coupling degeneracy at certain time reversal asymmetry points is lifted, and spin-1 Weyl
Fermion becomes a spin-3/2 Rarita-Schwinger-Weyl Fermion with spin degree of freedom and
the double Weyl Fermion becomes a double spin-1 Weyl Fermion with spin degree of freedom
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Figure 4.2: Theoretical band structure calculation with spin-orbit coupling in CoSi. a,
calculations along high-symmetry directions. b, c, d, detail of region of interest near the
band crossing the nodes. Weyl Fermions are indicated by red arrows and Rarita-Schwinger-
Weyl Fermions are indicated by blue arrow. e, distribution of the topological fermions.
Graph adapted from Physical Review Letters [186].

(Fig. 4.2). These non-trivial topological energy states near the Fermi level with spin-orbit
coupling are ideal environment for large spin current generations. As a result, topological
chiral semimetal CoSi is a great candidate.

In fact, spin-orbit torque and spin Hall effect has been experimentally explored in B20-
phase single crystal CoSi [185, 184]. However, the SOT efficiency is found to be around only
10% in CoSi with and without Cu insertion between the CoSi and the ferromagnet. Tang et



CHAPTER 4. EFFICIENT SPIN-ORBIT TORQUE IN AMORPHOUS COBALT
SILICIDE 76

Figure 4.3: a, Tri-layer stack structure with oxide insertion. b, bi-layer stack structure.

al. tried to modulate the Fermi level through substitutional doping with Fe and Ni elements
and the SOT efficiency remains below 10 %. The small SOT efficiency is not surprising
as the interface states are extremely important and sensitive when it comes to engineering
large SOT in SCG/FM bi-layers. To unlock the intrinsic large spin-torque CoSi potentially
can produce, ensuring the Fermi level is located close to the non-trivial topological nodes
are critical. Since CoSi is a semimetal, the Fermi level in the CoSi when interfaced with
a metallic ferromagnet will be strongly affected by the metallic nature of the ferromagnet
thus pins the the Fermi level away from the non-trivial topological nodes. It is promising
that in Tang et al., the Cu insertion indeed improved the SOT efficiency albeit not by a
large amount. This shows that SOT generation is indeed sensitive to interface conditions.
However, since Cu is metallic as the transition metal based ferromagnet, the Fermi level is
still likely pinned away from the region of the band crossings. To combat this, insertion of a
thin insulator while maintaining spin transmission is essential to alleviate this issue similar
to the case in a-FexSi100−x from the previous chapter.

Since large SOT is discovered in co-sputtered amorphous a-FexSi100−x I will continue
using co-sputtered amorphous a-CoxSi100−xas the vehicle to investigate whether CoSi can
be a possible route to extend the scaling trend for high SOT efficiency and low resistivity.
Moreover, co-sputtering allows easy tuning of the relative concentration between Co and Si
thus the Fermi level position and the density of states bandwidth near the Fermi level.

4.2 Sample design and deposition

Our sample design consists of two different heterostructures: 1) a-CoxSi100−x / FM bi-layer
and 2) a-CoxSi100−x / oxide / FM tri-layers (Fig. 4.3. The Co concentration (x) ranges
between 35 and 75 % with the a-CoxSi100−x thickness to be around 5.5±0.5 nm and the
ferromagnet thickness is around 4±0.5 nm. All samples are deposited on 300 nm amorphous
low-stress LPCVD silicon nitride on silicon substrates by co-sputtering of elemental Co and
Si targets. All heterostructures are capped with 2.5 to 3 nm of silicon oxide to prevent
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Figure 4.4: Saturation magnetization measured at 2K in various amorphous Fe and Co silicon
thin films as a function of transition metal content. Graph adapted from Physical Review
Materials [86].

oxidizing in ambient. In this study, we inserted a thin oxide layer (1∼1.2 nm) between a-
CoxSi100−x and the ferromagnet via a chemical treatment. The chemical treatment is done
in a similar way as in a-FexSi100−x/oxide/FM with MEGAPOSIT MF-26A TMAH based
photoresist developer. Sputtering is done in the same sputtering chamber as a-FexSi100−x

study with base pressure below 2.0e-8 Torr.

4.3 Structural and magnetic properties

Structural characterization

The structure of a-CoxSi100−x is mainly characterized through high-resolution cross-sectional
TEM. In Fig. 4.5, no nanocrystals or clear lattice fringes can be observed in the a-Co68Si32
and a-Co70Si30 layers. Local FFT is performed on the respective layers to probe any re-
ciprocal space peaks that may be associated with any appreciable lattice fringes. In both
a-CoxSi100−x layers, the FFT pattern shows an amorphous ring without any peaks. The
fully amorphous structure is confirmed previously in a-CoxSi100−x up to 73 % Co [86]. On
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Figure 4.5: a, Cross-sectional TEM image of a-Co68Si32 / oxide / Co. b, Local FFT of
a-Co68Si32showing an amorphous ring, c, Local FFT of Co layer showing a polycrystalline
rings and reciprocal space peaks associated with the grain orientations. d, Cross-sectional
TEM image of a-Co70Si30 / oxide / Co. e, Local FFT of a-Co70Si30. f, Local FFT of Co
layer in d.

the other hand, finite size grains are observable in the Co layer for both tri-layer structures
and their respective FFT spectrum shows reciprocal space peaks on top of a polycrystalline
ring (Fig. 4.5b, 4.5e).
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Magnetic characterization

Magnetic characterization is done through two different techniques: 1) Vibrating sample
magnetometry (VSM) and 2) X-ray magnetic circular dichroism (XMCD). In Fig. 4.6a, the
M-H curves shows a sharp ferromagnetic transition between 65 % and 70 % Co. This is very
different from the the case of a-FexSi100−x where the magnetic transition is much gradual as
we can see in Fig. 3.4. In the case of a-FexSi100−x, the increase in saturation magnetization is
much smaller per unit increase in Fe concentration and also no hysteresis opening is observed
before 60 % Fe with a paramagnetic or superparamagnetic lineshape. It is expected if the
Fe concentration in a-FexSi100−x increases beyond 60 % at some point the ferromagnetism
will arise but in a gradual manner.

In Fig. 4.6b, the increase in XMCD is taken in a tri-layer structure with the inserted
oxide separating a-CoxSi100−x and Fe as the ferromagnet. The measured XMCD amplitude is
also very sharp with most a-CoxSi100−x not exhibiting any appreciable XMCD until 65 % Co.
However, in Fig. 4.6c, a much gradual increase in XMCD as the Co concentration increases
in a-CoxSi100−x / Fe bi-layer is observable. This is due to the fact that ferromagnetic Fe
magnetizes the Co atoms near the interface via strong exchange coupling. This signature is
a great evidence how free electron wavefunction in the metallic ferromagnet can penetrate
into the a-CoxSi100−x layer and affect the energy states near the interface in a-CoxSi100−x.
As a result, in insertion of an oxide between the ferromagnet and a-CoxSi100−x is essential.

A similar signature in terms of the sharp onset of ferromagnetism is also observed at
low temperature 2K for a-CoxSi100−x(Fig. 4.4 [86]. An interesting observation is that the
gradual transition of the ferromagnetic phase in a-FexSi100−x as compared to a-CoxSi100−x

is also prominent at low temperature (Fig. 4.4.

4.4 Electronic and charge transport properties

Single cyrstalline CoSi is a semimetal with band crossing at specific high symmetry points
[209, 186] that is different from FeSi which is a small-gap semiconductor with topological
surface conducting state [47] and non-trivial surface ferromagnetism [142]. However, this
may be very different in the amorphous phase. The resistivity of a-CoxSi100−x single layer
in the sub-10 nm regime is measured through a four-point probe resistance measurement on
different double Hall bar devices. The average value of the measured resistivity is presented
in Fig, 4.7b, c. a-CoxSi100−x is a dirty/semi-metal similar to a-FexSi100−x (Fig. 4.7b). The
resistivity is high in the low Co regime < 50 % and quickly drops below 500 µΩ-cm as Co
content increases beyond 60 %. The a-CoxSi100−x resistivity increases much drastically as
the amount of Co concentration decreases below 50 % whereas the resistivity change is much
gradual in a-FexSi100−xwith a plateau in the range of 40∼50 % Fe (Fig. 4.7c). Interestingly,
the concentration range between 40 and 50 % Fe is also where the peak of SOT efficiency
resides (Fig. 3.15).
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Figure 4.6: a, M-H magnetometry curves as a function of Co concentration via VSM. b,
XMCD at Co L3,2 edge in a-CoxSi100−x / oxide /Fe tri-layer. c, XMCD at Co L3,2 edge in
a-CoxSi100−x / Fe bi-layer.



CHAPTER 4. EFFICIENT SPIN-ORBIT TORQUE IN AMORPHOUS COBALT
SILICIDE 81

Figure 4.7: a, Optical microscope image of a double Hall bar device used for resistivity
measurement. b, Resistivity of a-CoxSi100−x as a function of Co (x) concentration in atomic
percentage.

4.5 Large spin-orbit torque efficiency

In-plane harmonic Hall measurement

To measure the spin-orbit torque in a-CoxSi100−x, I conducted in-plane harmonic Hall mea-
surements on both a-CoxSi100−x / oxide / FM and a-CoxSi100−x / FM heterostructures with
varying Co concentration. The ferromagnet is either Co or Py (Ni81Fe19) at thicknesses of
4 nm. The experimental setup is the same as described in section 3.5 of chapter 3 and
the measurement geometry is shown in Fig. 4.9a. The magnetic heterostructure thin films
are patterned into Hall bar device of different dimensions for cross-check. The fabrication
process is the same as the devices made for a-FexSi100−x studies (Section 3.5). The details
of the dimensions can be found in section 3.4 and 3.5. The oxide insertion is also analyzed
through EELS for composition analysis mapping (Fig. 4.8) and the tri-layer structure is
distinct with lack of intermixing. From the high-resolution cross-sectional TEM (Fig. 4.5),
the oxide insertion can be seen to be amorphous which is similar to the case of a-FexSi100−x
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Figure 4.8: a, Cross-sectional TEM image of a-Co68Si32 / oxide / Co in STEM mode. b,
EELS mapping of Co. c, EELS mapping of oxygen, d, EELS mapping of cobalt.

(Fig. 3.2).
In Fig. 4.9, a complete set of harmonic Hall data is shown. The first harmonic Hall

signal shows a nice VPHE sin(2ϕB) dependence with no uniaxial in-plane anisotropy (Fig.
4.9b). The second harmonic Hall shows a field dependence which may arise from ordinary
Nernst effect or SOT effects (Fig. 4.9c). After analyzing the angle dependence and field
dependence data, the extracted cos(ϕB) component in the second harmonic signal is shown
in Fig. 4.9d. In Fig. 4.9d, anomalous Nernst effect is manifested as a negative constant
offset independent of field, the ordinary Nernst effect is a linear increase with field which
suppresses the 1/(Bext+Banisotropy) lineshape of damping-like torque effective field. After
eliminating the two Nernst effect, the strong 1/(Bext+Banisotropy) dependence of the ∆B
across 5 different current amplitudes is strong. The damping-like effective field ∆B scales
linearly with increasing current amplitude as SOT is driven by current and the ∆B is an
absolute quantity. After calibrating the amount of current in the a-Co67Si33 layer, the SOT
efficiency ξDL of the damping-like torque can be calculated (Fig. 4.9g), which is around
1.81 (181 %). Individual fitting plots of the cos(ϕB) component across five different current
values are shown in Fig. 4.9h-g with good matching fits and strong DL-torque signature
as comparisons to control samples (Pt/Co and Co only) previously discussed in section 3.5.
Since the anomalous Hall resistance directly affects the extraction of ∆B, the RAHE as a
function of Bz on selected devices are shown in Fig. 4.10.

4.6 Co concentration dependence of spin-orbit torque

Pronounced Co concentration dependence

Next, extensive spin-orbit torque characterization on the Co concentration series of a-
CoxSi100−x / oxide / FM is done with the in-plane harmonic Hall measurement on multiple
devices over 3 different rounds of sample deposition, device fabrication and harmonic Hall
measurement to complete the full a-CoxSi100−x concentration spectrum of SOT efficiency.
In Fig. 4.11, the SOT efficiency and the resistivity in a-CoxSi100−x across the studied con-
centration range is shown. A clear peak of SOT efficiency can be seen around 68 % Co and
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Figure 4.9: a, Schematic of patterned Hall bar on a-Co67Si33 (5.5 nm) / oxide (1 nm) / Py
(4 nm) and measurement scheme. Inset, optical microscope image of the double Hall bar
device structure patterned for harmonic Hall measurement. b, First harmonic voltage of
the a-Co67Si33 (5.5 nm) / oxide (1 nm) / Py (4 nm) heterostructure. c, second harmonic
voltage. d, The DL torque effective field and thermoelectric contribution as a function of
external field obtained from angle fit to cos(φB). e, The DL torque effective field signal after
eliminating the thermoelectric effects including anomalous Nernst effect and ordinary Nernst
effect. The clear 1/(Bext+Banisotropy) dependence shows a strong signature of DL spin-orbit
torque. f, DL torque effective field as a function of injected current density in the a-Fe45Si55
layer. g, SOT efficiency (ξDL) extracted to be an average of 1.81 across five different current
values. The consistency across different current values confirms the clear signal of SOT. h-k,
Individual plots (varying a.c. current amplitude) of the field-dependent fit to the cos(ϕB)
component of the second harmonic signal.
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Figure 4.10: RAHE versus Bz in a-CoxSi100−x / oxide / Co.

a gradual decrease of SOT efficiency extends toward the lower Co concentration region. On
the other side of the peak, a sharp drop of SOT efficiency is visible once the Co concentration
crosses the 70 % mark. For a-CoxSi100−x with x < 58 %, the SOT efficiency stays around
25% with a steady but mild increase as Co concentration decreases.

