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Abstract

Spintronics is a highly researched topic for its rich underlying physics as
well as for practical applications such as in magnetic random-access memory
(MRAM). It has proven to be a serious contender in emerging memory
technology due to its intrinsic non-volatility, low power dissipation, and high
speed. The spin degree of freedom further opens opportunities that exploit its
ultrafast dynamics and spin transport. Instead of transistors and charge-based
elements, spintronic devices use the magnetization state in a ferromagnetic
material to store and interpret information. More recently, spintronic devices have
been proposed for logical, neuromorphic, and compute-in-memory applications.
Further investigation on material and device physics are crucial for developing

new spintronic memory and computation elements.

In this thesis, the quantification and optimization of current-induced spin-
orbit torques (SOT) in [Co/Pt] multilayers are investigated. The thin film
multilayer exhibiting perpendicular magnetic anisotropy (PMA) is characterized
using adiabatic harmonic Hall measurements for SOT efficiency optimization.
Due to the complex structure, the effect of Pt seed and interlayer thickness on the
magnetic properties and SOT efficiency is studied. Manipulation of
magnetization for multistate memory and logic functionality is also explored.
Multistate magnetization switching, useful for synaptic applications due to the
analogue-like behaviour, is experimentally demonstrated in a Hall cross device.
Through finite element and Mumax simulations, the analogue-like response is
shown to be a result of the geometrically-induced inhomogeneous current-density
profile of the Hall cross structure. The thermal impact on the multi-state device
operation is also studied through multi-state switching at elevated device
temperatures. A compound structure using similar switching techniques is used

to develop a reconfigurable logic device, in which an integrated bias field line



allows for on-chip local Oersted field generation for breaking the switching
symmetry in PMA devices. The logic device is then used to construct a half-adder
through the circuit simulator “Simulation Program with Integrated Circuit
Emphasis” (SPICE). The results from the works presented in this thesis aims to
provide a platform from which to develop more efficient SOT-driven spintronic

memory and logic devices.
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harmonics V2w measurement in the longitudinal and transverse schemes,

respectively, for the sample with tseed = 3 nm and tinterlayer = 0.36 nm.

Figure 46: (a) ¢-dependent (6 = 90°) Rxy curves fitted with equation (57)
for tseed = 2 nm. (b) RP and (d) ¢ = RP/RA across all devices with tseed
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Chapter 1

Introduction

Modern electronic memory and computing devices make use of charge
and charge states to store, process, and transmit data. These technologies have
seen significant progress over the decades that have led to faster clock rates,
greater memory density, lower latency, and shrinking cost per bit. This was
enabled by numerous innovations in integrated circuit design, more advanced
lithography, denser interconnects, and overall semiconductor and transistor
technology. The memory-storage hierarchy shown in Figure 1 compares the
different memory technologies, and their implementation in today’s computer
systems. Closer to the base of the pyramid are non-volatile and slower memory,
while the faster, volatile memories are closer towards the peak of the pyramid.
HDDs can store a lot of data, are cost effective, and have been a mainstay for data
storage medium for decades. However, they have higher power draw and are
slower relative to SSDs which have seen greater adoption due to their high speed
and non-mechanical operation. SSDs and HDDs make up the class of non-volatile
memories, in which the data stored does not get lost when power is removed.
Unlike HDDs that rely on spinning magnetic platters, SSDs utilize solid-state
memory in the form of NAND Flash. On the other hand, volatile memory such as
RAM store data in capacitors that slowly leak electric charge and requires power
to maintain charge states that represent the data. Dynamic RAMs (DRAM) and
static RAMs (SRAM) are two main variants. Due to their multiplexing and
demultiplexing circuitry (random access), they are very fast and typically used to
store large chunks of data temporarily. Finally, CPU cache and registers at the
top of the memory hierarchy pyramid represent the fastest memory and are

located close to the processor core [1].
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Figure 1: Memory-storage hierarchy showing different classes of memory based
on their response time, capacity, and complexity.

Calculations are performed on processors, and today’s CPUs come with
multiple cores, multi-threading, and technologies to reduce latency and increase
throughput in a bid to improve overall computing performance. This is
particularly important as computers take on more compute-intensive tasks such
as weather forecasting, cryptography, and physical simulations. Demand for
greater computational performance with lower power dissipation and smaller
footprint have driven transistor count and packing density to double almost every
two years [2]. This trend was described by Gordon Moore, and this observation
1s now referred to as Moore’s law. While not an actual physical law, it has been
used to aid in the projection of technological progress. However, the momentum
is not expected to keep pace indefinitely, as the physical limit of transistor scaling
are fast approaching. Furthermore, there has been a stagnation in processor
operating frequency due to heat dissipation and thermal management [3-5]. This
has necessitated and stimulated research on alternative approaches to circumvent
the challenges brought about by transistor scaling limits [6]. The International

Technology Roadmap for Semiconductors (ITRS) and its successor, the
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International Roadmap for Devices and Systems (IRDS), have been predicting
the technological development, potential roadblocks and challenges, and finding
solutions. The IRDS, comprising experts from various fields, also coordinates
efforts between the industry, research bodies, academia, and equipment suppliers
to circumvent or overcome these challenges. Research on several potential
beyond-CMOS technologies are being actively pursued [6]. One approach is to
develop technologies that can complement or replace CMOS such as in spin-
based devices, or spintronics — a neologism describing spin transport electronics.
In this thesis, we explore the optimization and design of Co/Pt thin film
multilayer-based multistate memory and logic devices. Table 1 compares certain
performance parameters between convention and emerging solid-state memories
[7-9]. Volatility, large cell size, long read and write time, high power dissipation,
and poor (low) endurance are some of the undesirable characteristics present in

conventional memory technologies.

Conventional Emerging
Parameter Memory Technology Memory Technology

DRAM NAND Flash STT-MRAM SOT-MRAM

Volatility
Cell Size (F?)

Yes Yes Yes
5 6—20 6—20

Read Time (ns) <2 1-20 <10
Write Time (ns) <2 ~10 <10
Write Power Low Low Low
Endurance > 1015 > 1015 > 1015
(Cycles)

Table 1: Comparison of conventional and emerging solid-state memory
technologies.

1.1 Objective of this Thesis

This thesis aims to enable the development of spin-orbit torque driven
spintronic multi-state memory and logic devices using Co/Pt thin film multilayer
with perpendicular magnetic anisotropy, with potential applications in beyond-

CMOS logic and computation-in-memory. As such, the objectives are driven
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towards the characterization of the thin film multilayer to optimize the spin-orbit

torque efficiency, structure design for multistate characteristics and logic

functionality. The main objectives of this thesis are as follows:

i)

iii)

Due to the HM/FM multilayer, SOT contribution from differing HM
thicknesses will affect the current-induced magnetization switching
efficiency of devices. Therefore, the characterization and optimization of
Co/Pt thin film multilayers using the adiabatic harmonic Hall measurement

technique across varying interlayer and seed Pt thicknesses is studied.

The binary state of MTJ devices are used in the form of non-volatile
random-access memory such as MRAM. Storing more than one bit of data
in a single magnetic memory cell can improve data storage density. Thus,
the development of a multistate memory device based on the Co/Pt
multilayer, as well as the effective SOT out-of-plane field due to operation

under elevated device temperatures are studied and discussed.

Aside from memory storage, spintronic devices are also promising
candidates for logic and computation-in-memory. Using a perpendicularly
magnetized Co/Pt multilayer, a reconfigurable logic device with an
integrated bias field line is developed. Half-adder functionality is further
demonstrated using SPICE modeling.

The work is thus organised as follows:

Chapter 2 introduces spintronic devices with applications to logic. As

computation is evolving beyond traditional von Neumann architecture and as a

potential application for spintronic multistate memory devices, spintronic devices

for neuromorphic engineering will be discussed.

Chapter 3 discusses the fundamentals of magnetism and spintronic

physics which will be utilized throughout the thesis chapters.
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Chapter 4 describes the experimental techniques employed in this thesis.
Device fabrication is achieved through thin film sputtering, electron beam
lithography, and ion beam etching. The blanket thin films and devices are then

characterized through various magnetic and electrical means.

Chapter 5 presents the development of a Co/Pt thin film multilayer device
with multistate characteristics, its switching behaviour and changes to the

effective out-of-plane field due to spin-orbit torque at elevated temperatures.

Chapter 6 presents the results on the effect of interlayer and seed Pt in
Co/Pt thin film multilayers on spin-orbit torque efficiency using the adiabatic

harmonic Hall measurement technique.

Chapter 7 presents the development of a Co/Pt multilayer-based logic
device with on-chip reconfigurability due to the integrated bias field line, and

SPICE modelling of the device for expansion to half-adder functionality.

Chapter 8 summarizes the work and proposes future works to pursue,
discussing strategies to improve current-induced magnetization switching

efficiencies and new spintronic approaches to computation.
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Chapter 2

Spintronic Devices

Alongside its charge properties, an electron also possesses an intrinsic
spin associated with its magnetic moment. The first observations of spin-related
phenomena can be dated back to 1857, when Lord Kelvin observed that a charge
current flowing through Fe and Ni was influenced by magnetism [10]. We now
attribute his observations to anisotropic magnetoresistance (AMR), which is the
dependence of electrical resistance on the angle between the magnetization and
charge current directions. Subsequently in 1929, electronic spin-dependent
transport was described by Mott [11]. By then, the concept of a magnetic moment
in electrons was already hypothesized to account for duplexity in atomic spectra,
through the Stern-Gerlach experiment, and on newly established theory on the
magnetic moment in electrons. The recent decades saw the advancement of thin
film processing technology that enabled the growth of monolayers and multi-
layered devices with contiguous interfaces using molecular beam epitaxy (MBE)
and sputtering techniques. In 1975, Julliere demonstrated spin-dependent
tunnelling through a semiconductor in a Fe/Ge/Co multilayer, demonstrating 10
% change in resistance at 4.2 K [12]. In 1988, GMR was discovered
independently by Albert Fert and Peter Griinberg in FM/NM/FM multilayers
which earned them the 2007 Nobel Prize in Physics [13,14]. It was discovered
that by replacing the NM layer with a thin dielectric barrier such as Al,Os, a
change of resistance up to 70 % at room temperature was observed [15,16]. With
an MgO barrier in place of the Al,Os barrier layer, Parkin and Yuasa achieved up
to 220 % TMR [17,18]. As the electrons are required to tunnel through the oxide
barrier, this process is a quantum mechanical phenomenon. Fast-forward to today,
spintronic devices see industrial and commercial applications, especially in data

storage technology. The HDDs of today make use of TMR in MTJs in read heads.
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New materials and device physics, with applications such as in solid-state
spintronic memory, in-memory and neuromorphic computation continue to drive
research in this field.

(a) FM Wire (b) CIP Spin Valve (c) CPP Spin Valve (d) MTJ
I
y
B FM (Free) [ FM (Pinned) [0 NM (] Tunnel Barrier
z X —= /4 Free Layer Magnetization <~ /{Pinned Layer Magnetization
Figure 2: (a) Ferromagnetic wire. (b) Current-in-plane spin valve. (c¢) Current-
perpendicular-to-plane spin valve. (d) Magnetic tunnel junction. Black arrows

indicate the flow of current I.. Red and blue arrows indicate pinned and free
magnetic layers, respectively.

Several examples of spintronic devices are illustrated in Figure 2 (a) to
(d). Functional spintronic devices can be formed from simple FM wires, in which
the magnetization can be manipulated using an external magnetic field or by
current-induced spin transfer torque. In such nanowire devices, information is
represented by DWs, and the DW position along the wire can be manipulated by
field and current-induced torques [19,20]. When two FM layers sandwich a NM
layer such as Cu, the structure is referred to as a spin-valve (SV) [21]. In an SV,
one of the FM layers known as the pinned layer serves as a reference. The pinned
layer has a larger anisotropy and coercivity as compared to the FL [21]. This
makes the FL relatively easier to flip as it is used to store the data bit. To read the
magnetization state, a small probing current is passed through the device. For a
current-in-plane (CIP) SV, the charge current flows along the film plane, while
in a current-perpendicular-to-plane (CPP) SV, the charge current runs through the
heterostructure. Spin-dependent electron scattering occurs due to the differing
density of states (DOS) between up and down spins in oppositely oriented pinned
and free FM layers. If the NM layer is replaced with a tunnel barrier layer, the
structure is known as an MTJ. The parallel (P) and anti-parallel (AP)
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magnetization states result in low and high TMR, respectively [22]. MTJs form
the basis of modern-day HDD read heads as well as a relatively new type of non-
volatile memory known as magnetic random-access memory (MRAM). The first
generation of MRAM devices used current-induced local magnetic fields from
orthogonal write lines to switch the magnetization state of specific cells, as shown
in Figure 3 (a). While the technique was extremely simple, it imposed limitations
to device scaling. Subsequently, new techniques of magnetization switching such
as thermal assisted switching (TAS), spin-transfer torque (STT), SOT, and
domain wall (DW) propagation were developed and proposed, as illustrated in
Figure 3 (b) to (e), respectively. In TAS devices, localised generation of Joule
heat is used to reduce the MTJ FL coercivity, to assist in the magnetization
switching [23]. As the current through the MT]J also provides a means of STT,
the field line can be removed in order to improve the device scalability. The STT-
MRAM technology is mature enough to be a commercially viable non-volatile
memory storage device. However, the ultrathin tunnel barrier for a low resistance-
area product, and challenges posed by the read and write current sharing the same
path (read-write disturb), has led to the search for alternative means of current-
induced magnetization switching techniques. The SOT-driven MTJ allows for
separate read and write current paths at the expense of additional transistors [24-
27]. These SOT-driven devices generate polarised spin currents by passing charge
current through a HM with large SOC sharing a contiguous interface with the FM
FL [28]. With the use of FM layers with PMA, the spintronic memory cells can
be scaled to smaller dimensions. However, large FM layers that can harbour
magnetic domains can serve niche roles that require analogue-like behaviour or

thresholding features.
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Figure 3: (a) Toggle MTJ. (b) Thermally-assisted MTJ. (¢) STT-MT]J. (d) SOT-
MTIJ. () DW-MTIJ. Device resistance states are probed by a read current
represented by a thin black arrow through the MTJ stack. Bold black arrows
indicate write line current for field-induced magnetization switching of toggle
and thermally-assisted MTJs.

Spintronic devices are not limited to memory applications. Research has
been ongoing for spintronic devices applied to compute-in-memory and logic-in-
memory architectures. Furthermore, non-von Neumann approaches to
computation such as brain-inspired computing or neuromorphic computation
[29,30], and probabilistic computation promise even greater performance metrics

[31-34].
2.1 Spintronics for Logic Applications

Aside from memory storage, spintronic devices are also potential
candidates for computing-in-memory. In the following sections, we look at how

spintronic devices can function in logic and neuromorphic applications.

Conventional computers perform arithmetic and other complex
operations using circuits comprising Boolean logic gates. These logic gates
compare one or more binary input signals and produce a binary output, and
areshown in their distinctive symbols in Figure 4 (a) to (h). Single-input logic
gates include the BUFFER and NOT gates. The BUFFER gate simply passes on
the input logic unchanged, while the NOT gate inverts the input logic and is also
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referred to as the inverter. The AND, OR, and XOR gates compare two inputs,
and their inverted counterparts are NAND, NOR, and XNOR, respectively.

(a) BUFFER (b) NOT (c) AND (d) NAND
() OR () NOR (g) XOR (h) XNOR

D o- ) - >

Figure 4: Distinctive symbols of logic gates: (a) BUFFER, (b) NOT, (c) AND,
(d) NAND, (e) OR, (f) NOR, (g) XOR, and (h) XNOR.

Logic gates can be used to construct circuits that can perform basic
arithmetic functions. The half-adder schematic illustrated in Figure 5 (a) can be
constructed out of an XOR and an AND logic gate, and takes in two single binary
digits and sums them. The outputs SUM from the XOR gate and the CARRY
from the AND gate depend on the combination of inputs A and B. A signal from
the CARRY output indicates an overflow, which can be fed into subsequent adder

circuits.