Enhanced SOT efficiency near ferromagnetic phase transition of
a-CoxSi100−x

While there does not seem to have a direct correlation between resistivity and SOT effi-
ciency in Fig. 4.11, the peak of the SOT efficiency nicely coincides with the transition of
the ferromagnetic phase in a-CoxSi100−x. In Fig. 4.12, the XMCD amplitude at the Co
L3-edge is plotted on top of the SOT efficiency as a function of Co concentration. This is
first time ever that a material system shows a strong dependence of the magnetic phase in
SOT generation. This potentially provides a perspective on tuning the strength of interfa-
cial spin-orbit coupling for optimal SOT generation. As mentioned in chapter 2, spin-orbit
coupling is essential for generating spin current but also strong spin-orbit coupling can in-
duce spin dephasing resulting in fast decay of the spin current. Since a-CoxSi100−x is fully
amorphous, the underlying mechanism of spin current generation is dominantly interfacial.
As a result, once the a-CoxSi100−x becomes a ferromagnetic, the spin current generated at
the interface can quickly dephase before it injects through the oxide insertion and into the
adjacent ferromagnet. This also indicates the importance of interfacial spin-orbit coupling
in generating spin current in a-CoxSi100−x via an intrinc-like origin similar to a-FexSi100−x.
Here, a-CoxSi100−x is also a semimetal with a reduced density state region near the Fermi
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Figure 4.11: Co concentration dependence of damping-like SOT efficiency and charge resis-
tivity in a-CoxSi100−x / oxide / Co.

level [89, 86] that can be modulated by the Co concentration. However, since its resistivity is
much higher when x< 50 % and decreases sharper as compared to a-FexSi100−x, this indicates
a much stronger density of states modulation due to the Co concentration.

I would like to point out that onset of ferromagnetism seems to be play a much more im-
portant role in a-CoxSi100−x for spin-current generation. This shares a very similar signature
as the anomalous Hall effect in ferromagnetic a-CoxSi100−x [86]. In Karel et al., the trend
of anomalous Hall angle as a function of Co content is the same as the SOT as a function
of Co concentration in Fig. 4.12. Also, the sharper peak in transition metal concentration
dependence of SOT efficiency as compared to a-FexSi100−x is also simialr to how a-FexSi100−x

compares to a-CoxSi100−x in terms of anomalous Hall angle in Karel et al. [86]. This points
to the experimental evidence of the importance in magnetic origin of such large SOT and
spin polarization phenomena in fully amorphous transition metal silicides.

SOT in a-CoxSi100−x / FM

In Fig. 4.13, the harmonic Hall measurement result on a-Co65Si35 (8 nm)/Fe (4 nm) is
shown. Similar to the case of a-FexSi100−x / FM, weaker SOT efficiency and lack of Co
concentration dependence is observed when no oxide is inserted between a-CoxSi100−x and
the adjacent ferromagnet (Fig. 4.14. This is due to the Fermi level pinning issue and the
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Figure 4.12: Co concentration dependence of damping-like SOT efficiency and XMCD am-
plitude at the Co L3-edge in a-CoxSi100−x / oxide / FM.

strong ferromagnetic order at the interface that eliminates the spin current before it diffuses
across the interface. This is apparent in Fig. 4.6c where the XMCD amplitude of Co L3,2-
edge in a-CoxSi100−x / Co increases as the Co content increases which is opposite to the
case in a-CoxSi100−x / oxide / Co. Due to the Fermi level pinning at the a-CoxSi100−x / FM
interface, the SOT efficiency is near constant around 10 % between Co concentration range
of 35 % and 65%. Similarly, once a-CoxSi100−x becomes ferromagnetic at 70 % the SOT
efficiency drops significantly to close to zero Fig. 4.14.

Non-trivial scaling trend between the SOT efficiency and
resistivity

In a-CoxSi100−x, a novel scaling trend between the SOT efficiency and resistivity is found
(Fig. 4.15). Here scaling trend can be categorized into two type: 1) the conventional course
where SOT efficiency increases with increasing resistivity and 2) the novel course where SOT
efficiency increases with decreasing resistivity. The conventional course can be expected from
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Figure 4.13: Harmonic Hall measurement on a-Co65Si35 (8 nm)/Fe (4 nm). a, first harmonic
Hall signal. b, second harmonic Hall signal. c, cos(ϕB) component of the second harmonic
signal. d, damping-like torque signal as a function of external field. e, damping-like torque
effective field. f, extracted damping-like SOT efficiency. g-k, individual plots of the field
dependence fitting to the cos(ϕB) component.

the spin Hall conductivity (σSH) theory

θSH =
σSH

σc

(
2e

h̄

)
= σSH × ρc

(
2e

h̄

)
(4.2)

where θSH is the intrinsic spin Hall angle (i.e. measured SOT efficiency ξSOT with 100 %
spin transparency), σc is the charge conductivity and ρc is the resistivity. Since σSH is
associated with the intrinsic mechanism, one can design the sample in a way that preserves
the intrinsic mechanism but introduce certain amount of impurities to increase the resistivity
such as oxidizing heavy metals [5, 129, 203, 40].

The scaling trend can be divided into two phases based on the resistivity value of around
350 µΩ-cm, acting as a threshold (Fig. 4.15). For samples with resistivity greater than 350
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Figure 4.14: Co concentration dependence of damping-like SOT efficiency in a-CoxSi100−x

(8nm) / Fe ( 4nm).

µΩ-cm, the scaling trend follows the conventional course. However, for samples with resis-
tivity below 350 µΩ-cm, a remarkably sharp opposite trend is observed before a-CoxSi100−x

becomes ferromagnetic. This is distinct from a-FexSi100−x in two aspects. Firstly, a mild in-
crease is seen for samples with resistivity values above 350 µΩ-cm whereas in a-FexSi100−x, the
scaling trend is consistently opposite for samples lacking magnetism (< 55 % Fe). Secondly,
the scaling trend in a-CoxSi100−x exhibits a much sharper opposite behavior compared to a
more gradual trend in a-FexSi100−x. Based on these observations, it appears that multiple
contributions of spin current are either competing or synergistically adding in a-CoxSi100−x.

4.7 Improving the state-of-the-art spin Hall

conductivity

SOT efficiency (ξSOT ) serves as an important metric for studying and comparing spin-charge
conversion efficiency in materials. However, in most spintronic applications, the goal is to
generate spin currents for manipulating magnetic texture or magnetization switching. There-
fore, solely relying on SOT efficiency might not fully capture a material’s ability to supply
spin current(density) in response to a voltage(electric field). Similar to charge conductiv-
ity, which measures the current per unit cross-sectional area (current density) a material
can carry in response to an electric field, spin Hall conductivity quantifies the spin current
density a material can carry in response to an electric field with spin-charge conversion.
The presence of a critical amount of spin current, supplying enough angular momentum, is
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Figure 4.15: Benchmark of SOT efficiency in a-CoxSi100−x with other well-studied material
systems and a-FexSi100−x.

necessary to switch a certain amount of magnetic moments effectively. Thus, spin Hall con-
ductivity not only reflects spin-charge conversion efficiency but also indicates the material’s
inherent ability to carry charge current. This highlights the reason why high SOT efficiency
at low resistivity is desired. In essence, achieving a remarkably high spin-charge conversion
efficiency is only half of the requirement for low critical switching current. The material
must also be capable of carrying sufficient charge current that are effectively polarized into
spin current.

In Fig. 4.16, I show the experimentally measured spin Hall conductivity among the
well-studied material systems. Immediately, a strong correlation between σSH and ρc can
be observed where the materials with the highest σSH are the ones with very low resistivity
values but < 50% SOT efficiency such as Pt [227], PtAu alloy [223] and epi-IrMn [219].
Topological insulators with the highest SOT efficiency did not directly translate to high spin
Hall conductivity due to their very high resistivity values. For a-FexSi100−x, its spin Hall
conductivity is approximately the same as topological insulators with a-Fe45Si55 recording a
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Figure 4.16: Benchmark of spin Hall conductivity σSH in a-CoxSi100−x with other well-
studied material systems and a-FexSi100−x.
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slightly higher spin Hall conductivity than the best performing topological insulator [124].
As a result, while a-FexSi100−x shows a promising trend in terms of SOT efficiency and its
resistivity, the best-performing a-Fe45Si55 still falls behind most of heavy metal systems and
transition metal-based antiferromagnets when it comes to spin Hall conductivity. However,
if we were able to hold on to the large SOT efficiency in a-Fe45Si55 and lower its resistivity
without losing the large SOT efficiency, a much higher spin Hall conductivity can be achieved.

In a-CoxSi100−x, the highest SOT efficiency appears at 68 % Co (Fig. 4.15 which is much
higher in transition metal atomic concentration compared to a-Fe45Si55. This also means
that the peak of SOT efficiency is now at a much lower resistivity value due to the higher
transition metal content. Due to this fact, the entire concentration series of a-CoxSi100−x

spin Hall conductivity values in the benchmark graph (Fig. 4.16) is shifted to the left
of a-FexSi100−x. With this discovery of a very large spin-orbit torque efficiency (230 %)
at a relatively low resistivity value (∼180 µΩ-cm) in a-Co68Si32, a record-high spin Hall
conductivity beating the state-of-the-art heavy metal-based systems for efficient magnetic
switching applications is found. This extends the scaling trend in amorphous iron silicide and
pushes the performance closer to ideal with high spin-torque efficiency and low resistivity.
One last thing to note is that while a-Co68Si32 achieved a very high spin Hall conductivity,
its resistivity is the worse among the high spin Hall conductivity materials (Pt, PtAu, epi-
IrMn). There is immense opportunity for research to continue lowering the resistivity while
holding on to the large SOT efficiency in silciides.
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Chapter 5

Spin-orbit torque driven switching
phenomena in canted ferrimagnetic
alloy GdxCo100−x

5.1 Foreward and motivation

Ferrimagnets (FiM) have been an emerging material system that possess abundant mag-
netic properties for interesting phenomena and potential spintronics applications [97]. Fer-
rimagnets are composed of two different magnetic sublattices that are antiferromagnetically
coupled which yields a non-zero magnetization [132]. As a result, ferrimagnets combine the
unique properties of both ferromagnets (FM) and antiferromagnets (AFM), enabling mag-
netic properties and phenomena such as bulk perpendicular magnetic anisotropy (PMA) [26],
bulk Dzyaloshinskii–Moriya Interaction (DMI) [93], magnetic skyrmion host [18], spin-orbit
torque switching [161], and all optical switching [180]. While there exist many different fam-
ilies of ferrimagnets, rare earth (RE) - transition metal (TM) ferrimagnetic alloy stands out
for spintronics applications [26, 180, 161, 97] due to its highly tunable magnetic, electronic,
thermomagnetic, optical properties and relatively simple thin film deposition method [26,
16, 187, 97].

Among many fascinating properties of RE-TM ferrimagnetic alloys, the bulk perpen-
dicular magnetic anisotropy (PMA) which even persists in thick films in the micro-meter
regime [26, 187] is the driving force behind all the fascinating magnetic phenomena. How-
ever, switching a PMA magnet with an in-plane polarized spin current requires an in-plane
symmetry breaking field to achieve deterministic switching [208, 207, 53]. This is one of the
main technological challenges for developing SOT-based magnetic memory. Despite many
efforts in studying RE-TM ferrimangetic alloys for spintronics applications [97, 26, 93, 18,
161, 180, 66, 63, 16, 187], it is not until recently that field-free spin-orbit torque switching
can be achieved in RE-TM ferrimagnetic systems [94, 159, 200, 218]. It is not surprising
that RE-TM ferrimagnets carry the capability of inducing a tilt in its anisotropy since it
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possess properties of both FM and AFM. In fact, one of the most common systems designed
to induce a tilt in its PMA for field-free SOT switching is the AFM/FM bi-layer where an
exchange-bias is present [141, 53].