Figure 5: (a) Half-adder comprising XOR and AND gates. (b) Full-adder
comprising two half-adders and an OR gate.

A full-adder as illustrated in Figure 5 (b) performs addition on binary
numbers, and also accepts CARRY IN values from a previous overflow. A one-

bit full-adder can be constructed out of two half-adders indicated in red dashed
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outlines. Multi-bit adders are simply concatenated one-bit adders. Such adder
circuits are constructed out of transistor-based logic circuits, and the outputs

persist while the input signals are present.

Spintronic devices have been proposed, demonstrated, and continue to be
extensively studied due to their potential as logic-in-memory devices. The
advantage of spintronic-based logic devices is in its non-volatility and low power
operation. Examples of spintronic logic devices include all-spin logic (ASL)
using non-local spin valves (NLSV) [35-40], domain wall (DW) logic [41-44],
nano-magnetic logic [45-50], and MTJ-based logic [51-54]. Due to the persistent
magnetization states in spintronic logic devices, memory and logic are unified,
alleviating the von Neumann bottleneck. In addition, spintronic logic boasts high
switching speed and endurance, giving it a competitive advantage and potential
for logic-in-memory applications. This thesis explores the reconfigurable SOT-
driven logic device in Chapter 6, and how it is implemented to perform half-adder

functionality.
2.2 Spintronics for Neuromorphic Engineering

When compared to the von Neumann architecture in computers, the
biological brain operates through massively parallel processing, consumes much
less power (~20 W), is extremely plastic and reconfigurable, and co-locates
processing with memory [55]. Furthermore, the human brain learns using a small
range of examples and over the course of his/her lifetime, while computers
require a relatively larger and more comprehensive dataset. This has led to the
field of neuromorphic computing, first conceived by Carver Mead while at
Caltech [56]. In neuromorphic computing and engineering, humans try to
describe the various mechanisms of the biological brain using brain-inspired
models, in hopes of developing faster and more efficient computation systems.

This degree of likeness of the brain-inspired model is termed bio-fidelity.
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The brain comprises of the nervous system, primarily composed of ~101!
neurons which are specialised cells that manage the transmission of nerve
impulses as depicted in Figure 6 [57]. Neurons communicate by sending
neurotransmitters across a ~20 nm gap known as the synaptic cleft [58], of which
there are about ~10'" [57]. The conveyance of information pertaining to sensory
input, motor control, and cognition are due to interactions between different types
of neurons. A typical neuron comprises of several distinct sections: (i) The
metabolic centre of the neuron known as the soma (cell body), (i1) dendrites which
extend from the cell body and receive information impulses from pre-synaptic
neurons, (iii1) the axon which conducts electrical impulses away from the soma
toward the axon terminal, and (iv) the axon terminal which contains synaptic
vesicles that hold neurotransmitters, which are released across the synapse to
post-synaptic neurons.

Dendrites
\ Axon Hillock .
' Myelin Sheath

Nucleus

Y Y Y
Cell Body (Soma) Axon Axon Terminal

Figure 6: A biological neuron comprises of a cell body containing the nucleus,
an axon, and the axon terminal. An action potential sends an electrical impulse
along the axon toward the axon terminal when the cumulative inputs from the
dendrites exceed the threshold potential.

The input received at the dendrites come from many other neurons and

can either be excitatory or inhibitory. The inputs contribute to an analogue voltage

40



signal called the membrane potential. The axon hillock operates on an all-or-none
law that sums all the input signals and triggers an action potential when a
threshold potential is breached. When sufficient excitatory input exceeds the
potential threshold, an action potential will propagate along the axon to the axon
terminals. Aside from the analogue and digital mechanisms found within the
brain, there are also dynamic, time-dependent features. For example, in the spike-
timing-dependent plasticity (STDP) process, the synaptic strength between
neurons is adjusted based on the relative timing between pre- and post-synaptic
activity. Neuron behaviour varies vastly depending on their type and function
[59]. In designing an artificial neuron/synapse, there is a trade-off between device

complexity, computational power efficiency, and bio-fidelity.

Most of the ongoing research work in artificial neural networks and
machine learning is through a top-down approach of developing algorithms to
mimic biological neural processes while still relying on hardware based on
mature CMOS technologies. Several takes on artificial neurons, synapses, and
neural network hardware using conventional transistors include the IBM
TrueNorth and Intel Loihi chips. Such chips attempt to emulate biological
neuronal and synaptic behaviour using transistors, but not necessarily capture the
same bio-fidelity of actual biological neurons and synapses. However, properties
and characteristics unique to emerging technologies such as spintronics enable a
bottom-up approach in the development of brain-inspired computational
hardware with greater bio-fidelity. In this section, we look at various spintronic
devices and discuss how they can be used to mimic behaviours, mechanisms, and
features of the biological brain, as well as in building functional features, efficient

computational primitives, and circuits for real world applications.
2.2.1 Spintronic Synapses

The biological neuron receives excitatory and inhibitory post-synaptic

potentials along dendrites as shown in Figure 7 (a). The plasticity of the synapse
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is what leads to learning and memory as described by Hebb’s postulate, in which
the relationship between neurons depend on the pre-synaptic and post-synaptic
activity [60]. The summation of the input potentials can ultimately lead towards
generating an action potential. In an artificial neural network, synapses with
synaptic weights wy, ,, determine the connection strengths between the pre- and
post-synaptic neurons. The post-synaptic neuron N,, receives inputs I,,, from pre-
synaptic neurons as shown in Figure 7 (b), such that N, =Y, wy,,. An
equivalent circuit in the form of a synaptic crossbar array is shown in Figure 7
(c). In the crossbar array, a programmable device with memristive or analogue-
like behaviour is used to encode the synaptic weight at each cross-point. The
output at each neuron is then the sum of dot products between voltage inputs and
synaptic conductance.
(a) Biological neuron (b) Pre-synaptic inputs (c) Crossbar array
:&JY)\ L heg
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Neurons

Figure 7: A biological neuron receives pre-synaptic input of excitatory and
inhibitory nature. The signals are integrated at the axon hillock. Upon exceeding
a threshold potential, an action potential is triggered. Electrical impulses travel
down the axon and toward the axon terminal to other neurons. (b) An artificial
neuron N,, mimics the biological counterpart by summing the product of inputs
from multiple pre-synaptic inputs I,;, and artificial synapses wy, ,,. (¢) A synaptic
crossbar array where programmable resistive devices represent artificial synapses
at each cross-point.

The ability to adjust the strength between neurons can be used to reflect
the correlation between pre- and post-synaptic neurons is called the synaptic
plasticity. Several approaches using spintronic devices to function as artificial

synapses are possible, either through the manipulation of relative sizes of
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magnetic domains such as in DW or skyrmions in the device, or by time averaging

of a biased stochastic magnetic cell [61-66].

MTlJs have been available commercially in the form of MRAM, where a
single bit is deterministically switched to store binary data. The reliability of such
a memory element is only possible using precise fabrication processes. However,
it has also been shown that “misbehaving” MTJs that do not switch
deterministically, but rather, stochastically may also find purpose in
neuromorphic engineering. An MTJ operating in the stochastic regime may
switch up or down 50% of the time. Using this switching distribution, multiple
MTIJs with this quality can jointly function as a single synapse and demonstrate

analogue-like behaviour [67].

In a DW MTJ, the TMR corresponds with DW position, and the DW
position can be manipulated by current-induced spin torques [63,68].
Alternatively, synaptic weights can be represented by anomalous Hall voltage
states in a Hall cross device with memristive or analogue-like behaviour due to
the magnetization polarization of the material as well as spin-orbit coupling
[69,70]. These spintronic synapses contain the weights in the form of non-volatile
magnetization states and can be adjusted through an iterative learning process by

updating the device magnetization states.
2.2.2 Spintronic Neurons

Spintronic neurons come with various functionalities and characteristics,
and range in behavioural complexity. The output of spintronic neurons can be
described by their likeness to their biological counterpart, or bio-fidelity. In its
simplest form, stepwise neurons with binary output can be achieved with
commercially available MTJs [71]. However, one may require non-step transfer
functions in order to handle non-binary inputs and outputs. For both step and non-
step neurons, the magnetization dynamics and time-domain are not considered.

We know that the biological brain does indeed have time-dependence behaviour,
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therefore, spintronic neurons with features such as in leaky-integrate-and-fire
(LIF), or simply IF if no leaky feature is present, as well as stochasticity would
emulate biological neurons more closely. The various spintronic neuronal

behaviours are discussed in increasing bio-fidelity.

The simplest neuronal response is that of a perceptron with a step transfer
function as shown in Figure 8 (a). The most common spintronic device with such
a response 1s the MTJ as shown in Figure 8 (b) and (c), which switches between
high and low resistance states via STT or SOT when the input I > I.. The
resistance states can be deterministically switched when the critical switching
current I, is exceeded, aligning the magnetization in the free and reference layers
between parallel and anti-parallel orientations. For STT-MTIJs, this requires a
voltage bias through the tunnel junction. Such a switching mechanism has several
drawbacks: 1) As the read and write current paths are shared, there 1s a tendency
for unintentional switching due to read disturb. i1) The high voltage bias required
affects the device endurance and is not energy efficient as compared to other
switching mechanisms. As such, SOT is a more energy-efficient means of
magnetization switching, at the expense of an additional terminal that results in
separate read and write current paths. For such spintronic step-transfer function
neurons, the MTJ can be extremely small such that only a mono-domain
magnetization in the FL exists. The magnetization dynamics are neglected for a

more simplistic binary output behaviour for such an artificial neuron.

T1 Output 4

Heavy Metal

T2 | 0 Ic

(a) STT-driven neuron (b) SOT-driven neuron (c) Perceptron

Input

Figure 8: (a) & (b) The step transfer function behaviour can be mimicked with
STT or SOT MTlJs. Whenl > I, the MTJ switches deterministically. (c) A step
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transfer function (perceptron) triggers at some threshold input /.., also known as
the critical current.

The transfer function that models a neuronal output is typically non-
stepwise such as in Figure 9 (a). In artificial neural networks, common transfer
or activation functions include the sigmoid, hyperbolic tangent, or more
popularly, the rectified linear unit (ReLU). To achieve beyond binary states in
spintronic neuron devices, one would require multi-domain formation in the FL.
Rather than existing as either one of two possible magnetization states, a multi-
domain FL may form two oppositely magnetized domains separated by a DW.
The relative proportions between domains can be adjusted by manipulating the
DW position allowing for multiple resistance states to be exhibited in a DW
neuron MTJ [62,72,73]. The DW position can be manipulated by current-induced
SOT, and the resistance state of the device can be read out using an MTJ [74].
The divider circuit in Figure 9 (b) operates such that an increase in parallel
orientation of the FL domain leads to lower resistance of the DW neuron MT]J.

This drives the output transistor to approximately match I,,,; and I;,, linearly.

Output
Reference MTJ 1
DW MTJ B N
T2
— HM
0 Input
(a) DW neuron (b) Non-step transfer function

Figure 9: (a) The resistance state of the DW neuron MTIJ scales with DW
position. (b) A non-step transfer function.

The biological neuron receives multiple inputs from multiple
unsynchronised pre-synaptic neurons. The excitatory and inhibitory inputs may

not be received all at the same time, but across a span of time. These multiple
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inputs trigger the neuron when a threshold is reached and describes the IF
functionality. Consider a similar structure to the non-step neuron discussed
earlier, with multiple short injected current pulses to move the DW across the
device, as depicted in Figure 10 (a). At a certain point, the DW would have
crossed a threshold position such that the resistance state of the neuron MTJ
would cause the output inverter to be triggered as shown in Figure 10 (b). The IF
functionality therefore describes the biological brain’s ability to summate all
inputs over time and trigger the neuron when the threshold potential is reached.
However, it does not address the potential decay as observed in biological

systems, which further adds time-dependence to the input stimulus.

T1 Displafement
Reference MTJ i. Out Threshold
DW MTJ E
T . d
Iin 0 Time
(a) IF DW Neuron (b) IF Neuron

Figure 10: (a) The resistance state of the DW neuron MTJ switches only when
the domain under the PL changes between up and down states. (b) DW position
and displacement due to input spikes. Green lines indicate input signal spikes that
incrementally drive the DW, while the red line indicates the position of the DW.

In the LIF functionality, consecutive inputs are not only summed over
time, but the relative interval between inputs is also considered [75,76]. Sparsely
timed excitatory inputs may fail to trigger the neuron as the individually-triggered
potential spikes decay over time, while closely timed excitatory inputs allow for
successive integrations to exceed the threshold. Figure 11 (b) shows input spikes
(green lines) spaced close enough in time such that the DW is successfully
displaced towards the threshold. If the input spikes were timed more sparsely, the

DW may require more input spikes or even fail to cross the threshold. The leaky
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feature can be achieved by the simple implementation of a clocked current pulse
in the opposite direction that drives the DW backwards. Alternatively, the DW
can be allowed to naturally drift to leak without external stimuli by patterning a
trapezoidal length of magnetic material, in which the DW would tend towards the
narrower edge with lower DW energy [74,77,78]. In a similar energy-driven
approach, the magnetic thin film can be grown such that the anisotropy is graded
along the length within which the DW propagates as shown in Figure 11 (a) [79].
The DW will drift towards the region of lower anisotropy in the absence of
external stimuli. Similarly, skyrmions have been proposed to deliver LIF neuron

functionality [75].

Tl Displacement
Reference MTJ

?ngt Threshold
DW MTJ

T3

Anisotropy [/ 0 Time

(a) LIF DW Neuron (b) LIF Neuron

Figure 11: (a) An anisotropy gradient causes the DW to drift away from the MTJ
towards the region of lower anisotropy when no input current spikes are injected.
(b) DW position and displacement due to input spikes. The DW moves in the
opposite direction away from the threshold as part of the leaky feature. Green
lines indicate input signal spikes that incrementally drive the DW, while the red
line indicates the position of the DW.

In the previous discussions, achieving multi-state spintronic devices
require the formation of multiple domains. The resolution of the multi-states is
reduced as devices scale down, resulting in fewer domains and reducing the
number of useable states. Therefore, an approach to encode the necessary

information would be to use the time domain of a stochastic binary MTJ. When
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the energy barrier height £z between magnetization states is reduced, such that
thermal noise is able to randomly flip the FL magnetization in an MTJ between
parallel and anti-parallel states, its behaviour becomes stochastic [80]. Recently,
voltage-controlled stochastic MTJs were demonstrated to output a sigmoidal

probability activation function for handwritten digit recognition [81].

As one of the evolutions of devices and systems proposed in the IRDS,
research on emerging memory and computational technologies are critical as the
CMOS fundamental limits approach. Commercial spintronic devices such as the
STT-MRAM offer non-volatile, high-speed, high-endurance, power-efficient
memory, and have been present in the market for several years. They have proven
to be just as reliable as CMOS-based memories. Spintronic devices have been
shown to demonstrate bio-plausible behaviours and characteristics. This allows
spintronic devices to be used to develop a complete set of neuromorphic hardware
primitives. There have been several proposals and proof-of-concepts for
spintronic devices in neuromorphic engineering and computing, and new
opportunities continue to be explored in developing brain-inspired spintronic
neuromorphic hardware for more efficient computation. Spintronic neuromorphic
devices are an encouraging approach to advancing brain-inspired computing,
whether it is to mimic brain functionality for better understanding of the inner
workings of the biological brain, or to develop better neuromorphic technologies

for practical applications.
23 Spintronics for Probabilistic Computing

Rather than computing with traditional binary data represented by “1”’s
and “0”’s, it has been proposed that information can be encoded using probabilistic
bits [82]. While traditional memory is expected to be written deterministically
and reliably, probabilistic bits are intended to operate stochastically using
statistically random noise inputs such as thermal noise. Hardware random number

generators based on such devices are important for applications such as
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cryptography, as they are truly random and not based on algorithms. Furthermore,
probabilistic bits also find applications in neuromorphic engineering, as the
biological brain does not operate deterministically with clear distinctions or

thresholds, and noise in the brain helps with decision making [83].