In AFM/FM bi-layer systems, not only field-free switching [15, 141, 53] can be realized
but also many interesting magnetic textures and switching behaviors such as electrical control
of antiferromagnetic order [108, 152], multistate switching [53, 211], and memristor behavior
[53, 211] can be observed owing to its dynamic and intricate magnetic interaction at the
AFM/FM interface [78]. Due to the exchange coupling at the AFM/FM interface, AFM spin
configuration at the interface can be controlled via SOT and exhibits an exchange spring
effect that manifests in a ratchet behavior of the magnetic states [78] and antiferromagnetic
states [32, 58].

Since ferrimagnetism combines both FM and AFM properties, it is possible to observe not
only tilting in its magnetic anisotropy but also possibly all the switching behaviors found in
AFM/FM systems such as field-free switching, multistate switching, memristor behavior, ex-
change spring effect and ratchet effect. In RE-TM ferrimagnetic alloys, the parameter space
for material design is also much wider with knobs on atomic concentration between RE and
TM, thickness scaling (not limited to ultrathin ∼1 nm thickness due to interfacial PMA),
different RE and TM elements, growth condition, and operating temperature. With this
motivation, we explore the possibility of achieving the interesting switching behaviors and
phenomena observed in AFM/FM systems in a single layer ferrimagnetic GdCo alloy without
any superlattice design that is deposited in a single shot. In this paper we report field-free
spin-orbit torque switching of GdCo near its magnetic compensation with canted anisotropy
and exchange spring behavior at room temperature via transport and magnetometry mea-
surements. Through angle dependent anomalous Hall resistance field loop measurement,
the angle of the canting can be characterized. In addition, multistate switching, memristor
behavior and ratchet effect are observed where the multistate and ratchet effect are tunable
with the in-plane symmetry breaking field. This demonstrates that single shot RE-TM ferri-
magnetic alloys possess similar properties to AFM/FM bi-layers which expands the material
design space for spintronics applications.

5.2 Design of canted magnetic anisotropy in

ferrimagnetic GdxCo100−x

The magnetic structure in GdxCo100−x can be very complex. Here I will explain a few
competing interactions arising from intrinsic magnetic properties and structural properties.
PMA can be induced in RE-TM ferrimagnetic alloys due to antiferromagnetic coupling be-
tween the two different atoms and the pair-correlation structure induced during growth via
sputtering or evaporation [66, 63]. It was found that during the physical vapor deposition
of these two elements, the unlike atom pairing (e.g. RE-TM) tends to align out-of-plane
whereas the like atom pairing (e.g. RE-RE or TM-TM) tends to align in-plane. In TbCo,
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Figure 5.1: Extended X-ray absorption fine structure measurement done on TbFe with
perpendicular and in-plane geometry with respect to the film plane. Graph adapted from
Physical Review Letters [63].

TbFe, structural signatures of such pair-correlation was found [66, 63]. However, this origin
is not so apparent and simple in the case of Gd-based FiM as compared to Tb-based FiM
[20, 21, 19].

Structural origin of PMA in RE-TM and the exception of
Gd-based ferrimagnet

PMA in RE-TM ferrimagnet is mainly due to the pairings of unlike atoms in the out-of-plane
direction as compared to the pairings of like atoms in the in-plane direction. As a result,
the overlap between the relevant orbitals of the RE atom and TM atoms for ferrimagnetic
coupling is very important to induce PMA. In RE-TM ferrimagnetic alloy, the magnetic
moment in the RE atom arises from the 4f shell whereas the the magnetic moment in the TM
atom arises from the 3d shell. The antiferromagnetic coupling between the two sublattices
are through an indirect exchange interaction between the 4f shell of the RE atom and the
3d shell of the TM atom through 5d shell of the RE atom. Since the 4f shell give rise to
the magnetism from the RE atom, the filling of the 4f shell may be crucial to the magnetic
anisotropy. Combining the orbital picture and the growth-induced mechanism, fully filled 4f
shell in Gd does not provide any directionality as compared to the partially filled 4f shell in
Tb. Because of this asymmetry in 4f shell filling in Tb, PMA has been shown to be more
robust in TbCo as compared to GdCo [21]. This also means that it is more likely for GdCo
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to possess canted magnetic anisotropy even though the concentration of GdCo is projected
to have PMA.

Consequently, there is an opportunity to tune the PMA and canting of the magnetic
anisotropy in GdxCo100−x FiM through tuning both its chemical structure and atomic or-
bital fillings. During my study of GdxCo100−x FiM thin films, I found that the magnetic
anisotropy of certain GdxCo100−x thin films change over time even though with a 2.5 nm
of Pt capping layer to prevent oxidation. In some cases, the magnetic anisotropy changes
from a canted state (appreciable hysteresis opening and remanence in both in-plane and
out-of-plane directions) to fully PMA. In other cases, the PMA films transform into fully
in-plane. The time length of such change is around more than 6 months to a few years.
This indicates that very slow and trace amount of oxygen can tune the magnetic property
especially the magnetic anisotropy direction. A small amount of oxygen incorporation dur-
ing growth of GdxCo100−x can also lead to much stable PMA which has been shown by the
Hellman group in the past [20, 21]. I then ask the question: Can GdxCo100−x thin films
possess tunable magnetic anisotropy through engineering the oxygen content in
a systematic way?

Sample and device preparation

To study in a systematic way, canted GdxCo100−x are deposited via co-sputtering of elemental
Gd and Co targets with base pressure around 1e-8 Torr prior to deposition. The canted
GdxCo100−x thin films are deposited on thermally oxidized silicon substrate with 8 nm Ta
as the underlayer and capped with 2∼2.5 nm Pt to prevent fast oxidation (see Fig. 5.2a).
In this study, three samples (sample-45, sample-56 and sample-13) with different anisotropy
canting angles are obtained with the as-deposited nominal Gd concentrations to be around
24∼25% (see Table 5.1), which is close to the magnetic compensation point[187, 16, 84]. Hall
bar devices are patterned onto these thin films through standard lithography and ion-milling
technique similar to the two previous chapters (Appendix C).

Thin film magnetometry on canted GdxCo100−x

The thin film magnetometry conducted under room temperature on sample-45 reveals an
exchange spring behavior and a large canting of magnetic anisotropy (see Fig. 5.2b). The
magnetization hysteresis loops taken along the OOP and IP directions show comparable
remanent magnetization in both directions indicating a large canting and the total effective
anisotopry is close to none. Not only the remanent magnetization is comparable, but also a
two-phase switching characterized by a small coercive field and a large coercive field can be
observed in both IP and OOP directions. This two-phase switching indicates the GdxCo100−x

layer is most likely composed of a soft magnetic layer and a hard magnetic layer, which is
a signature of exchange-spring behavior [19]. This phenomenon has also been observed in
other RE-TM ferrimagnetic systems such as TbCo especially when the thickness is ultrathin
(< 10 nm) [19]. In TbCo, the first 2 nm layer is composed of a soft low-density magnetic
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Table 5.1: Magnetic properties of canted GdxCo100−x moments with different magnetic cant-
ing angle in this study.

layer. The sequential layers deposited are much denser and harder magnetic layers. The
coexistance of soft and hard magnetic layer in RE-TM ferrimagnetic alloy that are exchange
coupled serve as a great exchange spring system to engineer a tunable anisotropy tilting
through controlling the concentration, growth condition, underlayer and overlayer [19, 177].
Here, in GdxCo100−x this effect can be amplified due to the symmetric filling of the 4f shell
in Gd compared to Tb mentioned earlier in this section.

Characterization of the magnetic anisotropy direction via
angle-dependent anomalous Hall effect transport measurement

In order to quantify the anisotropy canting angle of each sample, we present a new way of
characterizing anisotropy canting angle through anomalous Hall effect (AHE) measurements
with the field direction to be a function of angle between z-axis and x-axis (see Fig. 5.2c
inset). Most often for thin film magnets, the magnetic easy-axis is either strictly in-plane (θB
= 90◦) due to the shape anisotropy or strictly out-of-plane due to strong interfacial or bulk
PMA (θB = 0◦). In our case, due to large canting of the magnetic anisotropy, the easy-axis
will be between 0◦ and 90◦. In a typical AHE measurement, when the field is applied in the
magnetic easy-axis, the AHE hysteresis will behave as constant resistance values above the
two coercive fields (Bc) and the switching between the two constant resistance values occurs
upon crossing the coercive fields. In the case of the field being applied in the magnetic hard-
axis, the AHE hysteresis curve is a sloped line with minimal hysteresis opening below the
anisotropy field before the moments are saturated. This is because there are magnetization
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Figure 5.2: a, The magnetic heterostructure under study. Ta (8 nm) bottom layer as spin
Hall source for switching experiments, 10 nm GdxCo100−x as the ferrimagnet with canted
magnetic anisotropy and 2 nm Pt capping. b, Magnetization hysteresis of sample-45 shows
that Gd24.7Co75.3 is close to magnetic compensation at room temperature characterized by
the small saturation magnetization. Exchange spring behavior can be observed in both
directions with IP direction being more pronounced. c, Linear fit to the field region above
the coercive field to obtain the slope in angle dependent anomalous Hall effect field sweep
measurement. For θB = 45◦, the slope is nearly zero. Inset, angle (θB) dependent AHE
measurement setup schematics and Hall bar device geometry. θB is defined from the z-axis
toward the x-axis. d, Slope of the high field region as a function of external field angle from
the z-axis. With this technique, the canting angles θB are found to be 45 ◦ for sample-45
where the slope is the minimum.
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Figure 5.3: a, Full data set of angle dependence anomalous Hall effect field scan from 0◦(out-
of-plane) to 90◦ (in-plane) in sample-45. b, ∆RAHE amplitude at zero field in sample-45

which its easy-axis does not align with the field direction thus as the field increases these
magnetization are pulled into the field direction and away from their magnetic easy-axis.
However, when the external field direction is aligned with the magnetization easy-axis, the
slope in the higher field region (above Bc) should be close to zero since all moments are
saturated. As a result, when the AHE measurements are done with the field applied in a
direction between the easy-axis and the hard-axis, the superposition of the AHE hysteresis
from both cases (easy axis and hard axis) occurs and the AHE resistance should be a sloped
line in the region above the coercive fields.

We patterned the thin films into Hall bar devices and carried out the angle dependent
AHE measurement on sample-45. In Fig. 5.2c and Fig. 5.3a, a series of AHE hysteresis loop
measured at different field directions θB are shown. In the region above the coercive fields,
the slopes of the curve decreases in magnitude as the field direction approaches 45 degrees
and once it crosses 45 degrees, the slope magnitudes begin to increase again (see Fig. 5.2d).
By fitting a line to the region above the coercive fields (see Fig. 5.2c), we are able to find the
angle at which the minimum slope is obtained. In sample-45, the minimum slope is found
to be at 45 degrees away from the z-axis (see Fig. 5.2d). This confirms that the magnetic
easy-axis in sample-45 is indeed largely canted from the typical IP or OOP directions.

Tuning of magnetic anisotropy through oxygen plasma treatment

As oxygen content can potentially influence magnetic anisotropy, I conducted an experiment
involving the gradual treatment of devices patterned on GdxCo100−x with a concentration
close to compensation. These devices did not exhibit significant magnetic anisotropy canting
or perpendicular magnetic anisotropy (PMA); instead, they showed an in-plane anisotropy
to start with. To introduce oxygen, a gentle oxygen plasma treatment was employed, con-
sidering that oxidation in the ambient environment over extended periods with a 2 nm Pt
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Figure 5.4: Tuning the magnetic anisotropy in GdxCo100−x heavy metal heterostructure
through oxygen plasma treatment.

capping layer should occur at a slow pace, resulting in only a mild amount of oxygen in the
film.

Oxygen plasma is done in a Technics PE II-A plasma etched with oxygen pressure of 180
mTorr and 50W RF power. The chuck is at 50 degrees C. The magnetic anisotropy is char-
acterized by the anomalous Hall effect resistance as a function of the out-of-plane magnetic
field Bz. In Fig. 5.4, the device started with a strong in-plane anisotropy characterized by
the hard-axis line without any hysteresis opening since AHE is only sensitive to the out-of-
plane component of the magnetization. With longer exposure to oxygen, the shape of the
AHE curve changes from the hard-axis line to a small opening of the hysteresis (110s) and
more pronounced curvatures near the zero field region. Between 380s and 470s of oxygen
plasma treatment, the large portion of the magnetization in GdxCo100−x transformed into
having strong out-of-plane anisotropy. This shows that magnetic anisotropy in GdxCo100−x

can be easily tuned via low power oxygen plasma treatment.
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5.3 Field-free spin-orbit torque switching

With the magnetic anisotropy canting angle quantified, we first performed the spin-orbit
torque switching experiments to realize the possibility of SOT switching in the absence of
a symmetry breaking field on the canted GdCo samples (experimental method is similar
to section 3.8). We performed pulsed current measurements (200 µs) on Hall bar devices
(see Fig. 5.5a) with anomalous Hall effect as the voltage readout mechanism to probe the
magnetic state of the canted GdCo moments. Before we applied the current pulses, a large set
field in the z-direction (Bset,z = ±100 mT) was applied to initialize the magnetic moments to
a known state. After the moments are initialized, the large set field is removed. The current
pulse amplitude sequence for studying the SOT switching behavior in Fig. 5.5 starts from
a large negative current value (-27 mA) above the critical switching threshold and traverses
to the positive critical switching current value (+27 mA) and back to the negative critical
switching current value with a hysteresis profile.