While most spintronic memory elements rely on the deterministic
behaviour of nanomagnets and magnetization states, probabilistic characteristics
can be achieved through careful tuning of geometric and material parameters to
induce auto-oscillations [30,84-86]. Using these spintronic nano-oscillators,
hardware for neuromorphic applications such as vowel recognition, signal
processing, and edge detection have been proposed and demonstrated [30,31,33].
More recently, probabilistic bits (or p-bits) were introduced using low-barrier
magnets or magnets with weak anisotropy [87]. The concept of using stochastic
MTIJs was implemented to demonstrate integer factorization [88]. In addition to
thermally-induced magnetization switching of the low-barrier magnet, a bias can
be used to tune the tendency for the magnetization to be in the up or down state.
Due to the ultrafast dynamics of the magnetization, the average magnetization
state probed over an interval gives the probability which can be used as an
analogue-like output. We further discuss on probabilistic spintronic devices, in

particular the stochastic MTJ as a multistate device, in 8.2 Future Works.
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Chapter 3

Magnetism and Spintronics

In this chapter, we discuss the fundamental principles and theoretical
background of the various phenomena that will be used in this thesis. We begin
with basic magnetism and magnetic energies that are used to approximate the
magnetization dynamics. Subsequently, we build the foundation necessary for

understanding spintronic device fundamentals.
3.1 Orbital and Spin Angular Momentum

Aside from the electronic charge, an electron also possesses an intrinsic
spin. The spin of an electron was first evident in an experiment by two German
physicists, Otto Stern and Walther Gerlach, in the Stern-Gerlach experiment in
1922 [89]. The Stern-Gerlach experiment showed that a beam of silver vapour
passing through an inhomogeneous magnetic field splits into two discrete and
distinct regions on the detector screen. This was due to an internal magnetic
moment afforded by an uncompensated single electron of the electrically neutral
silver atoms [90]. This additional degree of freedom differentiates spintronics

from conventional charge-based electronics.

The orbital motion of an electron about an atomic nucleus as well as its
intrinsic spin contributes to the magnetic properties of materials. When an

electron orbits an atomic nucleus, is it analogous to a current loop I flowing in a

closed loop of area A, which gives rise to a magnetic moment i:
w = 1A (1)

where the direction of the vector 4 is normal to the area enclosed by the current

loop. The orbital angular momentum of the electron is given by [=7#x p, where
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7 and p are the position and momentum of the electron, respectively. Then, the

orbital moment can be calculated using equation (1) by substituting [ = —% =

—e/(2nr/v) and A = mr?:

e )

2m,

where e = 1.6 X 10719 C is the elementary charge, m, is the electronic mass.

Since the z-component of the orbital angular momentum [, is quantized in A,
lZ = mlh (3)

where i is the reduced Planck’s constant and m; is the magnetic quantum

number. Thus, the z-component of the orbital moment p;, is then:

eh
m
2m, 4)

= —upm,

Uz = —

where the Bohr magneton pup has been defined as up =eh/2m, =

9.724 x 1072* Am?. The electron also has a spin magnetic moment fi; due to its

intrinsic spin S which is given by:

Me (5)

where the gyromagnetic ratio y ~ 1.760 X 101 s™1T~1, y is an important
quantity that describes the sub-nanosecond dynamics of spins due to torques
exerted on it such as by an external magnetic field or by current-induced spin-

orbit torques.
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3.2 Magnetic Interactions, Energies, and Fields

The torques experienced by the magnetization can be attributed to an
effective magnetic field ﬁe fr acting on it. In energy terms, this effective field can
be a conglomeration of various contributions including demagnetization,
anisotropy, Zeeman, exchange and Dzyaloshinskii-Moriya interactions.

3.2.1 Symmetric Exchange Interaction

Magnetic moments tend to align parallel in FM materials and anti-parallel
in AFM materials, as shown in Figure 12. The parallel or anti-parallel alignment
of magnetization originates from the Heisenberg exchange coupling, and the

energy of the system is due to this symmetric exchange given by:

Ey = _zjij (Si-S)) (6)

where J;; is the coupling between neighbouring spins S; and S;. The energy is
minimized when magnetization is aligned parallel for the case of FM materials

with J;; > 0, and anti-parallel for the case of AFM materials with J;; < 0.

RS/ 2K 2K 3K 2 % N 2K XK
ALK 2K 2% 2 28 2K 28 2 2K

Figure 12: Parallel alignment of magnetization for J;; > 0, and anti-parallel
alignment of magnetization for J;; < 0.
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3.2.2 Asymmetric Exchange Interaction (Dzyaloshinskii-Moriya

Interaction)

An asymmetric exchange also known as Dzyaloshinskii-Moriya
interaction (DMI) which results in stable CW or CCW magnetization chirality, is

shown in Figure 13.

020 § #oe & Feoa § ()
D <0 %%&@:ﬂ 5 %@ﬁﬁ <i>

Figure 13: (a) Clockwise chirality for D;; > 0. (b) Counter-clockwise chirality
for Di j <0.

Dzyaloshinskii first constructed a model to describe “weak™ ferromagnetism in
AFMs [91]. Moriya subsequently correlated the interaction mechanism in part to
SOC [92]. The DMI is an anisotropic exchange interaction that manifests due to
inversion asymmetry in a crystal lattice. It influences the formation of magnetic
textures such as skyrmions and chiral DWs, and has been of great interest in
spintronic devices. DMI exists in bulk materials such as MnSi, as well as at the
interfaces of HM/FM. The interfacial DMI as illustrated in Figure 14 is mainly
discussed here as the work presented in this thesis is primarily on ultrathin films
and multilayers. Due to the SOI, the relationship between DMI and other
magnetic parameters such as exchange stiffness A, saturation magnetization Mg,
and uniaxial anisotropy K,,, have been discussed in several works [93-96]. The
Hamiltonian that describes the DMI can be written as the resulting interaction

between an atom with large SOC and two neighbouring spins.

Epmr = _Bij : (§z X 5_‘)]) (7
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where Bl- ; 1s the DMI interaction vector acting on neighbouring spins §i and 53

If the vector joining two spins R;; L D;j, then the energy is minimized as §l~ and

ijs

§j cant away from each other [97].

Figure 14: Spin (blue spheres) canting in the ferromagnetic layer due to
interfacial DMI from an adjacent HM atom (red sphere).

3.2.3 Zeeman Energy

In the presence of an external magnetic field ﬁext, a system with

magnetization M has an energy that is dependent on the relative angles between

them, and is represented by the statistical average over a volume:
Ezeeman = —Ho fM *Hoye dV (8)
%

The Zeeman energy Ezpeman 1S minimized when the magnetization and

external field vectors are coaxial.
3.2.4 Anisotropy Energy

The magnetic anisotropy of a material is the tendency of the
magnetization to align along one or more preferential directions or planes.

Anisotropy can be induced by the geometry and structure of the material which
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leads to shape anisotropy, or a result of spin-orbit interaction which leads to
magnetocrystalline anisotropy and interfacial anisotropy. The shape anisotropy is
a result of dipolar interaction. For ferromagnetic films with in-plane anisotropy,
the magnetization prefers to lie in the plane of the film (xy-plane). Due to the
demagnetizing field Hgepmqg, the geometric shape influences the anisotropy axis.
The magnetocrystalline anisotropy is due the crystal axes of a ferromagnetic
material, requiring less energy to align the magnetization along a more favourable
easy axis that typically coincides with the principal axes of the crystal lattice,
such as by having a cubic or hexagonal crystal system [98]. The anisotropy of a
thin film can also be influenced by interfacing dissimilar materials such as the
MgO/CoFeB bilayer [96,99]. The interfacial anisotropy can be improved and
optimized through annealing processes, which allows the thin films to form a
more ordered crystal structure. If there is one axis of anisotropy, it is said that the
system has uniaxial anisotropy or an easy axis. The uniaxial anisotropy energy

can be expressed as:
_ 2
Euniaxial - _Ku cos“ 6 (9)

where K, is the anisotropy energy density, 6 is the angle between the
magnetization and the anisotropy axis. Epnigric; 1S minimized when the

magnetization lies along the axis of anisotropy.
3.2.5 Demagnetization Energy

The magnetic moments abruptly stop at the surface of magnetic elements,

resulting in a demagnetization field due to the divergence of M.

The demagnetizing field for arbitrarily shaped objects is not
straightforward to calculate. However, if the magnetic element can be

approximated to an ellipsoid, then the demagnetizing field can be similarly
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approximated using a geometry-dependent demagnetizing factor. Gauss’s law for

magnetism states that the magnetic field B has zero divergence, given by:
V-B=0 (11)
The magnetic field and flux density are related by:
B = uo(M + H) (12)

where p, 1s the vacuum permeability, H is the demagnetizing field, and M is the

magnetization. The demagnetizing energy can then be calculated by:
Ho
Egemag = =~ J (NyM2 + N,M2 + N,MZ)dV (13)

where N; (i = x,y, z) are known as the demagnetizing factors and );; N; = 1. The
shape of the specimen determines the values of N;. N, = N,, = N, = 1/3 for a
sphere, while N,, = N,, = 1/2, N, = 0 for an infinitely long rod lying along the
z-axis [100]. Thin films can be approximated by an oblate ellipsoid with N, >
N, N, then N, = 1 and N,, N,, = 0 and:

1
Egemag = const. —ﬂMzV cos? 0 (14)
0

3.3 Stoner-Wohlfarth Model

The Stoner-Wohlfarth (SW) model developed by E. C. Stoner and E. P.
Wolfarth in 1948 can analytically model the coherent rotation of a single domain

ferromagnetic particle [101]. It describes the magnetic hysteresis of a
ferromagnetic particle, as its magnetization vector M rotates in a sweeping
external magnetic field vector H whose magnitude is varied along one axis.

Effects due to domains and inhomogeneities are neglected, M is restricted to a
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two-dimensional space, and the amount of magnetization M does not vary in the

ferromagnet.

We can model the behaviour of a single domain magnet using the SW
model. The magnetization of a ferromagnet changes when a magnetic field is

applied. These changes can be understood by sweeping an externally applied
magnetic field H o and plotting the magnetization M projected on to the direction
of H, which results inan M — H hysteresis loop. There are several characteristics

of a hysteresis loop: (i) The saturation magnetization Mg = |A7j | which is the
largest value of magnetization when all the magnetic moments align along one
direction, (i1) the remanent magnetization M, which is the remaining
magnetization when H = 0 and describes the non-volatility of the ferromagnet,
(111) the coercivity or coercive field H,. at M= 0, and the anisotropy field H. For
simple systems with uniaxial anisotropy, an easy axis or anisotropy axis can be
identified when the hysteresis loop closely approximates a square shape, and the

squareness is close to unity (M,. /M = 1).
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Figure 15: (a) Stoner-Wohlfarth particle with anisotropy axis along the xz plane.
(b) M — H hysteresis loops of the Stoner-Wohlfarth particle with anisotropy axis
along ¢ = 0° (blue), 45° (red), and 90° (black).

Figure 15 (a) is a schematic of a SW particle. The externally applied field

H in this convention points along the z-axis. 6 and ¢ are the angles of M and the
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uniaxial anisotropy axis with respect to H, respectively. In the absence of an
external magnetic field, M points in either opposite directions along the
anisotropy axis. M is therefore in competition between the anisotropy energy

E, = —K, cos? ¢ and the Zeeman energy E, = —M - H. The total energy per unit

volume is then:

-

E=E,+E,=—K,cos2¢p —M-H

(15)
= —K, cos? ¢ — HM cos(6)

In the case where ¢ = 0°, the anisotropy and external field share the same
axis such that the external field is swept along the particle’s easy axis. This results

in the square blue hysteresis in Figure 15 (b). The intercept at M = 0 is the
magnitude of H required to overcome the particle’s anisotropy known as the
coercivity H.. The magnetization at the extremes of the H is known as the
saturation magnetization M,. The amount of magnetization at H =0 Oe is the

remanence M,. When H is orthogonal to the anisotropy axis of the particle, ¢ =
90° and the field oriented along the hard axis. The hard axis hysteresis is plotted
in black and shows a linear response with no coercivity or remanence. From this
hysteresis loop, the anisotropy field H, of the particle can be obtained by

integrating the area indicated in orange and using the relationship:

1
K, = E#OMSHR (16)

The hysteresis loop at an intermediate angle of ¢ = 45° is plotted in red.

34 Dynamic Equation

The dynamics of local magnetization M (7) within a solid can be modelled

using the Landau-Lifshitz-Gilbert (LLG) equation of motion:
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—_—= —YMOM X ﬁeff +—M X — (17)

where v is the electron’s gyromagnetic ratio, i, is the permeability of free space,

—

H.rr comprises of contributions such as the external magnetic field H,y,
anisotropy field Hgp;s, demagnetizing field Hyemqg, o 1s the Gilbert damping
constant, and M, is the saturation magnetization. The first and second terms on
the RHS of equation (17) are the precession and damping terms, respectively. If
we assume that the solid behaves as a single SW particle, then the magnetization
at every point in the solid precesses coherently without and with damping as
shown in Figure 16 (a) and (b), respectively, and we can ignore the formation of
magnetic domains, i.e. M 7 - M. This macrospin approximation simplifies
solving a singular LLG equation and allows for a qualitative understanding of
magnetization dynamics. A more realistic model would involve N interacting

spins or domains.

Figure 16: (a) Precession of a spin without damping. (b) Precession of a spin with
non-zero damping.

Equation (17) can be transformed into a dimensionless equation of motion

for a unit magnetization by dividing both sides of the equation by Mj:
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— —

- dm
— = _yuomXHeff‘l'amXE (18)

where the dimensionless unit magnetization is given by m = o
S

The LLG equation discussed thus far has been implicit in form. An explicit form

can be obtained by taking the cross product of 71 on both sides of equation (18).

me: —YUom X (M X Hygp) + am X (me)
= —YUom X (M X Hegr) + am(m - E) (19)
., dm o, = dm
— a|m|® = = —yhm X (M X Hefr) — -
Substituting equation (19) into equation (18):
dm ., = S dm )
qo = " YMoT X Hegr + a(=ymom X (M X Hegr) — @) (20)

When solving the LLG equation, the magnitude of magnetization is conserved
throughout the motion of M, such that |(t)| = |m(0)| = 1.

Polarized electrons injected into a ferromagnet can exert torque on the
local magnetization and lead to magnetization reversal, and the dynamics of the

local magnetization can be described by a modified Landau-Lifshitz-Gilbert

equation [102].

—

2 =~ X (Hegr + b&) + o x =+ 77 x (7 x aB)  (21)

where 1 is the unit magnetization, H ofr 1s the effective field, and & is the injected

spin polarization orientation.
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3.5 Spin Tranport

The intrinsic spin of electrons can be polarised, as was demonstrated in
the Stern-Gerlach experiment in which a beam of silver atoms was passed through
an inhomogeneous magnetic field. The particles were deflected due to the
magnetic field gradient. Silver, being a massive neutral atom with an unpaired
electron, did not deflect due to its neutral charge. The patterned formed when the
beam of silver atoms struck a detector screen suggesting that the silver atoms had
two discrete values of magnetic moment along the direction of the field. This was
convincing evidence of the quantization of angular momentum of the atoms ‘spin
up’ and ‘spin down’. Typically, the spins of electrons are randomly polarized.
However, when these randomly polarized electrons conduct through FM
materials, momentum transfer occurs between the local magnetization and
itinerant electrons. Alternatively, passing charge current through a HM with large
SOC leads to preferentially polarized spin accumulation on the lateral surfaces of
the HM conductor. Typically, the spins are described as up or down, indicating

the majority presence of one or the other.
3.5.1 Spin Currents

A spin current can be defined as a flow of angular momentum. It is typical
to describe spin current densities in up and down states, J; and /|, based on some
defined quantization axis. The charge and spin current densities, /. and J,, can

then be described as:

Je=h+1]
Is=h—]

(22)

For a flow of electrons with up and down spins along a conductor, the
charge current density /. is simply the total current density J; + J;, while the spin
current density J is the net difference between the up and down spin electrons

J+ — J,. Three scenarios of charge and spin current flow can yield from this, as
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illustrated in Figure 17 (a) to (c). For a pure charge current, a net charge flows
along the conductor, but the net spin polarization is zero. For a pure spin current,
there is no net charge flow, but there is a non-zero spin current flow. For a spin-

polarized current, there is both non-zero charge and spin current flow.

(a) Pure charge current

(b) Pure spin current

(¢) Spin polarized current
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Je=0andj; #0

Je#0andj; #0

Figure 17: (a) Pure charge current with randomly oriented spins. (b) A pure spin
current has no net electronic charge flow, but a non-zero spin current flow. (c) A
spin polarized current with non-zero charge and spin current flow.

3.5.2 Characteristic Lengths

When electrons move inside a conductive medium, they experience
scattering due to impurities, defects, and thermal noise. The mean distance an
electron travels between scattering events is known as the mean free path A of the

electron, given by

A =vpT (23)

where v is the Fermi velocity, and 7 is the mean free time between collisions. In
general, scattering gives rise to the electrical resistivity of the material, however,
such scattering events can also result in the flipping of the electron spin. This
results in the loss of spin information as the electron changes spin orientation.

The mean spin flip length is given by:
Asf = VpTsy (24)

where 7, is the mean time between spin flip collisions. Ags is characteristic of

the material, its purity, as well as the temperature. Spin flipping also occurs when

electrons cross interfaces between two different materials.
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Figure 18: Representation of an electron and characteristic lengths.

We now describe the mean distance in the direction of electron flow (in a
normal metal) between spin-flip collisions as the spin diffusion length, given as

the geometric mean of A and As; shown in Figure 18 as per equation (24):

lsa = /(1/ 3)Adss (25)

The /1/3 pre-factor accounts for the three-dimensional scattering
mechanism. Spin diffusion lengths vary with material properties and impurities

that are present. Materials with large SOC such as Pt and Ta have short spin
diffusion lengths [103,104].

3.5.3 Two-Channel Model

The two-channel model is used to account for the electron spin as a charge
current travels through a conductor. Due to the spin-flip process, a spin-up
electron can transition to the spin-down state, and vice versa. While there are
different methods to model the mechanism of electron transport, the spin
diffusion equations formulated here are modelled based on room-temperature
approximations in which the spin transport is diffusive. This is in contrast with

low-temperature systems in which quantum effects must be taken into
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consideration. Figure 19 (a) and (b) shows a distributed transmission line

representation [105].

(a) L (b) L
| I I
r 1, 7, 7,
Ic > AN Iu U u Uu
9s ’i
Iq
Ta Td Ta

Figure 19: Transmission line representation for (a) charge current I, through a
resistive load of length [ and resistance r, and (b) two-channel model accounting
for spin-up and spin-down electrons, and intermittent spin-flip conductances g
bridging up and down spin current lines.

The one-dimensional transport of charge current can be separated into up
and down spin currents propagating along separate conducting channels with
respective distributed resistances 7;, and 7. Intermittently, the up and down spin
current channels are connected to each other by spin-flip conductances g,5. The
spin currents are driven by voltages V,,q) defined by up(down) spin chemical
potentials p, 4.

Hu(a)
e

Vi) = (26)

The spin-dependent electron current for one-dimensional transport can

then be written as:

d Uy
Tuw@y ) = g Vu = T () ) (27)
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where 1,4y 1s the resistance per unit length along the up(down) spin channel. The
rate at which the two spin channels equalize is proportional to the difference in

chemical potentials between the two channels.

dx

9
Zf (ﬂu(d) - ,ud(u)) = gsf (Vu(d) - Vd(u)) (28)

At steady state, the charge current given by I. = I,, + I is constant in the system

and does not vary across the length of the conductor.

Uy +1) =04 = ——¢ 29)

3.5.4 Decoupling of the Charge and Spin Quantities

Writing these equations in matrix form:

d v, r, 07l

— S 30
dx _Vd] 0 Td] [Id] 30)
d L] _ 1 -1[%

EE.Jd]'_'_gsf[—q, 1 ][va] G

Now, the charge and spin quantities can be represented as,

VC:Vu+Vd
2 (32)
I.=1,+1,
V-V,
T2 (33)
I,=1,-1I,

Substituting equations (32) and (33) into (30) and (31) results in:
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d [v.] 1rry  —1r [l
—_ = __ 34
dx Vs 41712 Ty ] [Is] ( )

d [l 0 0 /A
dx L] — [0 —49sf] [Vs] _
where ry = 14 £ 1;,. Subsequently, the voltage and current equations for charge

can be separated:

d T,

=t 36
deC 2 ¢ (36)
d

—1.=0 (37)

Equation (36) describes Ohm’s law for the two-channel model having an
effective resistance of 13, /2 assuming r;, = r,;. Equation (37) describes the steady-

state condition where current flow is uniform across space.

Similarly, the voltage and current equations for spin are:

Vo=t (38)

Iy = —495¢Vs (39)

Equation (38) is Ohm’s law for the spin current, which shares the same
effective resistance 1,,/2 as with the charge current. However, equation (39)
includes spin-flip conductance g5 which causes attenuation of the spin current
I; along the conductor of length L. The charge current, however, is not affected
by spin-flip processes.

3.5.5 Diffusion Equations

The diffusion equations govern the motion of charge and spin based on

the two-channel model. Differentiating equation (35) results in:
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] =30 gL
dxe? Vel = al-m 7 lax |
1 T+ —1_ O 0 I/C
I o ] [O _4gsf] [Vs] (40)
“lo o 1]
0 r+.gsf Vs
where equation (35) was substituted for the first derivative of the charge and spin

currents with respect to x. For non-magnetic conductors, r; =1, and r. =14 —

1, = 0, therefore the diffusion equations now become:

41
dx? [V] [V (r+gsf)] [V /Asd] 1)
where we have defined the characteristic length scale for spin diffusion A2; =

(regs) ™
3.6 Spin Transfer Torque

STT magnetization switching is a technique that utilises the momentum
transfer between the itinerant spin of an electron and the local magnetization. In
this technique, randomly polarized electrons are injected through a fixed layer
with strong anisotropy. This causes the electronic spins to align along the fixed
layer magnetization. When the now-polarized electrons are injected into a second
softer magnetic FL, angular momentum can be transferred from the itinerant spin
to the local FL magnetization, subsequently changing the magnetization
orientation. STT is used in MTJs as a means of switching magnetization in
spintronic memory devices known as STT-MRAM. The torques due to STT can
be decomposed into anti-damping and field-like torques. The anti-damping
torque is dependent on the magnetization, which relaxes the magnetization
towards the direction of the polarized spin. The field-like torque is independent

of the magnetization, and precesses the magnetization about an exchange field.
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While STT has been demonstrated to be a powerful technique for magnetization
switching, several drawbacks have led to the development of alternative
magnetization switching methods. Firstly, in order to perform reading and writing
of the MTJ magnetization states, current is delivered along the same path through
the MTJ. This leads to perturbation and unintentional magnetization switching
due to the read process, also known as read-write disturb. The oxide tunnel barrier
of the MTJ is also required to be made very thin in order to reduce the resistance-
area product for low-voltage operation. This makes the thin oxide tunnel barrier

prone to dielectric breakdown over the course of read-write operations.
3.7 Spin Orbit Coupling

The SOI or SOC can lead to phenomena such as magnetocrystalline
anisotropy, anisotropic magnetoresistance (AMR), spin-dependent scattering in
SHE, anomalous Hall effect (AHE), Dzyaloshinskii-Moriya interaction (DMI),
Rashba effect, and Dresselhaus effect. SOC can be understood by considering an
electron orbiting a positively charged nucleus +Ze with linear velocity ¥ in the
nucleus’ rest frame S. In the electron’s frame of reference S’, the nucleus orbits
the electron, giving rise to an effective magnetic field experienced by the electron
that interacts with its spin moment. These two inertial frames (S, S") are described

by Lorentz transformations. In their respective reference frame, the electric and
magnetic fields are (E , §) and (E ' B ’). The Lorentz transformation for E and B
parallel and transverse to v are given by:

Ey = Ey

By = By
- -, = (42)

-

- e v —
Bi=V(B¢—C—2><E)
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where y = is the Lorentz factor and c is the speed of light. From

1
J1-v2/c?
equation (42), the B-field can now be written as B’ @) = Z—;E) X U where the %

factor is the relativistic Thomas factor due to the non-inertial frame [98]. The
SOC field then gives rise to the Hamiltonian for the Zeeman energy given by
[106]

#B - =1 - - =g
Hsoc=ﬁa-(EXU)=uBa-B (43)

where & is the vector of Pauli matrices. The SOC can manifest in various effects
such as the spin Hall effect (SHE), Rashba effect, anomalous Hall effect, and

magnetocrystalline anisotropy.
3.7.1 Spin Hall Effect

The SHE was first predicted by Dyakonov and Perel in 1971 [107,108].
A direct effect of the SHE is a charge-to-spin conversion, whereas the inverse
effect can lead to spin-to-charge conversion [109]. The name itself was
introduced by Hirsch as an analogue to the ordinary Hall effect [28]. As charge
current flows through a HM, spins accumulate at the lateral edges, as depicted in
Figure 20. In comparison with the classical Hall effect in which the presence of
a magnetic field deflects the electron trajectory due to the Lorentz force, no
magnetic field is necessary for the SHE. Instead, SHE originates from spin-
dependent scattering as electrons flow through the sample. Over three decades
after its first prediction, the SHE was experimentally observed in semiconductors

[110,111], and subsequently detected in metals such as Pt and Al [112,113].
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Figure 20: Charge current flow through a non-magnetic conductor leading to spin
accumulation at the lateral interfaces due to the SHE.

The origin of the SHE can be attributed to intrinsic and extrinsic
mechanisms. The intrinsic effect occurs in the absence of impurities within the
material from which scattering can take place and is solely due to the band
structure. Electrons flowing through the material experience a spin-dependent
deflection of opposite directions in the presence of an electric field due to the
atom’s nucleus. There are two proposed extrinsic mechanisms in which an

electron can undergo scattering due to impurities as illustrated in Figure 21 (a)

and (b).
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(a) Skew scattering (a) Side-jump scattering
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Figure 21: (a) Skew scattering and (b) side-jump scattering events.

When the concentration of impurities increases, the electrons will
experience an increase in scattering events. In skew scattering, polarized
electrons with linear velocity ¥ are scattered by an electric field E from an
impurity site with strong SOI as depicted. Due to the radial electric field from the
nucleus, E and the emerging B'-field is stronger closer to the nucleus. In the frame
of the polarized electron, it experiences a magnetic field §~(f5 x E )
perpendicular to the plane of the electron trajectory. If the electron spin is not
aligned parallel or anti-parallel to B, it will precess around B. Mott scattering is
also dependent on the spin orientation of the electron, and opposite electron spins

will scatter in opposite directions:
F=V(i B) (44)

The side-jump scattering mechanism was introduced by Berger, and is so-
called due to the finite lateral displacement of the centre of mass of a wave packet
upon scattering against impurities as shown in Figure 21 (b) [114]. It is therefore

an extrinsic effect. However, it is independent on the impurity concentration and
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therefore intrinsically contributes to the spin Hall effect. The spin-dependent
scattering event results in opposite spins deflecting in opposite directions, and the

wave packet leaves the impurity in the same direction and constant velocity.

The decay of the population of polarized spins is a result of spin flip
scattering, which limits the lifetime in which a spin can maintain its orientation
[115]. Spin flip scattering is a process in which the spin orientation is not
conserved, as conduction electrons scatter from an impurity potential, leading to

a decay in the population of spin polarized electrons.
3.7.2 Rashba Effect

The Rashba effect 1s an interfacial effect that manifests due to the broken

crystal symmetry along the interface of two crystals with different crystal
potentials. An electric field E forms along the z direction at the crystal interface.

An electron traversing along the x direction with velocity ¥ experiences this

electric field, and the Rashba Hamiltonian is given as:

agm , .
Hi = ” o-(ZXv) (45)

where ay, is the Rashba coupling parameter, and 6 = (O’x, Ty, O'Z) is the vector of

Pauli spin matrices.
3.7.3 Spin Orbit Torque

SOT magnetization switching allows for the separation of read and write
current paths. Instead of electron polarization by momentum transfer between
itinerant spin and local magnetization, SOT relies on spin polarization due to
spin-orbit coupling in HMs such as Pt and Ta. The polarized spins accumulate
along the lateral interface of the HM, accumulate at the HM/FM interface, and
diffuse into the FM layer [28]. Figure 22 shows the spin accumulation at the
opposite interfaces of a HM/FM bilayer due to a current density J.
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Figure 22: Spin accumulation at opposite interfaces of the HM/FM bilayer due
to current density J.

The SOT can also be approximated as a current-induced out-of-plane
effective field acting on a spin [116]. SOT has been demonstrated in systems with
structural inversion asymmetry to induce fast DW motion [117-122], as well as
magnetization switching [26,123-125]. The origin of SOT has been attributed to
the SHE and the Rashba effect. Similarly, the SOT acting on the magnetization
can be decomposed into anti-damping and field-like components through
electrical characterization techniques such as the adiabatic harmonic Hall

measurement [126-130].
3.74 Anomalous Hall Effect

In the ordinary Hall effect, an externally applied magnetic field H(Z)
perpendicular to a charge current I(X) flowing within a conductor results in a
potential difference V(9) transverse to the charge current flow. This potential
difference is known as the ordinary Hall voltage. However, in FM materials, an
analogous potential difference exists in the absence of any externally applied
magnetic field. This Hall effect in FM materials (and in the absence of external
magnetic fields) is referred to as the anomalous Hall effect (AHE). The transverse

Hall voltage comprising the ordinary and anomalous Hall effects is then [131]:
Vi = I(RoH, + RypeM,) (40)

where R, and R,yr are the ordinary and anomalous Hall effect coefficients,

respectively. H, and M, are the OOP components of the external magnetic field
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and the magnetization in the FM layer, respectively. In FM materials, R4 > R,,

and the ordinary Hall effect is typically neglected.
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Chapter 4
Fabrication and Characterization

Techniques

In this chapter, the processes for thin film growth and device fabrication
as well as equipment setup for measurement are described. Certain experimental

techniques discussed in the later chapters are also introduced.
4.1 Device Fabrication

In order to form device structures, an SiO, substrate is first prepared by
cleaning it using ultrasonication in acetone, followed by ultrasonication in
1sopropanol (IPA), before being thoroughly dried using a clean nitrogen jet. The
substrate is visually inspected for particulate debris, scratches, or stains, and the
cleaning process may be repeated until satisfactory. Subsequently, thin film
deposition is performed in an ultra-high vacuum (UHV) chamber. The sputter-
deposited substrate then undergoes lithography in order to pattern structural
features. The electron beam lithography (EBL) process patterns structures or
features for subsequent ion beam etching (IBE) or deposition processes. The
process repeats for as many features and layers required for the completed device

to be measured and characterized.

The process for device fabrication follows the process flow illustrated in
Figure 23. The thin film sputtering, device patterning, and ion beam etching
processes may be repeated or follow a different order to meet the final device

requirements.
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Figure 23: Process flow for device fabrication from bare Si wafer to fabricated
device, ready for measurement and characterization. The order may be adjusted
and repeated to meet the required end result.

4.1.1 Thin Film Sputtering

Sputtering is a PVD technique used for depositing thin films. It is a
process commonly used in the industry for manufacturing semiconductor devices,
display panels, as well as for optical coatings. The material to be sputtered comes
in the form of a sputter target and is made by sintering or casting high-purity
materials such as Ta, Au, Cu, MgO, CoFeB, NiFe, and others with varying
stoichiometry. In the sputtering process, the target is ablated by accelerated atoms
of a high-purity noble gas such as argon, krypton, or xenon. These process gases
are used as they do not react with the target material unlike Oxygen or Nitrogen.
The atoms ejected from the target then travel ballistically towards the substrate,
depositing layer upon layer of the material film. High purity reactive gases such
as O, and N, can be mixed in partial pressure to form oxides and nitrides,
respectively. Conductive targets are typically sputtered using DC power, but may
also be RF sputtered in certain cases such as to reduce the sputter deposition rate

L or A-s™!. During the sputter process, a glow

typically measured in nm - s~
discharge would form just beyond the surface of the sputter target, indicative of
successful sputtering process. Dielectric targets however must be sputtered using
RF power, due to charges accumulating on the target surface which results in the

collapsing of the plasma.