SOT switching curves from sample-45 without symmetry breaking fields are shown in Fig.
5.5b. Switching between two magnetic states are observable, which confirms the field-free
switching behavior in largely canted GdCo moments. In addition to the field-free switching,
the ∆RAHE appears to be dependent on the initialization direction with the case of Bset,z =
+100 mT having a larger ∆RAHE and the switching chirality is independent of the initial-
ization direction. This indicates that the symmetry breaking caused by the canting is fixed
in a particular direction but the strength of the canting is dependent on the initialization
direction. The difference in ∆RAHE is amplified under certain combination of Bset,z and Bx.
In Fig. 5.5c and 5.5d, the switching curves were obtained with ± 2.5 mT symmetry breaking
fields during the switching experiments and the magnet was initialized with Bset,z = ± 100
mT. From these four switching curves, we can confirm that the effective canting field in
GdxCo100−x is in the direction of −x since the switching chirality is the same between the
case of Bx = 0 and the case of Bx = -2.5 mT. By comparing the four curves, the switching
chirality is consistent with the symmetry breaking field sign. However, for the case of [Bz,set,
Bx] = [+ 100 mT, + 2.5 mT] (see Fig. 5.5c), the ∆RAHE is highly suppressed compared
to the rest of the three switching curves. While it is expected that a positive Bx may par-
tially cancel out the canting since the effective canting field is in the −x direction, it is not
immediately clear on the Bz,set dependence of ∆RAHE suppression.

5.4 Rich switching phenomena by spin-orbit torque

In-plane symmetry breaking field dependence SOT switching

In order to better understand how the symmetry breaking field (Bx) and the initialization
conditions affect the canting of the anisotropy during SOT switching, I repeated the switching
experiment over a series of Bx for both initialization cases Bset,z = ± 100 mT (see Fig. 5.6).
In Fig. 5.6, all RAHE loops are plotted as they are without any centering or normalization
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Figure 5.5: a, Schematics for switching experiment configuration on the Hall bar device. b,
Spin-orbit torque switching without a symmetry breaking field on sample-45 with anomalous
Hall effect resistance (RAHE) as the readout. Clear switching of the canted moments for both
initialization conditions Bset,z = +100 mT and -100 mT is apparent with the case of Bset,z =
-100 mT having a smaller ∆RAHE. Start of the current pulse is denoted with a green arrow
in both cases (dashed for Bset,z = -100 mT). c, d, Spin-orbit torque switching of canted GdCo
moment in sample-45 with initialization field of ±100 mT and Bx = ± 2.5 mT. Start of the
current pulse is denoted with a red arrow in both cases (dashed for Bx = +2.5 mT).
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since the DC offsets of the RAHE are dependent on Bx. For moments initialized by +100
mT, clear switching due to SOT can be clearly seen in all symmetry breaking fields (see
Fig. 5.6a). However, reduced ∆RAHE are present for Bx = 1 mT and 2.5 mT (See Fig.
5.6a and 5.6c), indicating partial switching. This can be due to the canting effective field
being cancelled by the externally applied in-plane field (Bx). The effective canting field from
Fig. 5.6a is between 1 and 2.5 mT in the direction of −x̂. This is further supported by the
fact that the switching chirality changed between +1 mT and + 2.5 mT. In a usual SOT
switching framework without any canting in the anisotropy[208, 207], switching chirality
reverses when the sign of the symmetry breaking field reverses. However, in Fig. 5.6a, the
switching chirality did not reverse upon crossing the zero symmetry breaking field, instead,
the chirality reversed between +1 and +2.5 mT. As for the moments initialized by -100 mT
(see Fig. 5.6b and 5.6d), similar switching behavior is observed as the case of Bset,z = +100
mT. However, the field where the switching chirality reverses is reduced to be between 0 and
+1 mT with the ∆RAHE to be heavily diminished at Bx = +1 mT.

From the Bx dependent switching experiment (see Fig. 5.6), we found the effective
symmetry breaking field due to canting is between 0 and 2.5 mT in the −x̂ direction and it
is also dependent on the initialization direction (±ẑ) with Bset,z = +100 mT yielding a larger
canting effective field. This can be self-consistently observed in the amplitude of the ∆RAHE

at zero symmetry breaking field. Since the canting is weaker when the magnetic state is
set with a - Bz compared to + Bz, this means it is more difficult to achieve deterministic
switching in the cases of - Bz. As a result, the ∆RAHE at Bx = 0 will be smaller for the case
of Bset,z = -100 mT. This also explains the diminished ∆RAHE in Fig. 5.5c for the case of
[Bx = 2.5 mT, Bset,z = + 100 mT]. Another observation from this experiment is the flatness
of the up and down magnetic states in the switching curves as a function of the symmetry
breaking field. Regardless of the initialization field direction, the magnetic state that is
set by a positive current in both switching chirality is always sloped in the current sweep
direction that goes from positive to negative. This is visible in the up state for Bx ≤ −2.5
mT and the down state for Bx ≥ 2.5 mT in Fig. 5.6a, 5.6c. This has been observed in
the AFM / FM bilayer system with in-plane exchange bias field acting on the FM with
PMA in past studies[53]. The fact that this behavior only shows up in one magnetic state
rather than both can be due to the exchange spring effect, also the ratchet effect in SOT
which is asymmetry in the magnetic state stability[78]. In addition to the observations in
Fig. 5.6, we repeated the Bx dependent switching experiment with + 27 mA instead of - 27
mA in both initialization cases ± 100 mT (Fig. 5.7) and found even more distinct features.
By starting the current pulse sequence from + 27 mA, we found that for Bset,z = 100 mT
case, a gap in RAHE exists when the SOT tries to switch the canted moments back to the
initial state for Bx ≥ 5 mT. Similar behavior can be observed in the case of Bset,z = -100
mT when Bx ≤ −2.5 mT while the rest of the switching curves resemble the case in Fig.
5.6 correspondingly. To try to understand such gap in RAHE, we carried out more in-depth
switching experiments.
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Figure 5.6: In-plane symmetry breaking field (Bx) dependence on SOT switching of GdCo
moments with 45◦ anisotropy canting angle (sample-45). a, b, SOT switching curves with
varying symmetry breaking field (Bx) from -10 mT to 10 mT. Before each switching ex-
periment, initialization field (Bset,z) +100 mT and -100 mT was applied to initialize the
moments into a known state, respectively. c, d, Extracted information of each switching
curve as as function of symmetry breaking field for the case of Bset,z = + 100 mT and - 100
mT respectively. We extracted the ∆RAHE of maximum and minimum RAHE throughout
the entire switching curve, the ∆RAHE of RAHE at the zero current crossing, the minimum
RAHE, and the maximum RAHE.

Tunable multistate switching and SOT ratchet effect

Ratchet effect in SOT is manifested in the asymmetry of SOT switching via a variety of
transport signatures. It is mentioned in the previous section that only one magnetic state is
sloped which is always set by the positive current in Fig. 5.6a and 5.6b. Another signature of
SOT ratchet effect is the sharpness of the switching between the two magnetic states. This is
usually more prominent in system with higher saturation magnetization such as IrMn/CoFeB
systems[78], nevertheless, it is still observable here in GdxCo100−x. In Fig 5.6a and 5.6b, for
switching curves with decent switching amplitude (—Bx— > 1 mT), the amount of ∆RAHE

per unit current density increase is larger when switching with positive current regardless of
the chirality (down to up state for -Bx and up to down state for +Bx). In canted GdxCo100−x,
ratchet effect in SOT can be more complex where exchange spring effect shows up in both
in-plane and out-of-plane magnetic component. Since the initialization field direction affects
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Figure 5.7: In-plane symmetry breaking field (Bx) dependent switching curves with starting
current value of + 27mA and initial set field (Bset,z) of +100 mT and -100 mT in sample-45.
a,b, The ∆RAHE for [Bx = ±7.5 mT, Bz,set = 100 mT] is 1.124 Ohms, which is very similar
to the ∆RAHE value (1.064 Ohms from Fig. 5.3b) from the field sweep AHE hysteresis loop.
c, d, Extracted information of each switching curve as as function of symmetry breaking field
for the case of Bset,z = + 100 mT and - 100 mT respectively. We extracted the ∆RAHE of
maximum and minimum RAHE throughout the entire switching curve, the ∆RAHE of RAHE

at the zero current crossing, the minimum RAHE, and the maximum RAHE.

the SOT switching behavior including the effective canting field amplitude and the difference
in ∆RAHE from the Bx dependent switching experiment, it is important to understand what
the magnetic state (RAHE) has been set to by the initialization field (Bset,z) before applying
a large current pulse to switch the magnetic moments. As a result, we performed the Bx

dependent switching experiment with a starting current that is small so the SOT is negligible
and the initial magnetic state can be probed. Interestingly, the large initial set field Bset,z

sets the magnetic moments into a state that is not reachable by SOT (see Fig. 5.8) and this
initial state is successfully initialized to the same state regardless of the symmetry breaking
field applied during the switching experiment. This consistent initial state is quantitatively
characterized by the constant RAHE value (Rmin for Bset,z = 100 mT and Rmax for Bset,z =
- 100 mT) in Fig. 5.8c and 5.8d. Thus, an additional state is visible and this irreversible
behavior manifests a similar SOT ratchet effect in a single layer RE-TM ferrimagnetic alloy
as in AFM/FM systems[58, 192, 78].

The multistate and SOT ratchet effect can be observed in certain combinations of Bset,z
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Figure 5.8: Tunable multi-magnetic state switching and SOT ratchet effect as a function
of (Bx) and (Bset,z). a,b, SOT switching curve with varying external symmetry breaking
field (Bx) and initialization with Bset,z of +100 mT and -100 mT respectively. Current pulse
sequence starts from a small negative current (-1 mA) then traverses in the negative direction
to the negative critical switching current and back to the positive critical current density
then stops at a small positive current (+1 mA). c,d, Extracted information of each switching
curve as as function of symmetry breaking field for the case of Bset,z = + 100 mT and - 100
mT respectively. We extracted the ∆RAHE of maximum and minimum RAHE throughout
the entire switching curve, the ∆RAHE of RAHE at the zero current crossing, the minimum
RAHE, and the maximum RAHE.

and Bx in our study. In Fig. 5.8a, the initial magnetic states are consistently set to the
lowest RAHE value around −0.25 Ohms by Bset,z = + 100 mT across all the different Bx-
dependent scans and in Fig. 5.8b, the initial magnetic states are set to the highest RAHE

value consistently as well. Here, there are two observations we would like to point out and
they are differentiated by the switching chirality. In the first observation, we focus on the
switching curves set by Bx ≥ 2.5 mT with Bset,z = 100 mT and Bx ≤0 mT with Bset,z =
- 100 mT (Fig. 5.8a and 4b). In these cases, the current pulse amplitude increases to the
first critical current value where SOT is strong and the magnetic state is switched to the
opposite direction away from the initial state. The reverse switching occurred upon reaching
the second critical current with opposite sign. However, the canted moments did not switch
back to the original RAHE state set by the large initial field for cases of Bx ≥ 2.5 mT in
Fig. 5.8a and Bx ≤ 0 mT in Fig. 5.8b. Instead, the RAHE state set by the SOT is near the
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Figure 5.9: Superposition of spin-orbit torque switching curves with varying starting current
amplitude of the pulsing sequence. a, Superposition of the switching curves with varying
starting current pulse train amplitude obtained with no symmetry breaking field and ini-
tialization field of Bz,set = + 100 mT. b, with Bx = + 2.5 mT and Bz,set = + 100 mT. All
curves are plotted as measured without normalization, DC shift or any further processing.
Multistate behavior can be observed by starting with a small current pulse amplitude and
gradually traverse to large current amplitudes to observe the SOT switching. It is also clear
that the large initialization z-field sets the magnetic state to the same state in the curves
obtained by starting with a small current amplitude.

mid-point of the full RAHE curve, exhibiting a ratchet behavior.
More interestingly, this ratchet effect exists for both switching chiralities. For the first

observation, ratchet switching is defined in the fashion that the first critical current switched
the RAHE state away from the initial state to the opposite state and when the current
amplitude reaches the second critical current with opposite sign, the RAHE state that is set
by the SOT does not return to the initial RAHE state set by the large magnetic field. For
the second observation, we focus on the switching curves of Bx = −2.5 ∼ 1 mT with Bset,z

= 100 mT and Bx = 1 ∼ 5 mT with Bset,z = - 100 mT. In this case, we still observe the
multistate even though the first critical current sign already favors the initial magnetization
state direction. Upon reaching the first critical current, the RAHE state is set to a different
value from the initial RAHE and once the current reaches the second critical current with
opposite sign, the RAHE state is switched to the opposite magnetic state. In fact, as the
symmetry breaking field becomes stronger, the middle RAHE state that is set by the first
critical current shifts into the RAHE state that is set by the second critical current value
and the multistate is absent. This shows that the middle RAHE state can be tuned by the
external symmetry breaking field.

If we disregard the initial magnetic state in Fig. 5.8, the middle RAHE is essentially the
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Figure 5.10: In-plane symmetry breaking field (Bx) dependent switching curves with starting
current value of + 1mA and initial set field (Bset,z) of +100 mT and -100 mT that exhibits
the three different switching magnetic states in sample-45. a, The ∆RAHE between the top
and middle states for [Bx = 7.5 mT, Bz,set = 100 mT] is 1.065 Ohms, which is very similar to
the ∆RAHE value (1.064 Ohms) from the field sweep AHE hysteresis loop (from Fig. 5.3b).
The ∆RAHE between the top and bottom states for Bx = 7.5 mT, Bz,set = 100 mT] is 1.241
Ohms, which is slightly above the ∆RAHE value (1.064 Ohms) from the field sweep AHE
hysteresis loop. b, The ∆RAHE between the top and middle states for [Bx = - 7.5 mT, Bz,set

= - 100 mT] is 1.132 Ohms, which is very similar to the ∆RAHE value (1.064 Ohms) from
the field sweep AHE hysteresis loop. The ∆RAHE between the top and bottom states for
Bx = 7.5 mT, Bz,set = 100 mT] is 1.239 Ohms, which is slightly above the ∆RAHE value
(1.064 Ohms) from the field sweep AHE hysteresis loop. c, d, Extracted information of each
switching curve as as function of symmetry breaking field for the case of Bset,z = + 100 mT
and - 100 mT respectively. We extracted the ∆RAHE of maximum and minimum RAHE

throughout the entire switching curve, the ∆RAHE of RAHE at the zero current crossing,
and the minimum RAHE.
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bottom (top) state for the case of Bset,z = +100 mT (-100 mT) in Fig. 5.6. To facilitate
the comparison, the superposition of the switching curves obtained with different starting
current values but same symmetry breaking field and initialization field is plotted in Fig. 5.9.
The two states achieved by the SOT with a large starting current is exactly overlapping on
the part where the middle state and the final state is achieved by the SOT in the curve with
the multistate (see Fig. 5.9). By calculating the ∆RAHE for [Bx, Bset,z] = [7.5 mT, 100 mT]
and [−7.5 mT, −100 mT] in Fig. 5.8, we obtain ∆RAHE = 1.26 and 1.25 Ohms respectively
(see Fig. 5.8c, and 4d). If we further compare these values to the ∆RAHE at zero field (1.064
Ohms), obtained by multiplying the AHE field sweep hysteresis loop in the z-direction by

√
2

since it is detected by a lock-in amplifier (See Fig. 5.5b and methods), we find very similar
values. This indicates that SOT either fully switched or very close to fully switched the
canted moments from its initial state set by the large Bset,z to the opposite state resulting in
a ∆RAHE close to the ∆RAHE obtained by field sweep where the moments are fully saturated
in the z-direction. However, only partial switching can be obtained when the moments are
switched back resulting in the presence of a middle state in Fig. 5.8 thus the ratchet effect.
This phenomenon suggests the presence of fixed effective fields due to canting in both the
in-plane and the out-of-plane direction. The change of the RAHE under different [Bx, Bset,z]
condition in Fig. 5.8 is the result of both the in-plane and the out-of-plane components of
the canted GdCo moments are being manipulated by the SOT and the switching dynamics of
both components are affecting each other, potentially due to the exchange spring effect. For
completeness and repeatability, the symmetry breaking field dependence switching curves
of conditions [Istart = +1mA, Bset,z = 100 mT] and [Istart = +1mA, Bset,z = -100 mT] are
shown in Fig. 5.10 and the results are consistent and symmetric to the cases in Fig. 5.8.

5.5 Effect of canting angle on various SOT switching

phenomena

From the SOT switching results on sample-45, it is shown that strong magnetic anisotropy
canting can lead to different switching phenomena such as ratchet effect, field-free switching,
and multistate switching. Here we further explore the effect of canting angle on the various
switching phenomena.

Canting closer to in-plane

Two other samples with different canting angles are shown in Fig. 5.11 (56.25◦) and Fig.
5.12 (13.5◦). Sample-56 has a much larger saturation magnetization (Fig. 5.11a) and the
canting angle (56.25◦) is closer to in-plane (Fig. 5.11c). For sample-56, the two-phase
switching in the magnetometry data is weaker but still observable especially in the OOP
direction (Fig. 5.11a). Although the anisotropy is closer to being in-plane thus the smaller
squareness (Mr / Ms), the field-sweep AHE curve still exhibits a clear hysteresis (Fig. 5.11b).
However, the SOT switching curve does not exhibit a strong two-state switching, instead, a
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Figure 5.11: SOT switching of canted GdCo moments with magnetic canting angle of 56
degrees (sample-56). a, Thin film magnetometry of sample-56. b, Angle-dependent anoma-
lous Hall effect measurement and the linear fit to data above the coercive field region for
obtaining the slope. c, Slope in the field region above the coercive field as a function of field
angle. The minimum of the slope resides at 56.25◦ from the z-axis. d-e, Spin-orbit torque
switching curve with starting current value of -27 mA. The four different switching curves
are obtained with four different combination of initialization field (± 100 mT) and symmetry
breaking field (± 2.5 mT). f, Spin-orbit torque switching curve with starting current vlaue
of -27 mA without a symmetry breaking field. The two curves shows the dependence of
initialization direction. g, SOT switching curves with varying external symmetry breaking
field (Bx) and initialization with Bset,z of +100 mT. Current pulse sequence starts from a
small positive current (+1 mA, red arrow) then traverses in the positive direction following
the rest of the black arrows. h, We extracted the ∆RAHE of maximum and minimum RAHE

throughout the entire switching curve, the ∆RAHE of RAHE at the zero current crossing, the
minimum RAHE, and the maximum RAHE.
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very gradual switching curve as a function of current amplitude is observed (Fig. 5.11d and
5e). This is mostly due to the weak PMA of sample-56 since the readout of the magnetic
state is through the anomalous Hall effect. Interestingly, among the two different switching
conditions [Bz,set= - 100 mT, Bx=± 2.5 mT], the ∆RAHE of the case [Bx= + 2.5 mT] is
highly suppressed but largely enhanced for the case [Bx= - 2.5 mT] (Fig. 5.11d). This is
similar to sample-45 (Fig. 2c) where ∆RAHE is suppressed for the case of [Bz,set= + 100
mT, Bx= + 2.5 mT] but the discrepancy between the opposite sign of Bx is enhanced with
a larger canting angle (sample-56). For the cases of [Bz,set= + 100 mT, Bx= ± 2.5 mT] in
sample-56, the ∆RAHE is comparable regardless of the symmetry breaking field and also the
chirality switches accordingly which is the same as the case [Bz,set= - 100 mT, Bx= ± 2.5
mT] (Fig. 5.5d) in sample-45.

While it is expected that very minimal magnetic switching can be observed in sample-
56 without a symmetry breaking field due to the weak PMA, a non-zero hysteresis is still
observed at zero symmetry breaking field (Fig. 5.11f). In addition, the switching chirality
is fixed regardless of the initialization field (Fig. 5.11f), which is also similar to the zero-
field switching result in sample-45 (Fig. 5.5b). The opposite sign of the curvature in the
two switching curves (Fig. 5.11f) is most likely due to the IP moments that are initialized
by the opposite perpendicular field. Here, we also observed a minimal hysteresis opening
at Bx = 1 mT which indicates that the canting effective field is close to 1 mT and also
the switching chirality changes upon crossing Bx = 1 mT. Next, we investigate how the
canting angle affects the multi-state switching and ratchet effect. Clearly, the ratchet effect
persists in all the switching curves with different Bx (Fig. 5.11g) and the main difference
from sample-45 is that the initial magnetic state (RAHE)is no longer constant (Fig. 5.8)
across the different symmetry breaking fields in sample-56. In fact, the initial state Rmin

(Fig. 5.11h) is symmetric against Bx = 0. As for the ratchet effect, it is clear that once the
SOT switches the moments to the other direction, the opposite SOT sign does not switch
the moments back to their initial state Rmin (Fig. 5.11g). Due to the weak PMA in sample-
56, effective canting field is smaller (between 0 ∼ 1 mT) than sample-45 across all the sets
([Bz,set, Bx]) of switching curves.

Canting closer to out-of-plane

Next, we investigate the effect of a much weaker canting on the switching phenomena. A
strong PMA can be obtained with clear exchange spring behavior from the magnetometry
measurement in the OOP direction for single-shot co-sputtered GdCo with its composition
close to the magnetic compensation - sample-13 (Fig. 5.12a). From the angle-dependent
AHE field sweep measurement (Fig. 5.12b, 6c), the canting angle is close to 13◦. The
discrepancy of ∆RAHE between the two Bx = ± 2.5 mT switching curves, when the moments
are initialized by Bz,set = - 100 mT, is observable but much smaller (Fig. 5.12d) compared to
sample-45 (Fig. 5.5b) and sample-56 (Fig. 5.11d). As for the other initialization case (Bz,set

= + 100 mT), the ∆RAHE are the same between the two Bx = ± 2.5 mT switching curves
and their chiralities behave as expected correspondingly (Fig. 5.12e). Due to the weaker
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Figure 5.12: SOT switching of canted GdCo moments with magnetic canting angle of 13
degrees (sample-13). a, Thin film magnetometry of sample-13 via vibrating sample magne-
tometer. b, Angle-dependent anomalous Hall effect measurement and the linear fit to data
above the coercive field region. c, Slope in the field region above the coercive field as a func-
tion of field angle. The minimum of the slope resides at 13.5◦ from the z-axis. d-e, Spin-orbit
torque switching curve with starting current value of -28 mA. The four different switching
curves are obtained with four different combinations of Bset,z=± 100 mT and Bx=± 2.5
mT). f, SOT switching curve with starting current value of -27 mA without a symmetry
breaking field. The two curves shows the dependence of initialization direction. g, SOT
switching curves with varying external symmetry breaking field (Bx) and initialization with
Bset,z of -100 mT. Current pulse sequence starts from a small negative current (-1 mA) then
traverses in the negative direction following the black arrows. h, Extracted information of
each switching curve as as function of Bx for the case of Bset,z = + 100 mT. We extracted
the ∆RAHE of maximum and minimum RAHE throughout the entire switching curve, the
∆RAHE of RAHE at the zero current crossing, the minimum RAHE, and the maximum RAHE.
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canting and strong PMA, minimal switching is observed at zero symmetry breaking field
(Fig. 5.12f) and the switching chirality is again fixed. Although the canting is weak, clear
SOT ratchet effect is observable across the different symmetry breaking field switching loops
(Fig. 5.12g). However, due to the strong PMA and weak canting, the switching curves and
multistate behavior are less tunable across the different in-plane symmetry breaking fields.
For example, in sample-45, the switching curves as a function of in-plane field (Bx) resided
in the RAHE range of 0 to 0.5 Ω for Bx = -10 mT and as Bx increases, the switching curve
moved up in RAHE values and end up in the range of 0.5 to 1.2 Ω for Bx = + 10 mT. This
can be characterized by the Rmin (Fig. 5.6d) and Rmax (Fig. 5.6d) in Fig. 5.6b. This is not
the case for sample-13 where the switching curves do not move up by more than 0.125 Ω
from Bx = -10 mT to + 10 mT in Fig. 5.12g and characterized by Rmin in Fig. 5.12h.