The sputter system used is the AJA Orion with 8 sources in the sputter-up

configuration. A picture of the system is shown in Figure 24 (a). The sources for
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this system accept 2 inch diameter targets up to a total thickness of 6 mm,
inclusive of any oxygen-free high-conductivity (OFHC) copper backing plates.
Magnetic materials are limited to 3 mm thickness, and a special iron slug in place
of the central magnet is required. The magnet pack creates an electron trap just
beyond the surface of the target in order to increase the sputter rate efficiency and
reduce the process pressure, parameters which can affect the way in which the
deposited material forms on the substrate. The system can reach a base pressure
of better than 1x10°® Torr by means of a CTI cryopump. Seven confocal sources
align at an oblique angle toward the substrate, and a central source directly faces
the substrate. Figure 24 (b) shows the plasma discharge from two confocal
sources and one central source in a co-sputtering process. The target-to-substrate
distance is adjustable from approximately 70 mm to 150 mm. The furthest target-
to-substrate distance is typically used for most sputter processes to achieve
uniformity under 5% across a 3-inch diameter substrate. The sputter parameters
typically used are 20 sccm of Ar at 2 mTorr sputter pressure, or the lowest
possible stable sputter pressure. The power delivered to each target depends on
their thermal conductivity. MgO and other dielectrics with low thermal
conductivity are typically indium-bonded to 3 mm thick OFHC copper backing
plates, with up to 20 W/in? power density applied. Ramping the power up slowly
prevents the target from cracking due to thermal expansion. Thermally
conductive materials like most metals can afford a higher power density, but for
fine control of the sputter rate and reliable growth of nominal thicknesses under

1 nm, 30 W to 100 W for 2 inch diameter targets are typically used.

77



Figure 24: (a) AJA Orion sputter system. (b) Co-sputtering with two confocal
and one central source within the UHV chamber.

The nominal sputter rate can be calibrated by depositing each material for
a prescribed amount of time, and differs between materials. First, a resist is used
to form a small mask on the substrate. The material is then sputter deposited
across the substrate. An appropriate, prescribed resist remover is then used to
remove the underlying resist, forming a distinct step structure of the sputter
deposited material. The step height between sputtered material and substrate is
then measured using atomic force microscopy (AFM) to determine the nominal
sputter rate. If all the necessary target materials are available within the chamber,
consecutive multilayers of thin films can be deposited without breaking vacuum,
ensuring minimal oxidation and forming contiguous interfaces of each layer. The
co-sputtering of more than one target material can also be performed as shown in

Figure 24 (b).
4.1.2 Electron Beam Lithography

Electron beam lithography (EBL) is a patterning process that makes use
of chemical resists that undergo energy absorption processes upon exposure to an
electron beam. This changes the solubility of the resist depending on whether a
negative or positive tone resist is used. The samples are then developed in solvent
to selectively remove the exposed or unexposed regions, leaving behind
structures and features. EBL can achieve smaller critical dimensions and omits
the need for a mask as compared to ultra-violet lithography (UVL). However, the

much greater pattern design flexibility with EBL comes with a caveat: the

78



throughput is much slower since exposure is performed by raster scanning in

small write fields of about 200 um by 200 um or smaller.

The EBL system used is the Raith e-Line as shown in Figure 25. The
system utilises a thermal field emission electron gun for generating and emitting
electrons. Up to 30kV can be used to accelerate the electrons down the optics
column and focused to pattern the resist-coated substrate. The EBL system also

functions as a secondary electron microscope (SEM) for taking nanoscale images.

Figure 25: Raith eLine electron beam lithography system.

4.1.3 Resist Spin Coating

The process for resist spin coating is illustrated in Figure 26. Preparing a
substrate for EBL begins with resist spin-coating of a cleaned substrate. An
adequate amount of resist is dispensed, and the spin cycle is performed. The spin
speed and acceleration parameters depend on the resist and final thickness

required, and can be referenced from the specific resist datasheet. Baking the
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spin-coated substrate removes volatile solvents and compounds, and leaves
behind a uniformly flat layer of resist. The substrate is then ready to be loaded in
to the Raith e-Line load-lock before transferring it into the main process chamber.
The structure pattern to transfer is prepared using a graphic design/data system
(GDSII) editor, similar to 2D computer aided design (CAD) software. Orientation
corrections and optimized exposure parameters not limited to dose rate, dwell
time, and acceleration voltage can be set in order to meet feature requirements.
The EBL system writes the patterns in smaller jobs using write fields, in which

the electron beam is deflected across the substrate plane in a raster scan.

Electmn Beam
@ \ / ) )

Dispense Spm Bake Expose

Figure 26: Process for the preparation of spin-coated substrates prior to
lithography.

The patterned substrate is then developed using an appropriate developer
for an optimized development time. Under-developing leaves resist residue
behind, while over-developing results in unintended excess removal of resists.
Consistent and gentle agitation of the substrate in a pool of developer solution is
essential to ensure that the resist interface is always in contact with fresh
developer. Negative and positive tone resists react differently upon exposure, and

the development outcome is shown in Figure 27.
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Figure 27: Positive and negative tone resist after electron beam exposure and
development.

Resists are typically identified by their product code and can come in
various sensitivities, viscosities, and tones. The resist manufacturer’s datasheets
provide information on optimal process parameters, but a general description for
positive and negative tone electron beam resists will be described here. After
developing, the resultant features can be checked under the optical microsope,
AFM, or SEM to ensure that the dimensions meet expectations. The substrate can
then proceed with subsequent processes such as sputtering or ion beam etching
(IBE). Stripping or removal of the resist can be performed by soaking the
substrate with an appropriate remover solution. Occasionally, the resist can
harden due to high temperature processes. However, in general, a warm remover
solution bath with intermittent ultrasonic agitation can help improve the removal

of the remaining hardened resist.
4.1.4 Ion Beam Etching

Removal of material can be performed using an IBE tool (also known as
ion milling). IBE is an anisotropic etching technique with similarities to
sputtering. Both processes involve accelerated Ar ions used to ablate material off

a surface. The IBE system used is the AJA IBE system as shown in Figure 28.

81



Figure 28: AJA ion beam etching system with a secondary ion mass spectrometer
(SIMS) end point detector.

The system uses a Kaufman & Robinson RF-ICP ion source to ionize a
high-purity Ar supply, and accelerate the Ar ions through a graphite grid, as
illustrated in Figure 29. Accelerated Ar atoms ablate the substrate surface to
remove material non-selectively. Surfaces exposed to the accelerated Ar flux will
be removed, and sacrificial layers such as the relatively thicker EBL-patterned
resist are used to protect the underlayers. The ion beam angle of incidence can be
adjusted and is typically angled at least 10 degrees off-normal in order to
minimize redeposition by gently etching the side-walls. The water-cooled sample
stage dissipates heat build-up due to the process, and allows constant sample
rotation to ensure that the angle of attack is uniform on all sides of the feature to

prevent shadowing effects.
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Figure 29: (a) Directional Ar ion beam incident on a tilted and rotating water-
cooled sample stage. A neutralizer eliminates charge build up on the substrate
surface. (b) Active Kaufman and Robinson Ar ion source straight-on with
neutralizer (bright glow on the right).

Within the chamber, a secondary ion mass spectrometer end point
detector (SIMS-EPD) is used to detect etched materials. The SIMS-EPD cycles
through a user-specified range of atomic mass units and plots a graph of the
intensity of detected elements over time. Using this detection method, the IBE
process can be stopped when a specific layer is reach. The IBE process is
completed when the required materials are removed. Residual resist is then

stripped off using an appropriate remover.
4.2 Characterization Techniques

Several magnetic and electrical characterization techniques on blanket
films and devices are discussed in this section. Measurement is typically

automated and controlled using LabVIEW.
4.2.1 Surface Resistance and Resistivity

The surface (sheet) resistance and resistivity of thin films provide a way
of determining how electric currents shunt along multilayers comprising different
materials with different electrical properties. The surface resistivity can be

measured on continuous blanket thin films without the need for device patterning
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by using an in-line four-point probe, as shown in Figure 30 (a). The set up uses
pogo pins to provide Ohmic point contacts with the thin film surface. The four-
point probe is custom built, with probe pins equally spaced by s = 2 mm apart.
The outer pin pair sources current and the inner pin pair measures the potential
difference AV between them. The four-probe set up is used to negate the effects
of wire and contact resistance, so that AV across the inner two probes are entirely
due to potential difference within the sample. The four-probe measurement set up

uses a Keithley 2400 series source-measure unit.
<=
(a) | o | (b) 1

Figure 30: (a) Schematic of four-point probe configuration on a thin conductive
layer. (b) Current injection from a probe into a thin conductive layer.

There are several requisites for measuring sheet resistance across a
blanket film reliably and without the need for geometrical correction factors: 1)
The probe pins are at the centre of the film, 11) the length and width of the thin
film is significantly larger by at least 40 times than the probe spacing, and i1) the
film is no thicker than 40% of the probe spacing. The first two requisites ensure
that the current paths are not limited by the proximity to the sample edges that
can lead to overestimation of the sheet resistance. The last requisite will be used
to approximate the current injection in the thin film as a cylinder, rather than a

hemisphere.

The measurements cannot simply be extracted from the measurement

tool. In the case of thin films with thickness t, an arbitrarily sharp probe tip
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injecting current through Ohmic contact with the thin film is illustrated in Figure
30 (b). The current density is then | = I /2nrt. Applying Ohm’s law where the
electric field across each cylindrical shell is given by E = AV /AR = pJ, where p

1s the material resistivity, we obtain the following relation:

av I

E=—P(

) 47)

2nrt

Integrating from r to r’

IR
V-V ==—(nr —Inr) (48)
2T

With t < s, the potential difference between the inner probe pair is then
IR IR
AV =—(2In2s —2Ins) =—In2 (49)
2T s

The sheet resistance 1n /o 1s then

T AV AV
R.=——— = 4532— 50
* In2 1 >3 I (50)

4.2.2 Vibrating Sample Magnetometer

The LakeShore 8604 vibrating sample magnetometer (VSM) shown in
Figure 31 is used to characterize the magnetic properties of magnetic materials,
from which information such as coercivity, remanence, anisotropy field, and
saturation magnetization can be extracted. It comprises of a model 643 bipolar
magnet power supply capable of delivering up to +70A to the EM-4V
electromagnet. Both the power supply and electromagnet are water-cooled to
keep the system at a safe operating temperature. The pole diameter is 100 mm
and the pole cap face diameter 1s 50 mm, providing a uniform field across the
device. With a pole gap distance of 16 mm, a maximum field of about 2 T can be

achieved. The sensitivity of a VSM is particularly dependent on several factors
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related to the electronics, pick-up coils, mechanical drives, the environment, and

other sources of noise.

A VSM operates by vibrating a sample vertically at a constant frequency.
The sample is adhered to the end of a non-magnetic rod, and the rod is positioned
such that the sample oscillates in between pole pieces of an electromagnet. The
sample vibrating in the magnetic field causes variations in the magnetic flux, and
consequently induces an AC voltage in the pickup coils due to Faraday’s law.
The vibrating frequency is also fed to a lock-in amplifier as reference, in order to
detect and measure the induced voltage that is proportional to the magnetic
moment of the sample. The correlation between the induced voltage and
magnetization is calibrated using a reference Ni sphere rated 6.92 emu at 5 kOe.
A maximum field of about 2 T can be achieved with a pole gap distance of 16

mim.
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Figure 31: Vibrating sample magnetometer with close up illustration of vibrating
sample-mounted rod between pick-up coils mounted on each pole face.

4.2.3 DC Measurements

DC measurements can be performed using a source-measure unit (SMU)

such as the Keithley 2400 series in one of two modes: (1) 2-wire sensing and (i1)
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4-wire sensing. In 2-wire sensing, sourcing current I;. and measurement take
place along the same circuit shown by the red wire connecting the two points of
the device under test (DUT) as illustrated in Figure 32(a) and (b). The voltage
and resistance measured are referred to as V., = I;.R,,, where the subscript
indicates the source and measure axes. The 2-wire sense method is used to
measure the device resistance including any contact and wire resistance as well

as anisotropic magnetoresistance (AMR).

(a) (b)

Keithley 2400

Figure 32: (a) Measurement set up with a Keithley 2400 series source-measure
unit. (b) Schematic of device with polar 8 and azimuthal ¢ angles of

magnetization 7, and polar 8, and azimuthal ¢, angles of effective field H.I
represents the flow of current along x-axis.

In 4-wire sensing, current /. 1s sourced from the unit along the red wire
and delivered along the device in the x direction, and the potential difference
measured along the blue wire connected to the transverse conductor in the y
direction given by V,, = I;.Ry, . Here, the subscript represents the source and
transverse measures axes. The 4-wire sense negates any contact resistance, and
purely measures the potential difference across the points of contact. It is also
used to accurately measure the resistivity of thin films using the in-line four-point
probe method. In a magnetic sample, the anomalous Hall resistance can be
measured across the transverse Hall bar due to the anomalous Hall effect. DC
Hall measurements are useful for electrically probing the magnetization state in

perpendicularly magnetized Hall cross devices. The anomalous Hall voltage Vy
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measures the perpendicular component of the magnetization m, = - €os 0,
S

where 6 is the magnetization polar, and is given by:
Vy = 13.ARy cos 0 (51)

Figure 33 shows the plot of Ry in a sweeping IP (H, ) and OOP (H,) field
using the single domain Stoner-Wohlfarth model and the following parameters
for a perpendicularly magnetized thin film such as in the MgO/CoFeB bilayer
[132]: saturation magnetization Mg = 1200 emu/cc, OOP uniaxial anisotropy

ky, = 4.2 x 105 J/m3.
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Figure 33: Exemplary plots of anomalous Hall resistance Ry in a device with
PMA (a) in a sweeping IP field H,, (b) and a sweeping OOP field H,.

Where angular dependent measurements are required, a custom-made
Arduino-controlled stepper mount is used to reliably and repeatably rotate the

sample for 8-dependent or ¢-dependent measurements.
4.2.4 Harmonic Hall Measurement

The harmonic measurement technique is used to quantitively determine
the SOT efficiency. The harmonic measurement set-up and device schematic is
shown in Figure 34 (a) and (b), respectively. The adiabatic AC current is
provided by a Keithley 6221 AC/DC, and a Signal Recover 7265 lock-in

amplifier measures both first and second harmonics simultaneously. Aside from
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these two pieces of equipment, an external magnetic field is provided by a
LakeShore EM4 electromagnet, a custom-made aluminium air-core
electromagnet, and other supporting custom-made tools such as a stepper-
mounted sample holder for automating angular-dependent measurements. The
magnetic field near the sample is measured using a Hirst GMO08 gaussmeter. All
the equipment are connected to a Windows computer via GPIB or USB, and the
measurement operates using LabVIEW. The analytical derivation for harmonic

measurement is discussed in Appendix A.

(a) (b)

Keithley 6221

Trigger Link

Signal Recovery
7265

Figure 34: (a) Harmonic measurement set-up comprising an AC/DC source and
a lock-in amplifier. (b) Device schematics with magnetization and field polar and
azimuthal angles.

The AHE (or EHE) is a magnetotransport effect, commonly used to
measure the degree of perpendicular magnetization in a device with Hall cross
geometry. Ry, is the longitudinal resistance when measured along the same arm
as the current flow, and R,, is the transverse resistance when measured along the

arm perpendicular to the current flow, such that
ny == T == RoH + RAHEMZ (52)

where V;, 1s the transverse (Hall) voltage that comprises of the ordinary Hall and
anomalous Hall contributions, R is the ordinary Hall effect coefficient, and R xz

is the AHE coefficient. The AHE is a consequence of SOC, and originates from
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two types of scattering mechanisms — skew scattering and side-jump [133,134].

The Hall voltage is related to a Hall electric field by
Vey = Exy‘g = pxylj (53)
The longitudinal voltage is

Vix = PxxLj (54)

The ratio between V,,, and V,, then gives

ny Pxy ? ?

=L = =G, — 55

Ve Pl UL )
where Oy 1s a dimensionless parameter called the spin Hall angle, and describes
the percentage of electrons that deviate from the longitudinal electric field due to

the material property.
4.2.5 Kerr Microscopy

In order to visually observe the magnetization and spin structures and patterns in
magnetic thin films and devices, the MagVision Kerr microscope as shown in
Figure 35 (a) is used. The system utilises the Kerr effect and is able to resolve
sub-micron features. In the Kerr effect, the polarization of light reflecting off a
magnetic surface is rotated. By passing the reflected light through a polarizer, the
degree of rotation of polarization can be detected. While the system is not used
to quantify the magnetization in the sample as would a VSM, it can be used to

measure the magnetic hysteresis loop as well as image magnetic domains.
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Figure 35: (a) MagVision Kerr microscopy system. (b) Kerr image of the
Demagnetized state of a magnetic sample.

In order to capture the magnetization state in a magnetic thin film or device,
differential imaging technique is used. In this technique, the magnetization is first
saturated in one direction using an external magnetic field, and an image of this
reference state is captured. The difference between subsequent images and the
reference image is then used to generate a high-contrast Kerr microscopy image
such as that shown in Figure 35 (b). The setup comprises of in-plane or out-of-
plane electromagnets, and a custom-made sample holder for wire-bonding

devices that enable in situ electrical measurements.
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Chapter 5
Spin-Orbit Torque Induced Multi-State
Magnetization Switching in Hall Cross

Structure at Elevated Temperatures

In practical device applications, spintronic devices such as the 1TIMTJ
STT-MRAM are subjected to thermal effects due to heat dissipation from
adjacent transistor operations as well as due to the ambient temperature. An
increase in operating device temperature can lead to lower TMR, reduced critical
switching current, and shrinking read margin that allows the circuitry to
distinguish between high and low resistance states. With devices that exhibit an
analogue-like response or multi-state behaviour, more than one bit can be stored
in each cell. However, thermal effects become more critical in device operation.
In this chapter, we explore the effect of elevated temperature on a spin-orbit
torque driven Hall cross device with multi-state behaviour. Parts of this chapter

have been published in Journal of Magnetism and Magnetic Materials [135].
5.1 Motivation

There has been a lot of attention given to the generation of spin current
for SOT driven magnetization switching in HM/FM heterostructures recently,
both for the understanding of the underlying physics as well as for device
applications. Spintronic devices that rely on SOT for magnetization switching
have the advantage of omitting an additional ferromagnetic layer for spin
polarization of conduction electrons as required in the conventional STT effect.
The origin of SOT is due to the strong SOC via the SHE [107,124], and/or the
Rashba effect in HM [136-142]. The effective SOT acting on local magnetization

in a FM is dependent on structural inversion asymmetry (SIA), and can be
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achieved by sandwiching the FM between layers of dissimilar materials or
thicknesses. Since its discovery, magnetization manipulation by SOT has been of
great interest for fast domain wall propagation [143-145], efficient magnetization
switching [124,129,142], as well as for sustaining steady state excitation in

ferromagnetic nanostructures [146,147].

Recently, Kurenkov et al. have reported magnetization manipulation in
devices using current-driven SOT, with analogue switching behaviour
characterised by the intermediate resistance states, for device dimensions larger
than the magnetic domain size [70]. Such SOT devices show promise in
applications of neuromorphic engineering due to their non-volatile analogue-like
behaviour [30,148-151]. When integrated with CMOS, spintronic devices will be
subjected to thermal effects due to thermal dissipation from electronic transistor
operations. While binary MTJs can afford large read and write margins [152,153],
the impact of elevated operating temperature on SOT-driven devices with multi-

state behaviour remains unexplored.

In this chapter, we demonstrate the analogue-like, multi-state
characteristics in a Co/Pt multilayer Hall cross device. Using in-situ Kerr
microscopy, the intermediate resistance states due to the formation of magnetic
domains across the device are captured. The multi-state behaviour is shown to be
attributed to an inhomogeneous current density profile across the device junction.
The effects of current-induced SOT magnetization switching from room
temperature (RT = 295 K) to 360 K on the change in Hall resistance ARy across

varying IP bias fields H, are summarised in switching phase diagrams.
5.2 Experimental Details

A multilayer comprising Ta (5)/Pt (3)/[Co (0.6)/Pt (0.6)]4/Co (0.6)/Ta (5)
was sputter-deposited on to thermally oxidised Si substrates. Numbers in

parenthesis indicate nominal film thicknesses in nanometers, and the subscript

represents the number of [Co/Pt] bilayer repeats. Vibrating sample magnetometry
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measurements on a 5 mm by 5 mm blanket film in out-of-plane (OOP; red curve)
and in-plane (IP; black curve) sweeping fields show that the multilayer film
exhibited perpendicular magnetic anisotropy (PMA) as plotted in Figure 36 (a).
The inset shows the blanket film OOP hysteresis loop with coercivity H, =
300 Oe. Subsequently, Hall crosses of 50 pum by 5 pm wires were patterned using
electron beam lithography and Ar ion beam etching techniques. Electrical
contacts were patterned and deposited over the ends of each wire as shown in
Figure 36 (b). The device channel along the x direction is distinguished from the

transverse Hall bar along the y direction.
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Figure 36: (a) In-plane and out-of-plane hysteresis loops obtained via vibrating
sample magnetometry. Inset shows the zoomed-in out-of-plane hysteresis loop.
(b) Device schematic with current delivery along the x direction, and Hall voltage
measurement along the y direction. (c¢) Sample mount for in-situ temperature
control. (d) Device coercivity from 290 K to 360 K.

Sample heating was achieved using a custom-made mount as illustrated
in Figure 36 (c). A square ceramic heater of width 12 mm with built-in

thermocouple was connected to a PID controller to regulate the power and heater
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temperature. A copper-clad laminate (CCL) on to which the substrate was
mounted, contacted the exposed aluminium surface from the underside. For
calibration, a separate thermocouple was placed on a mounted dummy Si
substrate. The heater and substrate surface temperatures were correlated to map
the temperature values. The time required to reach steady-state temperature at the
substrate surface was accounted for. Using this custom mount, electrical
characterization of the device can be performed under varying device
temperatures. The device magnetization was measured by applying a non-
perturbing probing current I,,,5, = 200 pA along the wire in the x-axis, and

measuring the anomalous Hall resistance Ry = Vy/I,.0p. along the Hall bar

transverse to the current flow. The anomalous Hall resistance Ry is a measure of
OOP magnetization. The coercivity H, from 295 K to 360 K is plotted in Figure
36 (d) and shows a monotonic decrease in H, with increasing device temperature
T. The inset shows the hysteresis loops at both extremes of the temperature range.
While it is expected for the saturation magnetization M to decrease with
increasing temperature, there was no discernible decrease in Ry for device

temperatures from 295 K to 360 K.

5.3 Multi-State Behaviour by Current-Induced Spin-Orbit Torque

Magnetization Switching

In order to study the magnetization switching due to current-induced
SOT, Ry is plotted against write pulse current amplitude I, along the device
channel. Each measurement loop begins with an initialization pulse [;,;; =
—24 mA to set a reference magnetization state. Subsequently, 1 ms write pulses
I, up to +24 mA in steps of 1 mA are delivered. Between each write pulse, the
magnetization state of the device is probed using a non-perturbing probing current
Lyrope = 200 pA, and the transverse Hall voltage Vy = Ry/I,0pe 18 measured.
Throughout the entire write-and-measure sequence, the device is subjected to a

static IP field H, = 1 kOe along the x direction and parallel to the current flow.
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The IP field H, serves to break the switching symmetry required for deterministic

SOT switching in devices with perpendicular magnetic anisotropy [154].

(a) --Tl=29'5 KI;H;=ik(5e |
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Figure 37: a) Ry — I, loops at RT (295 K), showing intermediate resistance
states, and (b) in-situ Kerr microscopy images of the device magnetization
configurations at various I, corresponding to respective Hall resistances Ry,.

Figure 37 (a) shows the Ry — I loops up to varying current amplitudes
measured at RT (295 K). From approximately I, = 10 mA, intermediate Hall
resistance states can be achieved, and the device exhibits multi-state behaviour.
The Hall resistance Ry appears to saturate at I, = I, = +24 mA. Figure 37
(b) shows the in-situ Kerr microscopy images, revealing the device magnetization
configurations at current amplitudes of 5 mA, 8 mA, 20 mA, and 23 mA. It is also
observed that the change in Hall resistance ARy for current-induced SOT
switching is smaller than that as compared to the OOP field H, swept hysteresis
loop, which can be attributed to partial magnetization switching at the device

junction in the former case.

Due to the geometry of the Hall cross device, the multi-state switching
behaviour may be a result of inhomogeneity of the current-induced SOT across
the device. In order to obtain an accurate current density profile across the device,
finite element simulation was used to model current flow along the Hall cross

channel. Figure 38 (a) shows the inhomogeneous current density profile across
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the Hall cross device due to a current /5, along the device channel of width 5 um.
A 0.5 pm fillet at the junction corners mimic the rounded corners of the patterned

device. Current shunting across the junction is a result of the device geometry.

(b)

Figure 38: (a) Current density profile across a Hall cross due to current I, along
the device channel. Lateral shunting of the current at the device junction results
in an inhomogeneous current density. (b) Magnetization configuration across the
device with increasing effective out-of-plane magnetic field.

The progression of magnetization switching in a Hall cross structure was
then simulated in Mumax3 using the current density profile [155]. The magnetic
material parameters used are M, = 7.6 X 10° Am™1, K, = 3.8 X 10° ] m™~3, and
Ay = 1.5 % 1071 Jm™1 [156-158]. By mapping the current density profile as
an effective OOP field H, s, similar magnetization switching behaviour was
observed. Snap shots for increasing current density and corresponding

magnetization configurations are shown in Figure 38 (b).
5.4 Effect of Elevated Device Temperature on Reading and Writing

It is critical to understand how thermal effects can affect magnetization
switching due to current-induced SOT, as well as the temperature-dependent
magnetic properties of materials and devices. To study the temperature-

dependence of ARy due to CIMS, the Ry — I, measurement sequence was
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repeated at varying temperatures up to 360 K. Figure 39 (a) shows ARy and
critical switching current I, from RT to 360 K in the presence of IP field H, =
2.8 kOe. Here, I, is defined as the current at which ARy changes by 50%. At
room temperature, I, is 24 mA and drops to 18 mA when the device temperature
is increased up to 360 K. While the device shows monotonic decrease in I, with
increasing temperatures, ARy is observed to increase up to 340 K due to
weakened anisotropy, lowering the energy barrier between states and resulting in
thermally-assisted current-induced SOT switching. Further increase in
temperature beyond 340 K results in a decrease in ARy, revealing that some of
the magnetic domains may have substantially weakened anisotropy to the point
where much of the perpendicular magnetization is not sustained under the IP
field. By varying both H, and T, a phase diagram describing the switching
behaviour of the devices is obtained as shown in Figure 39 (b). The polarity of
1., and H, results in LRS-to-HRS or HRS-to-LRS loops. A large H, is required
for CIMS in highly anisotropic Co/Pt multilayer systems and can be observed in
the region of red of the phase diagrams where the largest ARy 1s achieved. For
H, < 0.28T, ARy generally increases with 7. Throughout the T-dependent
measurements, Ry — H, loops were performed to confirm that there were no
irreversible changes to the magnetic properties of the device due to the combined

effects of thermal and Joule heating.
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Figure 39: (a) Thermally-assisted switching at 2.8 kOe results in monotonic
decrease in switching current [, with increasing temperature T. The change in
Hall resistance ARy peaks at 340 K as the reduced anisotropy is unable to sustain
a fully OOP magnetization above that temperature. (b) Phase diagrams across
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varying [P fields show AR} due to 1 ms write pulses across varying IP bias field
H,.

5.5 Effective OQut-Of-Plane Field Due to Current-Induced Spin-Orbit

Torque at Elevated Temperature

To quantify the SOT efficiency of the device at room and peak T, the
H, 55 due to I, at RT and 360 K was determined. For this measurement, a
calibrated air-core electromagnet was used to provide a sweeping H, field are
shown in the schematic Figure 40 (a). The sample was located at the centre of
the air-core electromagnet during measurement. The Hall resistance Ry in a
scanning OOP field H, was measured at varying channel currents I, and IP field
H,. The loop shifts for I, = + 12 mA with their loop centres displaced due to
opposite current polarities is shown in Figure 40 (b). The vertical offsets are for
clarity. Figure 40 (c) shows the depinning fields for down-to-up (blue dots) and
up-to-down (red dots) switching transitions across a range of I, from —12 mA to
+12 mA. The loop shift (black dots) determined from the depinning fields (zero-
crossing) is defined to be the effective field H, .sf at the respective H,. The set
of loop shifts at H, = =10 mT clearly shows that the loop shift is dependent on
the current polarity as shown in Figure 40 (d). Here, a linear fit approximates the
efficiency y. This measurement is performed across H, = + 1 kOe at RT and
360 K. The y versus H, is plotted in Figure 40 (e) and (f) for RT and 360 K,
respectively. At RT, y,:(RT) = 74 0e/10'' Am™ , comparable to reported
values in single Pt/Co and Pt/CoFeB stacks [116]. At T = 360 K, the value of
Xsar (360 K) ~ 55 0e/101Am™2. The relationship between y and the SHA 8

. Osih
of the HM layers is given by Y¢q: = g# , where h, e, M, and tp), are the
S'FM

Planck’s constant, electron charge, saturation magnetization, and FM layer
thickness, respectively [159]. The SHA of Pt 8% has been reported to be largely
invariant with temperature up to 400 K [160-163]. However, the damping-like
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efficiency of Ta £5¢ has been reported to decrease monotonically with increasing
temperature from 300 K [164]. The damping-like efficiency &j; , spin Hall angle
Osy, and SOT efficiency yg,; are figures of merit that scale with each other

) . cre ore,t € decrecasc O o ITrom an can oc
[116,162]. Therefore, the d f Ysar by 26 % from 295 K and 360 K can b

attributed to the corresponding decrease in &)% and OI% at higher device

temperatures.
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Figure 40: (a) Schematic of measurement set-up showing heater with integrated
thermocouple, and air-core coil providing an OOP magnetic field H,. A larger
electromagnet (not shown) provides an IP H, field. (b) Ry — H, loop at RT for
H, = 0.1 Tand I,;op = 12 mA showing shifts in loop centers. Vertical offset
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is for clarity. (¢) Loop shift (black dots) due to L,,,pe. (d) Loop shifts due to bias
fields of opposite polarity. Effective field y for (e) T = RT and (f)T = 360 K.

Figure 40 (¢) and (f) show that |y| first increases with |H, | before
saturating. This can be described by a current-driven DW propagation model
[116,165], in which chiral Néel DWs are stabilized in such PMA multilayer
structures in the absence of an external field as illustrated in Figure 41 (a).
However, the application of a spin current due to SHE leads to effective fields
H, ¢ acting in opposite directions on such homochiral Néel DWs, resulting in
shifting DWs but not domain expansion. An external field H,, 1s required to break
the chirality of the DWs in order to promote domain expansion as illustrated in
Figure 41 (b). When the external field is large enough to overcome the effective

field due to the DMI, Hp,,; can be determined.
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Figure 41: (a) Current-induced effective fields H,.rr acting on chiral Néel
domain walls in the absence of an external in-plane magnetic field. (b) Breaking
of the DMI-induced DW chirality by applying an external magnetic field H,. The
current-induced effective field H, ¢ acts to expand and contract domains.

At both ends of the temperature range, Hp,;(RT) = 655 0e and
Hpp (360 K) = 560 Oe. The decrease in Hp),; and weakening of DMI strength
with increasing T is due to greater thermal disorder [93,166]. The chiral
magnetization canting due to DMI can be overcome with smaller IP bias field H,

at higher temperature T.