Spin-orbit torque memristor switching

The possibility of the memristor behavior[53, 211] in sample-13 is also studied since the strong
PMA can lead to much easily observable SOT switching loops and RAHE value changes. Due
to the strong exchange spring effect in the OOP direction and the small canting, GdCo in
sample-13 serves as an equivalent system as AFM/FM which possess a small canting from
the exchange bias and the exchange spring behavior from the coupling between pinned
interface AFM moments and FM moments. Indeed, the memristor behavior can be observed
in sample-13 with a small symmetry breaking field to assist full switching (Fig. 5.13). In
addition, the spacing between the RAHE states achieved by the different Imax values can be
tuned by the symmetry breaking field strength.
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Figure 5.13: Memristor behavior in sample-13 with small magnetic canting and strong per-
pendicular magnetic anisotropy. Switching curve as a function of maximum current ampli-
tude in the current pulse train with symmetry breaking field of Bx = (a) -5 mT, (b) +5
mT, and (c) +10 mT are shown. As expected, with a smaller symmetry breaking field, the
increment of ∆RAHE is smaller per unit increase in Imax by comparing Fig. S7b and S7c.
Moreover, the onset of nonzero ∆RAHE is lower with higher symmetry breaking field. In
Fig. 5.13c, switching hysteresis opens up at 17 mA for Bx = +10 mT as compared to 20
mA for Bx = +5 mT.
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Chapter 6

Pure voltage-driven magnetic
switching via resonant tunneling
interlayer exchange coupling

6.1 Foreword and motivation

Magnetism is inherently a current-driven phenomenon from moving charges creating an
Oersted magnetic field to an electron possessing spin angular momentum that carries a
finite magnetic moment. Unlike most electronic devices such as transistors, capacitors or
diodes where the device operations are governed by the electric field applied to the device,
magnetic devices are operated by magnetic fields which naturally arise from a current. From
a intrinsic standpoint, electric field does not break time-reversal symmetry. As a result,
there is no way for an electric field to change the relative energy barrier between the two
stable magnetic field without breaking the time-reversal symmetry. In most experiments that
was able to achieve a bi-directional switching via voltage or electric field, a magnetic field is
required [170, 206]. Consequently, it has been extremely challenging to achieve bi-directional
magnetization switching by only applying an electric field across a ferromagnet thin film, or
even a magnetic tunnel junction. However, there is significant progress in understanding how
magnetic material and devices respond to an electric field such as voltage-controlled magnetic
anisotropy (VCMA) [121, 198], voltage-controlled exchange coupling (VCEC) [212, 228], and
multiferroic switching [68].

VCMA is driven by the modulation of carrier densities between majority and minority
spins near the surface of ultrathin ferromagnetic films since most transition metal ferromag-
nets are metallic so the electric field does not penetrate deep [176]. With the occupation of the
majority and minority spin bands modulated, magnetic properties including the anisotropy
energy and coercivity are changed. While lowering the anisotropy energy is useful for reduc-
ing the critical switching current density via STT or SOT effects [228], a full bi-directional
switching driven by purely electric field is still not achievable.
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Figure 6.1: Schematic of the rhombohedral bismuth ferrite crystal structure. The directional
switching of the ferroelectric polarization coupled with the magnetic moment switching is
also drawn. Graph adapted from Proceedings of the Royal Society A: Mathematical, Physical
and Engineering Sciences. [156]

On the other hand, only two mechanisms in very specific materials have demonstrated
the ability to achieve bi-directional magnetic switching without a magnetic field or other
spin current contributions. The first one is the multiferroic material system with BiFeO3 as
the seminal model material [68, 156]. In BiFeO3, both ferroelectricity and ferromagnetism
are present and closely coupled together. In the ground state, BiFeO3 is an antiferromagnet
with canted magnetic moments arising from the Dzyalozhinski–Moriya interactions (DMI).
One can further engineer for non-zero magnetic moments by strain engineering via epitaxial
thin film growth [156]. In Fig. 6.1, we can see that upon the 180◦ polarization switching, the
magnetic moment is also switched in 180◦ but remains perpendicular to the ferroelectic po-
larization. The underlying physical interaction and the rise of ferromagnetism is beyond the
scope of this chapter but readers are recommended to read selected reviews on multiferrorics
such as [48, 179, 156]. Nevertheless, through multiferroric materials, direct magnetization
switching via an electric field is possible but is limited to efficienct multiferroic materials
with strong coupling between ferroelectric polarization and ferromagnetic magnetization.

The second mechanism is the VCEC mentioned earlier [212]. VCEC is the electric-field
modulation of interlayer exchange coupling (IEC) strength and sign between two ferromag-
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netic layers separated by a non-magnetic (NM) metallic spacer - synthetic antiferromagnet
(SAF). In SAF structures, the adjacent ferromagnetic layers couple either ferromagnetically
or antiferromagnetically depending on the (NM) spacer layer thickness. This SAF layer is
often used in MTJs to exchange couple to a reference ferromagnetic layers for pinning this
layer so it is not easily switched through STT, SOT, or small magnetic fields. Since the
exchange coupling sign and strength can be tuned through varying the NM spacer thickness
in a SAF structure, previous works [133, 206, 212] have shown that the effective thickness of
the spacer layer or ferromagnetic layer can be effectively tuned by an electric field. This is the
foundation of VCEC. By tuning the effective thicknesses of the NM spacer and ferromagnetic
layer, the exchange coupling sign can be switched from antiferromagnetic to ferromagnetic
or vice versa at certain voltages. In Zhang et al. [212], bi-directional switching of the mag-
netization is demonstrated through such mechanism in a free layer magnetization that is
strongly coupled to the SAF layer which is modulated by the electric field. This is a very
exciting work toward voltage-controlled bi-directional switching and provides immense per-
spective toward deeper understanding of voltage-controlled magnetism and further lowering
of MTJ device power consumption.

In this chapter, I explore the possibility of pure voltage-driven magnetization switching
through the combination of interlayer exchange coupling (IEC) and resonant tunneling effect
(RTE). This design does not rely on any additional SAF layer to exchange couple to the
free layer ferromagnet or electrically modulate the effective thickness of the spacer layer or
ferromagnetic layer. The device structure only requires insertion of two additional layers
that are no more than 2 nm at most.

Before entering the following section, I would like to point out that majority of effort on
the theoretical work was done by Dr. Shehrin Sayed (then postdoc researcher in the group)
and the formulation of the idea is led by Professor Sayeef Salahuddin and Dr. Shehrin
Sayed. My contribution to this work include partial contribution in the formulation of the
idea during the theoretical exploration phase and the main contribution comes in as leading
the experimental effort in bringing the idea into reality.

6.2 Interlayer exchange coupling and resonant

tunneling effect

Interlayer exchange coupling (IEC)

IEC is explored in a device structure where a non-magnetic metallic spacer is sandwiched
between two ferromagnetic layers. The exchange coupling strength and sign (Jex) between
the two ferromagnetic layers dictates whether the two ferromagnetic layers are coupled in
a ferromagnetic or antiferromagnetic fashion. The exchange coupling strength varies as a
function of spacer thickness in a oscillatory manner. In addition, different spacer metals
show different exchange coupling strengths and oscillating periodicity in Fig. 6.2.
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Figure 6.2: Interlayer exchange coupling strength among various 3d, 4d, 5d transition metal
non-ferromagnetic spacer layer. a-h, equilibrium magnetometry measured in FM/NM/FM
structure with different NM layers. i-j, the coupling strength among the studied transition
metals. n, device/material structure undery study. k-m, oscillatory behavior in saturation
field as a function of thickness manifesting the oscillatory IEC strength. Graphs except (n)
are adapted from Physical Review Letters [149].
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Figure 6.3: Oscillating exchange coupling strength Jex as a function of spacer layer thickness.
Graphs adapted from Physical Review B [150].

Fundamentally, the spin-dependent wavefunctions from the two ferromagnetic layers in-
teracts and interferes across the spacer layer. Spin-dependent wavefunctions transmit and
reflect at the two interfaces and as more reflection take place inside the spacer confinement,
interference takes place and induces change in the spin density oscillation. Thickness period is
dictated by the spacer material where the strength and phase of the IEC is determined by the
spin-asymmetry of the reflection coefficient at the spacer-ferromagnet interfaces. The reflec-
tion coefficient at the spacer-ferromagnet interface is determined by the degree of matching
of the band structure on both sides of the interface. As a result, different transition metals
show a different Fermi surface thus different degree of spin-dependent band matching at the
spacer/ferromagnet interface. As the spacer layer thickness varies, the interference of the
spin-density inside the spacer layer induces an oscillating behavior similar to optical interfer-
ence patterns where constructive and destructive interference takes place (Fig. 6.3). Across
the different 3d, 4d, 5d transition metals, the exchange coupling strength systematically
increases from 5d to 4d and to 3d since the heavier the metal, the stronger the spin-orbit
coupling which the spin-dependent wavefunction dephases rapidly [149]. Among the each
period of 3d, 4d and 5d, the coupling strength increases as more d-electron is present in Fig.
6.2.

Resonant Tunneling Effect

Resonant tunneling phenomenon has been theoretically explored by Bohm [12] in 1951 which
he predicted that in a double barrier well structure, resonance in electron tunneling across the



CHAPTER 6. PURE VOLTAGE-DRIVEN MAGNETIC SWITCHING VIA RESONANT
TUNNELING INTERLAYER EXCHANGE COUPLING 119

Figure 6.4: Resonant tunneling effect in Ga0.3Al0.7As/GaAs/Ga0.3Al0.7As quantum well
structure via negative differential resistance. a, well width of 5 nm. b, well width of 4
nm. Graphs adapted from Applied Physics Letters [24].

double barrier well can occur at certain electron injection energies. This leads to transmission
coefficients that are near-unity at certain energy values [12]. This is physically intriguing
because the transmission coefficient drops significantly as the barrier height or barrier width
increases, however, the transmission coefficient can be near-unity with the double barrier well
structure. Later in 1974, Chang et al. demonstrated that resonant tunneling effect can be
manifested through transport I-V characteristics such as the negative differential resistance
(NDR) [24] Fig. 6.4.

The fundamental understanding of resonant tunneling in a quantum well structure starts
with describing the discrete energy states that are formed inside the well due to quantum
confinement. By considering a electrical contact to the left of the quantum well, if the
Fermi level inside the well is close to one of the discrete states, electron tunneling across the
quantum well can happen near unity. This is because the discrete state in the quantum well
serve as available states for electrons to tunnel to from the left side of the well. Once the
electron arrives at the descrete state, tunneling can continue to happen across the second
barrier to arrive at the electrical contact on the right of the well. By changing the chemical
potential of the two contacts creating a chemical potential difference, the Fermi level inside
the well will sweep across many discrete energy states.

In the tunneling I-V characteristics, when the applied voltage is swept close to a discrete
state, the conductance ( dI

dV
) of the well structure should exhibit a singularity event (Fig.

6.4). In the DC I-V characteristics, the slope of the I-V curve will exhibits a change in the
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Figure 6.5: Interlayer exchange coupling in FM/NM/FM and FM/oxide/FM structure and
the parameter calibration in the theoretical study. Graph adapted from Physical Review
Applied [164].

slope and even negative slopes - NDR (Fig. 6.4a, V=0.79V). In the conductance versus V
curve, when the singularity event is strong, a negative conductance (NDR) can observed.
Therefore, NDR is a signature of resonant tunneling effect in a quantum well diode.

6.3 Theory voltage-controlled magnetic switching

driven by resonant enhanced interlayer exchange

coupling

In this study, IEC and resonant tunneling effect is combined in a device structure that lever-
ages resonant tunneling modulated interlayer exchange coupling. In Fig. 6.5, the exchange
coupling strengths Jex between two ferromagnetic layers sandwiching either a metallic spacer
or an insulating barrier are calculated. As expected, the Jex exhibits a oscillating behavior
that matches well with experimental results from [149] whereas the Jex decreases fast with
increasing oxide barrier thickness. These parameters are calibrated with experimental results
for the calculation of the proposed two-terminal resonant enhanced IEC device.

The resonant enhanced IEC device is built with a two-terminal structure composed of a
quantum well with a spacer layer that possess strong exchange coupling constant sandwiched
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Figure 6.6: Schematics of resonant enhanced IEC device structure, operating principle and
exchange coupling strength as a function of voltage. Graph adapted from Physical Review
Applied [164].

between two ferromagnetic layers (Fig. 6.6a) [164]. The Jex between the two ferromagnetic
layer can be modulated by the resonant tunneling effect in the quantum well. As a voltage
is applied across the two-terminal device structure, the Fermi level inside the quantum
well sweeps through the discrete states with the exchange coupling strength Jex tuned via
resonant tunneling (Fig. 6.6b) [164]. As the Jex is tuned as a function of voltage, the
exchange coupling switches between antiferromagnetic and ferromagnetic configuration thus
the parallel and antiparallel magnetic configuration among the two ferromagnetic layers. The
simulation of the resonant enhanced IEC device is done primarily via the non-equilibrium
Green’s function along with the LLG equation. Details of the simulations results can be
found in Sayed et al. [164].

Aside from being a purely voltage-driven mechanism to achieve magnetization switching,
resonant enhanced IEC device possesses several advantages over the current-driven spin-
torque devices. First, the switching speed and switching threshold energy is decoupled in
resonant enhanced IEC devices. In a two-terminal STT-MTJ device, the critical switch-
ing current density scales proportionally with the damping constant α [181] but the critical
switching time (minimal current pulse width) is inversely proportional to the damping con-
stant. As a result, in STT switching, a higher damping constant can result in faster switching
but will increase the critical switching current density. In resonant enhanced IEC switching,
the switching time is still inversely proportional to the damping constant since switching of
magnetic moments are still mainly governed by the balance of damping-related dissipation
as the STT [181]. However, the switching threshold is no longer coupled with the damping
constant since the mechanism is completely different [164].

Expected device characteristics can be found in Fig. 6.7. The charge current density
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Figure 6.7: (a) Jc (charge current density), Js(spin current density) as a function of applied
voltage. (b) current out-of-plane tunneling magnetoresistance. (c) Jc as a function of applied
voltage with different spin dephasing strength. Graph adapted from Physical Review Applied
[164].