Multilayer Stack |Hpuyi| (Oe) Reference
Pt (4)/Co (1.2)/Ir (1) 655
Pt (4)/Co (1.2)/Ir (2) 313 ﬁlggg]a Khadka, et al.
Pt (4)/Co (1)/Ir (1) 1300
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Pt (4)/Co (1)/Ru (2) 1404

Pt (4)/Co (0.8)/Ru (2) 2120

Pt (4)/Co (0.8)/Ru (3) 2180

Pt (4)/Co (0.8)/Ru (4) 2386

Pt (3)/[Pt (1)/Co (0.8)/Ru (1.3)] 2200

Pt (4)/Co (1)/MgO (2) 2800 Chi-Feng Pai, et al.
Ta (6)/CoFeB (1)/MgO (2) 250 [116]

Jiangwei Cao, et al.

Ta (3)/CoFeB (1.3)/MgO (1)/Ta (1) | 300 [132]

Pt (3)/[Co (0.6)/Pt (0.6)]4/Co (0.6)/Ta | 655 (RT = 295 K);

5) 560 (360 K) This work

Table 2: Comparison table of Hp,,; values obtained from similar measurement
methods. Values of Hp,; obtained in this and other works using similar
measurement methods of determining y.

Table 2 compares the Hpy,; values obtained from other works using the
same current-induced loop shift technique [116,132,167]. The [Co/Pt]4+/Co
multilayer in this work suggests that opposing DMI at the interfaces of each Co
layer would interfere. Therefore, the Hp,,; determined from this measurement

method describes only the net effect from the entire multilayer stack.

The intermediate magnetization states are persistent and therefore non-
volatile with successive read operations. Bipolar pulse switching followed by
successive reads at varying temperatures from RT to 360 K is performed to
demonstrate this. At each temperature setpoint, alternating polarities of current
pulses are delivered in the presence of an external magnetic field of H, = +1 kOe
as shown in Figure 42 (a). The write pulses are each followed by successive read
operations in the absence of the external magnetic field. ARy for each current
amplitude at varying temperatures is described in the phase diagram as shown in
Figure 42 (b). AtT = RT, more intermediate resistance states are accessible, as
indicated by the broadening of the colour map at increasing fields. Elevated
temperatures result in a reduction of field required for switching to achieve the

same resistance state at T = RT as indicated by the eroding dark blue region.
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Even though switching occurs across the range of temperatures, receding red
regions indicate that the degree of magnetization switching deteriorates at

elevated temperatures.
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Figure 42: (a) Procedure for multistate write and read involves applying a write
pulse I, in the presence of an IP field H,. The resistance state is probed with a
non-perturbing I,,.ope = 200 pA. The procedure is repeated with alternating

polarities and amplitudes of I,. (b) Phase diagram for multistate write and read
across varying temperatures T and IP bias field H,.

The effect of temperature on the reliability of writing and reading a multi-

state resistance device may pose a challenge. However, this can be resolved by
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using a variation sensing circuit to compensate for a change in device
temperature, and perform corrected write and read operations accordingly
[153,168,169]. On the other hand, the device can serve as a temperature sensor
by utilizing its temperature sensitivity [170]. Under certain write currents,
different magnetization states can result from different device temperatures. A
threshold used to differentiate between temperature ranges and boundaries can be

implemented.
5.6 Conclusion

In summary, SOT-driven multi-state magnetization switching in Co/Pt
Hall cross devices were demonstrated for devices operating from RT to 360 K.
The multilayer shows strong as-deposited perpendicular magnetic anisotropy.
The anomalous Hall resistance scales with current amplitude, and the multi-state
characteristic of a current-induced SOT switched device was shown to be due to
a geometrically imparted, inhomogeneous current density distribution across the
device junction. The current-induced SOT switching was simulated by mapping
the current density profile across the device to an effective OOP field. The
simulation results closely mimic the device magnetization states as observed
through in-situ Kerr microscopy imaging at various pulse current amplitudes.
When the device was subjected to the temperature range from RT to 360 K, the
switching amplitude derived from the change in Hall resistance first increases up
to about 340 K before decreasing. While the switching current /;,, is inversely
proportional to device temperature, the change in high and low resistance states
ARy is greatest at 340 K. The effective OOP field per unit current density y was
quantified at RT (xsq:(RT) ~ 74 0e/10*Am™2) and 360 K (¥4 (360 K) =
59 0e/10Am™2). The efficiency, saturation field, and IP field required to
overcome the DMI field are reduced at elevated temperatures due to increase in
thermal disorder. This work gives additional insight on the effect of elevated

temperature on SOT-driven multi-state devices. The challenges imposed by the
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temperature sensitivity of multi-state write and read can be resolved with
appropriate sensing circuits to monitor and compensate for the temperature
variation. Alternatively, the device can serve as a temperature sensor, by

exploiting the temperature-dependent current-induced SOT switching.
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Chapter 6
Effect of Seed and Interlayer Pt on SOT
Efficiency

In this chapter, the SOT efficiency of Ta/Pt/[Co/Pt]s/Co/Pt multilayers
with varying seed and interlayer Pt thicknesses are quantified using the adiabatic
harmonic Hall measurement technique. The resistivities of the HM layers and
corrections for the planar Hall effect are accounted for. The corrected SOT
efficiencies show that the SHE i1s the dominant source of SOT, and that thicker
Pt seed layers effectively screen spin current originating from the bottom [-Ta
layer. Parts of this chapter have been published in Journal of Physics D: Applied
Physics [171].

6.1 Motivation

Current-induced SOT magnetization switching has been demonstrated in
bilayer systems comprising ultrathin ferromagnet/heavy metal (FM/HM) bilayers
such as in Co/Pt systems [172]. A good Pt seed layer with (111) crystallinity
allows low lattice mismatch with Co, necessary to achieve as-deposited
perpendicular magnetic anisotropy (PMA) with large effective magnetic
anisotropy K, [99,173-176]. These factors favour device scalability and thermal
stability 4 = K,V /kgT, where V is the magnetic volume, kg is the Boltzmann
constant, and T is the temperature. When a current flows along the bilayer device
structure, torques are generated and act on the magnetization, leading to highly
efficient magnetization switching [118,172]. As such, current-induced
magnetization switching shows great prospects for low-power spintronic memory

and logic applications [177,178].
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The torques that arise from such structures with inversion asymmetry are
due to the spin current originating from the SHE and the effective magnetic field
due to the Rashba effect. The sources of SOT and quantification of its efficiency
have been studied in various HM/FM bilayer structures [24,124,179]. A
parameter used to represent the SOT efficiency is the spin Hall angle 8¢y, which
represents the ratio of spin current density /¢ to charge current density /.. The HM
Pt has been reported to have 855 ~ +0.07 while Ta has a comparatively larger
spin Hall angle with opposite polarity of up to |8J%| = 0.15[24,124,179]. HMs
with opposite 855 have also been implemented within multilayer structures. By
sandwiching a FM layer with dissimilar HM layers, an increase in the overall
SOT efficiency has been demonstrated [180,181]. Current-induced SOT
switching is also not limited to a single FM layer. The magnetic volume V can be
increased by repeating the [Co/Pt] bilayers without sacrificing PMA [182]. The
interaction between SOT and the FM/HM multilayer (ML) is also expected to be

commensurate with structural complexity.

In this work, we investigate the effects of seed ti..; and interlayer
tinteriayer Pt thicknesses in Ta/Pt (tseeq)/[Co/Pt (tinteriayer)]3s/Co/Ta ML. The
interlayer Pt thickness can be used to tune the magnetic anisotropy. Using the
adiabatic harmonic Hall lock-in technique, we measure the SOT efficiencies
across varying tseeq and tinteriayer- The [Co/Pt]s/Co is treated as a single FM
unit layer, and the current density shunting through the thicker HM layers as well
as the planar Hall effect (PHE) contribution is accounted for in quantifying the
SOT efficiency. We find that for this stack structure, a thicker Pt layer promotes
PMA but screens spin current originating from the bottom Ta layer.
Consequently, tuning tseeq and tinteriayer 1S @ compromise between PMA and

SOT efficiency.
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6.2 Experimental Details

Multilayer stacks of Ta (5)/Pt (tseeq)/[Co (0.6)/Pt(tinteriayer)]s/Co
(0.6)/Ta (5) (nominal layer thicknesses in nanometers) were deposited at room
temperature on to thermally oxidized Si wafers with oxide thickness of 300 nm
using magnetron sputtering at a base pressure of better than 1.0 x 10 Torr. The
thickness of the thin films is expected to be relatively uniform based on the
deposition system sputter uniformity of better than 3% across a 3-inch diameter
substrate. The numerical subscript represents the number of [Co/Pt] bilayer
repeats. tg.qq4 18 the Pt seed thickness from 2 nm to 5 nm in 1 nm intervals, while
tinteriayer 18 the Pt interlayer thickness from 0.36 nm to 0.60 nm in 0.12 nm
intervals. After deposition, the blanket films were patterned into Hall crosses
comprising wires of 5 um width and 20 um length using electron beam
lithography. Contact pads of Ta (5)/Cu (100)/Ta (5) were deposited for transport

measurements.

To characterize the device, the transverse anomalous Hall resistance R,y
was measured across a sweeping [P H, and OOP H, external magnetic field,
using a dc probing current I;. = 200 pA along the x axis while measuring the
anomalous Hall voltage V,, formed across the y axis. V,, and R,,, are related by
Ryy = Viy/lgc. As Ry, is proportional to the out-of-plane magnetization
component M, = M cos 6, where M is the magnetization vector and 0 is the
magnetization polar angle, all samples showed square hysteresis in a sweeping
H, indicating PMA [183]. However, in a sweeping H,,, certain devices show the
in-plane to out-of-plane remanence Ry, /R2;" at Hy = 0 Oe to be below unity.
For comparison, the IP hysteresis curves for (tipterigyer = 0.36 nm, tgeoq =2 nm)
and (tinteriayer = 0.36 nm, tge.q = 3 nm) are plotted in Figure 43 (a) and (b),

respectively.
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In-situ Kerr microscopy images show that for devices with remanence
below unity, dark(bright) domains in an oppositely contrasted magnetic
background exist at H, = 0 Oe, indicating a mix of up(down) magnetized
domains. For devices with remanence close to unity, Kerr microscopy images
show a more homogenous dark or bright contrast across the magnetic material of
the devices. Generally, remanence approaches unity with thicker Pt seed layers,
which can be attributed to reduced roughness, an improvement to the (111)
texture, and subsequent reduction in Co/Pt interfacial roughness [184,185].
Figure 43 (c) shows R,%‘,) P for all devices. As the Pt seed layer thickness tspeq
increases, its resistance decreases, and more current can shunt through it. This
results in less current flowing through the [Co/Pt] multilayer [186]. Furthermore,

R, across devices with tipterigyer = 0.36 nm and 0.60 nm are almost identical,

while devices with t;teriayer = 0.48 nm have a smaller RZ”.
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Figure 43: (a) and (b) Anomalous Hall resistance R,, in a sweeping in-plane

field H, (black) and out-of-plane field H, (red) across varying tg..q; and
tinteriayer- All devices show PMA with square hysteresis loops in H,. Kerr

images (i) — (iv) show the respective remanent z-magnetization state at H, =
0 Oe. (c) Ry, across all devices from the OOP field sweep measurement. (d) The

normalised Rj}, in the +H, — 0 Oe quadrant is converted to cos™ R;), to

determine the device anisotropy. (e) The effective anisotropy field is then
determined from the effective anisotropy energy K, .rr shown in the integrated

area shaded in grey. (e) Effective anisotropy field Hy .rr across devices with
varying tseeq and tinteriayer thicknesses.
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Devices with tinterigyer = 0.48 nm show that Hy .¢r scales with ts.eq,
while that of tipterigyer = 0.36 nm and 0.60 nm show peak Hy o rr at tgpeq =
4 nm. The Hy, . for each multilayer stack was determined using the normalised
Ry from the +H, — 0 Oe quadrant as shown in the exemplary curve in Figure
43 (d). The inset shows the conversion to normalised cos™?! R)I(I;, and the shaded
region represents the effective anisotropy Ky, o¢s. Hy o Was then determined for
all the devices and summarized in Figure 43 (e). The Hy s peaks at tsoeq =
4 nm with the exception of devices with t;,;eriqyer = 0.48 nm which exhibited

monotonic increase with ... In general, a thicker Pt seed layer t..; would
yield [Co/Pt] multilayers with stronger PMA [187]. However, the effective
anisotropy field Hy s peaks at ts..q = 4 nm and noticeably decreases for
tseeq = 5 nm as a result of increased surface and interface roughness with
increasing ty..4 [188]. The roughness is exacerbated for subsequently deposited
layers of Co and Pt, and can lead to undesirable “orange-peel” coupling, leading
to the decrease in Hy . s observed for devices with tteriqyer =0.36 and 0.60 nm
[189].
6.3 Current Shunting Due to Varying Seed and Interlayer Pt Thicknesses
When performing electrical measurements, the various thin film layers
will conduct fractional current densities /| due to their individual electrical
resistivities and thicknesses. Assuming four resistors in parallel for each layer i
= Ta (adhesion), Pt, FM, Ta (cap), we approximate the current shunting through

each layer, having width w and length [, by noting that the conductance of the

entire device G epice 15 the sum of all individual layer conductances G;,

t.
Gaevice = z G; = z l_W (56)
pil

where ¢ is the thickness, and p; is the resistivity of layer i. Here, we treat the

[Co/Pt]3/Co multilayer as one perpendicularly magnetized ferromagnetic (FM)
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layer and assume that the voltage across each layer i is the same. The individual
device resistances were measured and plotted in Figure 44 (a). The inset
illustrates the circuit for each device with each layer having its own conductance
values Gi. From this information, we can account for the current density through
the HMs. The current density through layer i can be determined from the ratio of
conductance r; =Gi/XGj, so that the current density through each layer scales as J;

= I”iJ.

Subsequently, in order to determine the resistivities of the HM layers, we
deposited varying thicknesses of Ta and Pt on to thermally oxidised Si substrate.
The sheet resistances for Ta and Pt were measured using the in-line four-point
probe method and plotted in Figure 44 (b). The resistivities p scale approximately
as a reciprocal to film thickness ¢, with values close to those reported elsewhere
[190-192]. The sputtered Ta films are noticeably resistive, indicating that they
form the tetragonal -Ta phase that has strong SOC [129,190]. In comparison,
the blue dashed line indicates the resistivity of a-Ta of about 13 pu{l —cm
[190,193]. We use the measured [5-Ta resistivity for the adhesion and capping Ta
layers [24,194]. As t,q0q4 Increases in thickness, more current is permitted to flow
through the HM layer. The ratio » of current flowing through the HM layers that
contribute to the SOT is determined and plotted in Figure 44 (c). More current is

shunted through the HM layers with a thicker tsccq or a thinner t;nserigyer-
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Figure 44: (a) Resistances of measured devices showing monotonic decrease in
resistance as tgeeq and Lingeriayer iNCreases. Inset shows a circuit schematic of

four-resistor approximation with respective conductance G;, where i represents
the Ta adhesion layer, Pt seed layer, [Co/Pt]3/Co multilayer, and the Ta cap layer.
(b) Resistivities p of Ta and Pt of varying thicknesses deposited on thermally
oxidised Si substrate. a-Ta resistivity is shown for comparison [54]. (¢) Ratio r of
current through the Pt and Ta layers sandwiching the [Co/Pt]3/Co multilayer.

6.4 Quantification of SOT Efficiency

Next, we quantify the SOT damping-like (longitudinal) H; and field-like
(transverse) Hyp effective fields for varying tgeeq and tinteriqyer using the
harmonic lock-in technique [126,195]. A Keithley 6221 was used to source an
AC current density with amplitude ranging from 8 x 108 to 8x 10° A/m? in
intervals of 1 X 108 A/m?. A Signal Recovery 7265 lock-in amplifier was used
to detect the first and second harmonic Hall voltages simultaneously. A small bias

field 0o 400 Oe in the z-direction was present to prevent the formation of domains.
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The measurement set-up is illustrated in Figure 45 (a). When an in-plane current
is injected along the x-axis, a transverse spin current from the HM layers diffuses
into the FM multilayer. Due to the opposite spin Hall angles of Pt and Ta and the
structural inversion asymmetry, a net spin torque acts on the FM. Using a
sinusoidal current to adiabatically oscillate the magnetization, we measure the
first V,, and second V,,, harmonic Hall voltages across a range of current densities

Jac as a function of external longitudinal and transverse fields H, and H,,

respectively.
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Figure 45: (a) Schematic set up for harmonic lock-in measurement of a Hall cross
structure with coordinate system, where 6 and ¢ are the polar and azimuthal
angles, respectively. (b) and (d) First harmonics V,, measurements in the
longitudinal and transverse schemes, respectively, (c) and (e) Second harmonics
V,., measurement in the longitudinal and transverse schemes, respectively, for
the sample with ts..q = 3 nm and tipterigyer = 0.36 NM.