Jc as a function of applied voltage Vin shows a highly non-linear relationship and possess
the oscillatory behavior. This oscillatory behavior is a signature of the resonant tunneling.
The magnetoresistance is also showing a oscillation as a function of applied voltage. This is
something to be mindful of when we probe the tunneling I-V characteristics of the resonant
enhanced IEC device.
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Figure 6.8: a, material stack under study with detail layer thicknesses. b, size comparison
of 1 inch wafer deposition.

6.4 Material stack design and fabrication of device

under test

Material stack design

It is quite challenging to deposit magnetic tunnel junction based material stacks with high
TMR ratio and PMA properties in an academic lab setting, let alone designing a brand
new material stack based on this technology. In industry, IBM Research has been a long-
time pioneer in spintronics research including the development of GMR, STT, PMA in
CoFeB/MgO and IEC. To experimentally study the proposed device, I collaborated with
Dr. See-Hun Yang from IBM Research on the material depositions of the resonant enhanced
IEC material stack. The stack under study has a general structure of underlayer/FM/oxide
barrier/spacer/oxide barrier/FM/SAF layer/capping layer. In my experiments, the free and
reference ferromagnetic layers have fixed thicknesses. The spacer layer thickness and oxide
barrier thickness are varied. Stacks are grown for Rh and Ru spacer materials since these
two elements showed the largest exchange coupling constant [149]. All material stacks have
PMA.
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Figure 6.9: a, Schematic of the resonant tunneling IEC device test structure. b, c, optical
microscope images of two different device dimensions.

Device Fabrication

With the thin film stack deposited by Dr. Yang from IBM Research, I designed the device
fabrication process and fabricated the device in the Berkeley Marvell Nanofabrication Labo-
ratory. Device fabrication is done with standard i-line lithography and ion-milling. Interlayer
dielectric filling and contact metal lift-off process are done through electron beam evapora-
tion. The device has a three-terminal structure similar to a SOT-MRAM cell where the
center pillar is composed of the MTJ stack sitting on a single Hall bar structure for probing
any anomalous Hall signal from the bottom CoFeB ferromagnet free layer (Fig. 6.9). The
detail of teh device fabrication process can be found in Appendix 4.

6.5 Equilibrium magnetic property property of

material stacks under study

To test whether the as-deposited IEC stacks have varying exchange coupling strength be-
tween the two ferromagnetic layers which are separated by a quantum well structure that
can be up to 4 nm apart, I conducted magnetometry on a selected set of samples on the
1-inch as-deposited wafers. I first check the varying Rh spacer layer thickness series sample
with fixed MgO barrier thickness at 1.5 nm (Fig. 6.10). In Fig. 6.10, it is apparent that
by changing the spacer layer thickness, the coercive fields of the two ferromagnetic layers
are varied and in a oscillatory manner. At tRh=0.8 nm, the coercive field is reduced but it
quickly returns with tRh=1.0 nm. From the magnetometry, it is apparent that these ma-
terial stacks shows clear IEC even with ∼ 4 nm of quantum structure separating the two
ferromagnetic layer.
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Figure 6.10: a, b, c, d, e, magnetometry done at room temperature on sample stacks with
tRh = 0.5, .8, 1.0, 1.2, 1.5 nm. f, tRh series sample stack details.

6.6 Tunneling I-V characteristics

Anomalous Hall effect measurement

Before conducting the tunneling I-V measurement, I conducted anomalous Hall effect mea-
surement on the devices to check whether the PMA survived after device fabrication. For
all the transport measurement that will show and discuss are done on the stack with MgO
thickness of 1.2 nm and Ru spacer thickness of 0.5 nm. In Fig. 6.11, both devices show
strong out-of-plane magnetic anisotropy characterized by the strong switching of AHE volt-
age. For the AHE switching curve in Fig. 6.11, only one pair of switching even is observed.
This is most likely due to the fact that current runs through the bottom CoFeB layer which
is the free layer where as no current runs through the top CoFeB reference layer due to the
pillar on Hall bar structure. On the other hand, two pairs of switching event can be observed
because the double Hall bar is fabricated on the full stack instead of a pillar structure. As
a result, in the double Hall bar device current is running through both the CoFeB layers
showing a pair of switching event. With a simple AHE measurement, we confirm that the
small pillar is not damaged and is behaving accordingly after device fabrication.

Tunneling IV: DC measurement

In this subsection, I will show selected DC tunneling IV measurement results. Since this is a
very preliminary experimental study on the proposed concept and the study is still ongoing,
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Figure 6.11: a, AHE measurement on a small single Hall bar device with center pillar
composed of the full IEC stack. b, AHE measurement on a small double Hall bar device
where the entire device is consists of the full IEC stack (no pillar structure).

I will not draw too much conclusions from the results and focus on the observations and
hypotheses.

Here DC tunneling IV measurements are done with a very simple IV setup via a Keithley
2400 series sourcemeter unit. The voltage duration is around 1 s thus coined a ”DC” mea-
surement. In Fig. 6.12, I show four different measurements with opposite initial set field sign
and Vmax. All measurements shown in Fig. 6.12 are done on the small single Hall bar with
the [tMgO= 1.2 nm, tRu= 0.5 nm]. The left most plot of each row shows the raw tunneling
I-V curve, the middle plot shows the DC resistance (from V=IR), the right most plot shows
the differential conductance ( dI

dV
. In the first row, it can be observed that a change in the IV

slope occurs around 0.9 V, followed by sharp switching at 1V. The resistance switching from
a low resistance state to a high resistance state. In this case, resistive switching due to the
formation of conductive filaments can be ruled out since in resistive switching the resistance
states should go from a high resistance state (no conductive filament) to a low resistance
(formation of conductive filament. In the differential conductance dI/dV plot, we can see a
singularity event near 1 V is apparent. This is a signature of the resonant tunneling effect.
By repeating the DC IV scan with Vmax of 1.2 V, a similar overall IV shape and direction
of switching are observed. However, the sharpness of the switching near 1V is no longer
visible. In the DC tunneling resistance, a very similar curve is observed. In the differential
conductance, the strong singularity event near 1V is no longer appreciable but with small
singularity events happening at similar voltage values as the first row.

In the third and forth rows, the device is reset by a perpendicular field of -60 mT. I
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Figure 6.12: DC tunneling I-V measurements. First row, device is reset by +60 mT before
IV measurement with voltage up to 0.5 V. Second row, the IV measurement voltage increases
to 1.2 V. Third row, device is reset by -60 mT and IV measurement is done up to 0.5V. Forth
row, IV measurement up to 1.2V.
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repeated the same sets of voltage sweeps and in the same traversing direction. The IV
curve exhibits a shape that is more or less similar to the first two cases and switching near
1 V can again be observed in the DC resistance plot of both third and forth rows. Strong
singularity event is again observed near 1 V in the forth row where Vmax = 1.2V. A consistent
singularity event near -0.25 V is observable across all four cases in their respective differential
conductance plot (last column).

At last, I will provide a few comments on these preliminary results. First, it is apparent
that signatures of resonant tunneling effect is observable with a collection of both weak
and strong singularity events. Second, from the I-V curve, switching of resistance states is
also observed and it is highly non-linear which means the device is working in the sense that
nothing is shorted or the oxide being damage. In the case of damaged oxide or shorted device,
a linear I-V characteristics is expected. The IV result seems to be repeatable to a certain
degree. Next step will include more repeatable transport signatures to statistically map out
the discrete energy levels in the quantum well. In terms of magnetic dependence, although
resistive state has changed, the origin may not be magnetic switching. As a result, finding the
signature of magnetic switching in tunneling I-V measurements and also the measurement of
TMR is necessary to understand the resonant enhanced IEC device and to provide concrete
evidence of resonant enhanced IEC driven magnetic switching. Nevertheless, the signatures
of resonant tunneling and switching of resistive states are a promising start.
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Chapter 7

Conclusions

7.1 Short summary and implications

This dissertation has successfully addressed a few important spintronics challenges by in-
vestigating and engineering new material systems (silicides), developing new processes to
tune the existing material systems for new applications (canted GdCo for field-free multi-
state switching), and exploring new device operation principles (voltage-controlled resonant
enhanced IEC device). Results from this dissertation provide direct or indirect pathways to
lowering the energy consumption for future and near-future computing applications at both
the materials and device level via spintronic devices.

Silicides as new material system for efficiency spin-orbit torque

This section addresses the challenge of coming up with a scalable material platform that
is CMOS compatible and possess efficient SOT generating capability. In chapter 3 and 4,
silicide has demonstrated attractive properties for efficient spin-orbit torque generation and
full magnetization switching via iron silicide has been achieved with efficiencies higher than
topological insulators and heavy metals. In addition, a non-trivial Fe(Co) concentration
dependence of spin-orbit torque is found in both amorphous iron silicide and cobalt silicide.
This novel concentration dependence has two implications. The first being a potentially
new mechanism of understanding and generating spin current in a fully amorphous light
element silicide. The novel concentration dependence also shows a functional dependence of
energy level with respect to its density of states distribution. This indicates that while the
structure is fully amorphous, an intrinsic property which typically requires a well-defined
bandstructure may still arise from the density of states. In addition, the effect from the
onset of ferromagnetism on spin current generation is amplified in a-CoxSi100−x, which shows
that magnetic interaction or origin plays an equal amount of importance in such magnetic
element silicide systems. The second implication is on the technological. In both amorphous
iron silicide and cobalt silicide, the scaling trend between resistivity and SOT efficiency
is completely opposite than the conventional trend. This scaling trend shows a promising
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direction where high SOT efficiency couples to low resistivity. This provides a pathway for
SOT technology to scale in the future processing nodes when device design parameters are
more stringent without having to switch to a completely new material system. On top of
iron silicide, I show that cobalt silicide can extend this scaling trend even further by lowering
the resistivity without losing the strong SOT efficiency.

Tunable magnetic anisotropy in canted GdCo for field-free
multistate spin-orbit torque switching

This section of the dissertation address the challenge of a fundamental design hurdle - field
free SOT switching of perpendicular magnetic anisotropy moments. The ability to induce
deterministic SOT switching without a symmetry breaking field is of technological impor-
tance. In chapter 5, I present a way to tune the magnetic anisotropy direction by engineering
the oxygen content in the ferrimagnetic GdxCo100−x alloy. Through this fabrication process,
a highly tunable magnetic anisotropy can be obtained which showed a great amount of SOT
switching phenomena in addition to field-free SOT switching including multistate switching,
SOT ratchet effect, and memristor behavior. These rich SOT transport phenomena can also
be easily tuned by the fabrication process developed in this dissertation. These tunable mag-
netotransport phenomena can serve as fundamental building blocks for non von Neumann
computing architectures such as neuromorphic computing.

Resonant enhanced interlayer exchange coupling for
voltage-controlled magnetization switching

The last section of this dissertation addresses the long-term challenge of switching magnetiza-
tion via a purely voltage-driven mechanism. In chapter 6, my colleague (Dr. Shehrin Sayed)
and I proposed a new type of spintronic device that leverages both resonant tunneling and
interlayer exchange coupling (IEC). In this resonant enhanced IEC device, exchange coupling
between two ferromagnetic layers are modulated by a quantum well via the resonant tun-
neling effect. By applying different voltages, the configuration between the two ferromagnet
can be switched between parallel and antiparallel. While the theoretical picture is complete,
experimental effort is underway with promising preliminary results. By collaborating with
IBM Research for materials deposition, I designed and fabricated the device for transport
measurements. The preliminary results showed resonant tunneling signatures, switching of
resistance states through tunneling IV which resistive switching mechanisms can be ruled
out, and the material stacks shows oscillating IEC at equilibrium. The remaining questions
to be experimentally explored are the signature of magnetic switching in the observed re-
sistance state switching and the experimental study of the TMR modulated by resonant
enhanced IEC. This work is ongoing but trending in a promising direction experimentally.
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7.2 Future directions

This dissertation opens up an abundance of new questions in the realm of spintronics re-
search. I will discuss in three parts addressing them separately regarding to the three different
work in this dissertation. First, the underlying physical understanding of strong spin current
generation in amorphous light element silicide needs rigorous theoretical effort to support
the hypothesis drawn from the experimental results. There exists a wide selection of sili-
cides that are either CMOS compatible or serve as potential candidates for chiral topological
semimetals or small gap semiconductors in their crystalline counterpart such as CrSi, MnSi
and RhSi. Second, the fabrication process developed in this dissertation to engineer a mag-
netic canting with almost arbitrary angle is powerful. Future work on utilizing this process to
develop spintronics based memory devices that are sophisticated or to leverage this magnetic
anisotropy dependence beyond field-free switching in neuromorphic computing devices are
all possible and impactful future directions. At last, more experimental efforts need to be put
in to fully understand and confirm the working principal of resonant enhanced IEC devices.
If succeeded, a new mechanism for achieving pure voltage-driven magnetization switching is
invented. This will provide alternative solutions for low-power spintronics memory devices
and a converter between voltage and current-driven spin phenomena that can be useful in
future spintronics based computing devices such as spin logic.
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Appendix A

Home built experimental setup design
and construction

A.1 Resistivity measurement

The resistivity measurement is done in a four terminal resistance measurement configuration
on a double Hall bar device. The two outer terminals are for current sourcing and the inner
two terminals are for voltage sensing. The measured voltage are converted into resistance
by dividing it by the current amplitude. With the thickness (t) of the material under study
measured through x-ray reflectivity or cross-sectional TEM imaging and the lateral (w) and
longitudinal (L) dimension of the double hall bar device known or confirmed through optical
microscope, the resistivity (ρ) of the material under study can be extracted through:

R = ρ
L

wt
. (A.1)

The current source used in this dissertation is Keithley 6221A, the nanovoltmeter is
Keithle 2182A and the lock-in amplifier is Signal Recovery 7270 by AmTek. Devices are
wirebonded onto a chip carrier (44pin leaded chip carrier non-magnetic). The chip carrier
is then inserted into a socket with wires connecting the leads on the back of the socket to
BNC female connectors. The female connectors are for connecting the voltage and current
terminals from the current source, voltmeter or lock-in amplifier.

A.2 Harmonic Hall and magnetoresistance

measurement

Harmonic Hall and magnetoresistance measurement setup is built in a similar way as the
resistivity measurement in terms of the transport part. On top of the transport part of the
setup, additional capabilities such as angle rotation, magnetic field application, magnetic
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Figure A.1: a, double Hall bar device for resistivity measurement. b, longitudinal resistance
measurement.

field sensing, and control of the geometry between magnetic field, current, and rotation axis
directions are required.

A.3 Spin-torque ferromagnetic resonance

measurement - STFMR

STFMR measurement requires a magnetic field, RF current, lock-in amplifier or nanovolt-
meter, bias tee, and electrical network. The STFMR co-planar device is bonded onto a
customized RF printed circuit board (PCB). The bonded PCB is then connected to the dip-
stick through SMA connections. The dipstick is mounted onto the measurement stage with
the PCB between the two electromagnet poles. One SMA cable is connected from the RF
signal generator output through the bias tee to the current box on the dip stick. The DC
signal from the bias tee is connected to a voltage box (not shown in Fig. A.3) and the two
terminals of the lock-in amplifier are connected to the voltage box where the DC signal is
amplitude modulated. The electromagnet is controlled by the Kepco power supply which is
further controlled by the DAQ output analog signal with feedback program doing real-time
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Figure A.2: a, Electromagnet capable of generating up to 1.7 T. b, Current and voltage box
for connecting BNC cables to current source and lock-in amplifier. c, Keithley 6221A AC/DC
current source. d, Signal Redovery 7270 DSP Lock-in amplifier by AmTek. e, Lakeshore 475
DSP Gaussmeter. f, Keysight N8739A 100V 30A power supply. g, Hakris heat exchanger
for chilling the electromagnet. h, Applied motion angle rotation motor assembly. i, sample
holder with chip carrier and socket mounted.
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Figure A.3: a, Electromagnet capable of generating up to 0.35 T. b, Applied motion angle
rotation motor assembly. c, Current box for input RF signal. d, Bias tee. e, Signal Redovery
7270 DSP Lock-in amplifier by AmTek. f, Keithley 6221A AC/DC current source. g, DAQ
card. h, Gaussmeter. i, Electromagnet powersupply by Kepco.

feedback control by comparing the measurement field (by the Gaussmeter) with the target
field.

A.4 Current and voltage pulse IV switching setup

Current and voltage pulse IV switching setup is very similar to previous setups. Aside from
electromagnet control and angle control, the current pulse and voltage measurement are done
through combining Keithley 6221A current source as pulse generator and Keithley 2181A
as pulse delta voltage amplitude sensing. The two instruments combined to be operated in
the pulse-delta mode. For IEC voltage pulse and current sensing, Keithley 2612b is used for
voltage pulse sourcing and current sensing. The lock-in amplifier is used for quick out-of-
plane anomalous Hall effect measurement to check the perpendicular magnetic anisotropy of
the device under study with a small a.c. current.
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Figure A.4: a, Electromagnet capable of generating up to 0.35 T. b, Current and voltage box
for connecting the current source and voltage sense. c, Applied motion angle rotation motor
assembly. d, Keithley 2181A nanovoltmeter. e, Keithley 6221A AC/DC current source. f,
Signal Recovery 7270 DSP Lock-in amplifier by AmTek.
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Appendix B

Device fabrication process flow and
recipes

Device fabrication is done in the Berkeley Marvell Nanofabrication Laboratory and Prof.
Salahuddin’s lab.

B.1 Hall bars, microstrips with CPW and domain

wall devices

The different devices in this section are carried out with different photomask layout designs
at the device layer but the overall process steps are very similar. Here I will brief the process
steps and recipes on the generic process flow and one can insert different photomasks at the
device and contact layers for desired device design. Tools for the relevant steps are included
in the parentheses.

The full material deposition to device fabrication process begins with preparing the silicon
wafer with a thick insulating material. A thick insulating material of thermal oxide or low-
stress nitride (LSN) is formed/deposited on the 6” silicon wafer in the furnace tube (Tystar
1 for dry oxidation and Tystar 14 for LSN). Thickness of such insulating layer is between 100
and 250 nm and that should be sufficient. After the insulating layer formation, the 6” wafer
is diced into either 5 mm by 5 mm or 7.5 mm by 7.5 mm square chips by Disco DAD3240
Automated Dicing Saw (Disco) and the 6” wafer should be fully coated with at least 1 µm
of photoresist for protection during dicing.

At the sputtering chamber in Prof. Salahuddin’s lab, take a desired amount of chips
and clean off the photoresist with acetone then IPA in the ultrasonicator for at least 5 min
on each step. After drying off the residual IPA with N2 gun, the clean substrate chips can
be loaded into the sputtering chamber for material stack deposition. After deposition, the
sample should be kept safely away from moist. Before device fabrication, clean the sample
with acetone and IPA in the ultrasonicator each for 5 min. Immediately dry off the IPA
with N2 gun and place the sample on the hotplate at 150◦c for 5 min to bakeout the moist.
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Figure B.1: a, IEC devices and double Hall bar devices. b, STFMR and Hall devices. c,
PMA devices and domain wall devices.

After that, spin coat a layer of MCC 80-20 primer, followed by a 1 min 115◦c bake (headway
spin coater in the Berkeley nanolab). Next, spin coat 1 µm of photoresist (e.g. MiR-701)
and softbake at 95◦c for 1 min.

With the photoresist coated, one can use either the gcaws6 photolithography stepper
or MLA150 maskless aligner to pattern the device layer. For MiR-701 1 µm photoresist,
gcaws6 requires an exposure time of 3.6 s and for MLA150 the dose should be 190 mJ/cm2.
Immediately after the exposure, one should develop the photoresist with 60s of MF-26A
photoresist developer at room temperature. A post-exposure bake prior to the development
is optional. Once the development is complete, inspect the features with optical microscope.

If the pattern of the photoresist looks good, one can proceed with a 1 min oxygen plasma
descum at 50W 180mTorr with a chuck at 50◦c (technis-c). Next, place the samples in the
ion-milling chamber load-lock for pump down in Prof. Salahuddin’s lab. Once the pressure
in the load-lock is below 5e-6 Torr, one can transfer the samples to the main chamber.
Next, turn on Ar gas flow, turn on ion-source controller, setup SIMS detection scan, start
the discharge by pressing on the ”discharge enable” button and wait for 5 min so that the
discharge circuitry can warm up and reach equilibrium. Once the parameters have settled,
one can turn on the beam by pressing ”beam enable.” Proceed with the etching by opening
the shutter for 20 s and close the shutter for 40 s so the sample does not get too hot. Repeat
this etching cycle until desired end-point is reached. Disable both the discharge and the
beam by pressing the ”Discharge enable” button and power off the ion-source controller box.
Turn off Ar gas, stop the SIMS acquisition and power off the SIMS controller box. Remove
the sample and wash off the masking photoresist in acetone followed by IPA rinse and N2
blow dry.

Now the devices have been etched and patterned, the etch depth will be checked by
the profilometer (dektak). Typical etch depth is 15 ∼ 20 nm over etch into the insulating
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layer. If the etch depth looks good, we can proceed with the contact layer definition. Repeat
the photoresist coating steps listed earlier with 1 µm thick MiR-701. Once the photore-
sist is nicely coated, we proceed to the photolithography aligner tool (KSAligner). At the
KSAligner, align to the device layer by aligning with the alignment markers or the corner
devices. The exposure time is 4.5 s for 1 µm MiR-701. Repeat the photoresist development
process and inspect with optical microscope.

Next, bring the sample back to the electron beam evaporator/ion-mill dual chamber,
and wait for load-lock to pump down. Once the load-lock is pumped down, transfer the
samples into the main chamber and rotate the stage so that it faces the ion-source. We will
ion-mill for 2 cycles (20s shutter open, 40s shutter closed) to clean off any residuals and
thinning down the insulating capping layer. Once this is done, rotate the stage to vertical
configuration where the samples faces the electron beam source. Move the crucible to the
material of choice which in this case is Ti. Turn on the electron beam source power supply
and turn on the HV. Once the HV reaches 9kV, beam current can be slowly turned on.
For Ti, the current where it starts to evaporate is around 33 ∼ 36 mA. Open the substrate
shutter and zero our the crystal monitor (make sure the crystal monitor has been set to select
the correct material to be tracked). Once the crystal monitor reading reaches the desired
thick, start to slowly lower the beam current. Once the beam current is completely zero,
one can proceed with Au which is the main contact metal. Au begins to evaporate around
57 mA and staying at 69 ∼ 72 mA will yield a good rate. Once this is done, turn off the
beam current slowly, turn off HV, turn off electron beam source power supply, and unload
the samples.

Lastly, soak the samples in acetone for 5 min and then place them in the ultrasonicator
for another 5 min for lift-off. Once the lift-off is complete, clean up the lift-off waste and
inspect the fabricated device with optical microscope. If device looks good, one can proceed
to packaging by placing the device in the 44 pin leaded chip carrier and wirebond the devices
to the chip carrier. This sample is ready for measurement.

B.2 Three terminal IEC-Magnetic tunnel junction

test devices

The three terminal IEC-Magnetic tunnel junction test device with the top electrode has sim-
ilar process steps except there is a few additional steps. After the Hall bar device definition,
one needs to pattern the MTJ pillar at the cross of the Hall bar by doing an additional
lithography step and etch the pillar structure with etch-stop at the Ta/Ru underlayer. Once
the pillar etching is done, in situ deposition of the interlayer dielectric (ILD) is carried out
for about 50 nm of AlOx. Afterwards, the photoresist masks are washed away with acetone
and IPA with ultrasonication. The contact layer and the rest are done in a similar fashion
as the previous section.
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Appendix C

References to the benchmark plots

C.1 References to the data point in benchmark plot

Fig. 2.15, 2.6, 3.17, 4.1, and 4.16.

The benchmark plots are constructed through collecting reported SOT efficiencies in many
shown material systems in literature including

1. Heavy metals: Pt/Co [140], Ta/CoFeB [112], W/CoFeB [147], Hf/CoFeB [155],
Au0.25Pt0.75/Co [223], W0.66Hf0.34/CoFeB [51], Fe0.25Pt0.75/Hf/CoFeB [143],
PtxMgO1−x/CoFeB [220], WOx/CoFeB [40]

2. Topological Insulators: Bi2Se3/Py [124], BixSe1−x(6, 8, 16 nm)/CoFeB [39],
(Bi0.2Sb0.8)2Te3(6)/Mo(2)/CoFeB(1) [148], (BiSb)2Te3(6)/Mo(2)/CoFeB(1) [167],
(Bi0.07Sb0.93)2Te3(6)/Ti(2)/CoFeB(1.4) [201]

3. Three-dimensional oxide semi-metal: SrIrO3/Py [46], SrIrO3/CoTb [193], SrIrO3/Py
[130], [001] IrO2/Ir/Py [13], SrIrO3/LSMO [77]

4. Antiferromagnets: IrMn/Py [189], PtMn/Co [144], Crystalline IrMn/Py [219],
IrMn3[001]/Py, IrMn3[111]/Py, Ir37Mn63/Py [216].

C.2 References to the data point in jc/∆ benchmark

plot Fig. 3.20

The benchmark plot (Fig. 3.20) is constructed through collecting reported critical switch-
ing current density (Jc) and thermal stability (∆) in many well-studied systems includ-
ing: Ta/CoFeB/MgO (PMA) [53], Ta/Pt/[Co/Pt]4 (PMA) [81], Pt/Co/MgO (PMA) [104],
Pt/CoFeB/MgO (IMA)[125], Ta/GdFeCo/Pt (PMA) [161], BixTe1−x/Pt/Co/Pt (PMA) [31].