Exemplary curves of the longitudinal and transverse V,, and V>, for the
sample with tg.cq = 3 nm and tipterigyer = 0.36 nm are shown in Figure 45 (b)

to (e). Both longitudinal and transverse ¥, measurements show similar parabolic
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characteristics. However, the longitudinal and transverse V., have different linear
behaviour, as shown in Figure 45 (d) and (f). The substantially larger longitudinal
V,. 1s indicative of a dominant SHE, while the significantly smaller slope of the
transverse V,, 1s indicative of negligible Rashba contribution [196]. The
longitudinal V,,, have negative slopes for up and down magnetized states +M,.
In contrast, the transverse V,, have different slopes and relatively smaller
magnitude for up and down magnetized states +M,. V,, and V/,, are fitted using
quadratic and linear fitting functions, respectively. The following relation is then

used to determine H; and Hy:

oV, 9%V,

HL(T) = —2 (57)
In order to account for the in-plane magnetic field Hall resistance i.e.
planar Hall effect (PHE), ¢-dependent (6 = 90°) measurements were performed

using an in-plane field H;p = 4 kOe. The Hall resistance can be expressed as:
Ryy = Ry cos 0 + Rp sin® O sin 2¢ (58)

where R, and Rp are the anomalous and planar Hall resistances, respectively. The
individual curves are then fitted to obtain Rp and the PHE/AHE ratio ¢ =
Rp/R,, which is then used to determine the modified, PHE-corrected SOT
efficiencies Hj 1y given by [127]:

, Hyry + 28Hr
Hym = 1— 4¢2 (59)

Due to imperfect alignment between the sample plane and the field, a
small OOP field component is present as the sample rotates about the z-axis. This
is resolved by averaging the planar Hall resistance at 8 and 8 + m as shown in the
@-dependent R,y curves plotted and fitted using equation (51) in the Figure 46

(a) for devices with tg,.4 =2 nm.
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Figure 46: (a) ¢-dependent (0 = 90°) R, curves fitted with equation (57) for
tseeqa = 2nm. (b) Rp and (d) ¢ = Rp/R, across all devices with tg..; and

tinterlayer .

The PHE- and current-corrected H i(T) /Jac are shown in Figure 47. We
find that after accounting for both corrections, H i(T) /Jac are several times larger
as compared to their uncorrected values. The magnitude of H; /], is greater than
that of Hy/J,., indicating that the SOT is predominantly due to the SHE
mechanism [197,198]. At its thinnest range of ts..q = 2 nm, the film stacks
demonstrate Ry, /R0F below unity at H, = 0 Oe. In particular, the measured
SOT efficiency for the device with ts..q = 2nm and tinierigyer = 0.36 NM
shows an anomalous SOT efficiency. This is attributed to ineffective (111)

texturing of Co by the thin Pt seed layers, as thicker ts..4 and tinteriayer generally
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improved the in-plane and out-of-plane remanence ratio Ry}, /R2Y" ~ 1 so that
the magnetization completely returns to one of the bistable (up or down) states at
H, = 0 Oe [199]. From our measurements, we observe that the damping- and
field-like efficiencies are inversely related to tgepq and tinterigyer- The high-
resistivity f-Ta layer generates substantial SOT [200,201]. Due to the opposite
spin Hall angle with respect to the adjacent Pt seed layer [163], spin current from
the f-Ta layer gets screened. Consequently, the net spin current from the opposite
contributions of the f-Ta/PT HM bilayer decreases with increasing Pt seed layer
thickness ts..q. Similarly, thicker tinteriqyer leads to greater spin scattering
across the multilayers [104,202,203]. From the damping-like field efficiency
|H; /].c| plot, the seed and interlayer Pt layers can be observed to screen the spin
current from the bottom Ta layer as tseeq and tinteriqyer increase in thickness.

However, there is no appreciable correlation between the already small transverse

field efficiency |Hy /] 4]
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Figure 47: Uncorrected SOT efficiencies (dashed lines) accompanied by current-
density and PHE-corrected SOT efficiencies for (a) longitudinal and (b)
transverse efficiencies. The corrections result in efficiencies several times larger
than uncorrected values.

6.5 Conclusion

In this work, we have studied perpendicularly magnetized multilayers of

Ta/Pt/[Co/Pt]3/Co/Ta with varying Pt seed and interlayer thicknesses. The Pt
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interlayer thickness influences the interlayer exchange coupling between the Co
layers. Consequently, this affects the Pt seed thickness dependence on the
anisotropy. It was determined from R,y-Hy measurements that ts..q > 3 nm was
necessary to achieve remanence close to unity. /n-situ Kerr microscopy images
confirm this observation. The SOT efficiencies for all devices were then
measured with current density and PHE-correction taken into account. The
damping-like efficiency scales inversely with Pt seed and interlayer thicknesses,
indicating that the spin current from the bottom Ta layer gets screened from both.
As such, there is a compromise between PMA and SOT efficiency, as the SOT

efficiencies decrease with increasing tseeq and tinteriqyer thicknesses.
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Chapter 7

Programmable Spin-Orbit Torque Logic
Device with Integrated Bipolar Bias Field
for Chirality Control

In this chapter, we demonstrate logical operations using an SOT-driven
double Hall cross device. An integrated bias field line is implemented and allows
for the generation of a local bias field necessary for chirality control in
magnetization switching. A SPICE circuit model founded on formalisms
developed by Bonhomme and Hong is also presented [204,205]. The SPICE
model is then used to demonstrate a half-adder circuit using the experimentally
demonstrated reconfigurable SOT-driven logic device. The development of the
SPICE models and circuits are described in the Appendix. Parts of this chapter
have been published in Advanced Electronic Materials [178].

7.1 Motivation

Modern day computers rely on densely packed transistors that form the
basis of components such as the processor, random access memory (RAM), and
certain classes of solid-state memories. This separation of processing and
memory units form a part of the von Neumann architecture. While simple in
design, the von Neumann architecture faces limitations to the performance of the
system due to the shared bus, preventing concurrent instruction fetch and data
operation processes. This limitation is referred to as the von Neumann bottleneck.
Foundries continue to find new ways of shrinking transistors so that they can be
more densely packed into integrated circuits. A trend in which transistor count
was observed to approximately double every 18 months was recognised and

posited by Gordon Moore. This trend is dubbed Moore’s law [206]. However,
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source-to-drain leakage and limited material options pose physical limitations to
transistor scaling, and Moore’s law is not expected to continue along its trajectory
indefinitely. Driven by the need to address both the von Neumann bottleneck and
scaling limits predicted by Moore’s law, spintronic devices have been shown to
be strong contenders for logic-in-memory applications, in which processing and

memory are no longer separate entities.

Spintronic devices exploit the spin degree of freedom of electrons. This
has enabled the development of non-volatile, high-speed, ultra-low energy
dissipation, and scalable spin-based sensors and memory devices. These devices
utilize the spin property of the electron rather than relying on electronic charge
alone as a state variable, and address device level issues such as high dynamic
and standby power dissipation due to leakage current, and heat dissipation
inherent to conventional silicon-based complementary metal-oxide-
semiconductor (CMOS) technology [206]. Several spintronic logic devices have
been proposed, such as all-spin logic in which non-local spin currents are used to
switch nanomagnets [207,208], and STT-driven MTJ-based logic devices
[209,210]. SOT-driven spintronic devices are a particularly attractive alternative
to STT-driven devices, due to their separate read-write scheme and high
efficiency. However, their operation typically requires additional initialization or
reset pulses, the exchange-coupled canted spins reduce both anomalous Hall sign-
to-noise ratio as well as thermal stability of the ferromagnetic layer, and device-

to-device variation in exchange coupling strength is expected [211,212].

In this work, a SOT-driven logic device using a double Hall cross
structure is experimentally demonstrated. The reconfigurability feature takes
advantage of the switching symmetry breaking in-plane field by means of an
integrated bias field line, allowing for the generation of a local bias field. The on-
chip bipolar bias field can be toggled to flip the SOT-induced switching chirality,

and to assist with deterministic SOT magnetization switching. This allows for on-
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the-fly reconfigurability of the logic device to function as one of the several
possible logic gates: AND, NOR, XNOR, XOR, NIMP, and converse NIMP.
Subsequently, the logic device is modelled in SPICE. Through compact-
modelling and circuit simulation, the logic functionality is expanded to

applications such as half-adders.
7.2 Experimental Details

Thin films with as-deposited PMA were first prepared by sputtering a
multilayer stack comprising Ta (5)/Pt (3) /[Co (0.6)/Pt (0.6)]3/Co (0.6)/Ta (5) on
to thermally oxidised Si substrates by DC magnetron sputtering. Numbers in
parenthesis indicate nominal film thicknesses in nanometers. The subscript
represents the number of [Co/Pt] bilayer repeats. Electron beam lithography and
Ar 1on beam etching were used to pattern the logic device structure, which
comprised of two Hall crosses sharing a common Hall bar. Subsequently,
electrical contacts of Ti (5)/Cu (100)/ Ta (5) were deposited at the wire ends. The
wires along which current is injected across are referred to as channels 1 and 2,
and respectively identified in red and blue dashed boxes in Figure 48 (a). The
common Hall bar is identified with a green dashed box. A bias-tee allows for
write and read currents to be delivered to each channel. The write current density
used is /, = 1.5 X 10”7 A cm™? and the read current I;.,, = 100 pA through each
channel n. The cumulative anomalous Hall voltage formed Vy = Vi 1 + V5 is
read out across the common Hall bar as illustrated in Figure 48 (b) and the inset
diagram. As Vy « I;.m,, the anomalous Hall voltage measures the OOP

magnetization component of the device.
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Figure 48: (a) Schematic of SOT-driven logic device. (b) Cumulative anomalous
Hall voltage Vy across a sweeping OOP magnetic field H,.

The patterned logic device was measured electrically in a sweeping OOP
field H,. The sharp switching shows that the device exhibits PMA, and the
magnetization across both junctions of the device have the same coercivity

|H.| = 350 Oe. As the junctions are of the same multilayer stack with similar

geometry, it can be assumed that |VH'1| ~ |Vyal.

In the practical device, the magnetization across channels 1 and 2 should
have the ability to be switched independently by electrical means. In current-
induced STT devices, a fixed layer is required to polarize injected current pulses
[213]. The spin polarized current then switches the FL representing the data via
momentum transfer between itinerant spin and local magnetization. On the
contrary, SOT-driven devices do not require such a fixed layer [154]. In a
HM/FM structure, current flowing through the HM layer with large SOC leads to
spin accumulation at the HM/FM interface. The accumulated spins at the
interface diffuse into the FM layer and applies a torque on the magnetization,
which leads to magnetization switching. For PMA devices, the magnetization
needs to be canted along the +x direction in order to produce deterministic
switching. This can be achieved by applying an external field H,, or via exchange
coupling with an adjacent magnetic layer with IMA. The exchange coupling

method introduces additional thin film growth challenges and is typically fixed
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along an orientation induced by field annealing. Also, the magnetization canting
is always present, which leads to a reduced SNR of the anomalous Hall voltage
Vy. As such, an on-device solution for generating a local magnetic field that can
toggle the magnetization canting on and off would overcome the challenges. The
local field polarity can also be changed to allow for device reconfigurability and
to achieve polymorphic logic device functionality. The integration of a bias field

line in close proximity to the device will meet these requirements.
7.3 Logic Operation With a Double Hall Cross Device

The logic device is first operated using an externally applied magnetic
field by mounting the device between the poles of a LakeShore EM4
electromagnet. The SOT-driven magnetization switching was performed by
injecting 100 ns current pulses of J;,J, = +1.5 X 107 A cm™?2 in the presence of
|H,| = 300 Oe. After each write process, the magnetization state was probed
using |Idc,1 |, |Idc,2| = 100 pA concurrently through both channels and measuring
V. Letting positive (negative) J represent logical inputs “T” (“F”) representing
“true” (“false”), Figure 49 shows permutations of (J;,/,) = (TT, TF, FT, FF), for
+H, probed using a fixed probing polarity I 1, I. » = 100 pA. The logic device
produces a ternary output where Vy = (4+200,0,—200) uV. The dashed line in
the V,; output plot indicates a threshold for interpreting the output signal, resulting
in a Boolean output. The device output now resembles that of AND and NOR
logic gates, simply by changing the direction of H,.
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Figure 49: External field H,, inputs J; and J,, and corresponding anomalous Hall
voltage output Vy of a double Hall cross logic device.

Aside from J, and H,, the probing currents I;., can also present
themselves as another form of input. This leads to two possible operating modes
of the device. In mode I described above, the device logic gate functionality is
determined by the probing inputs I, ,, and represents the fixed quantity. The
magnetization states m, and m, can be varied by means of /; and /,, respectively.
Depending on the nature of the application, writing device states repeatedly can
be energy expensive. In mode II, the device magnetization states m,; and m,
become the fixed quantity. The read currents /. ,, then become the logical inputs,
where +1;. (—I;.) represent “T” (“F”) logical inputs. Modes I and II are

summarised in Table 3.
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Mode | Mode 11

Fixed magnetization
states
my, m;

Logic Gate Fixed read scheme
(fixed parameter) Lac1, I

Logical Inputs Varymg zlgstirsletmatlon Varying read scheme

(Varying parameter) M. m I dc,1» I dc,2
1 2

Table 3: Differentiation of operating modes.

Using in-situ Kerr microscopy, the four possible magnetization
configurations — a) Up—Up, b) Up—Down, ¢) Down—Up, and d) Down—-Down —
are shown in Figure 50. The dark (light) contrasts correspond to up (down)

magnetization states across each channel.
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I I v Half _ 1_:ull _
del dc.2 H Rectification | Rectification
T T +200 pv T T
T F 0 F F
F T 0 F F
F F —200 pv F T
AND XNOR
Up—Down
I I v Half Full
de.l dc.2 H Rectification | Rectification
T T 0 F F
T F +200 puv T T
F T —200 pv F T
F F 0 F F
NIMP XOR
Down-Up
I ! v Half Full
dc,l dc,2 H Rectification | Rectification
T T 0 F T
T F —200 pv F F
F T +200 pv T F
F F 0 F T
Converse
NIMP XOR
Down — Down
I I v Half Full
dc,l dc,2 H Rectification | Rectification
T T —200 pv T T
T F 0 F F
F T 0 F F
F F 4200 pv F T
NOR XNOR

Figure 50: Kerr microscopy images of the magnetization states in a double Hall
cross logic device with channels spaced approximately 8 um apart. Each Kerr
microscopy image is accompanied by the corresponding interpretation of truth

table using different read schemes and half- or full-rectification.

The devices used in the Kerr microscopy images had channels placed
8 um apart for imaging purposes, while actual devices used in measurements had
channels spaced approximately 20 um apart to minimize current shunting. For
each configuration, the probing inputs permutate between TT, TF, FT, and FF,
where T and F correspond to +1;.,, and —I;. ,, respectively. Further processing

to half-rectify (Vy; > 0) or full-rectify (|Vy|) the outputs can be implemented to
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expand the range of logic to include NOR, XNOR, AND, XOR, NIMP, and
converse NIMP. The outputs for mode II are also summarised in the table for all

four permutations of the logic device magnetization states.
7.4 Integrated Bias Field Line for Self-Contained Chirality Control

A method to localize the switching symmetry-breaking H, for selective
logic devices would be favourable for device integration, where arrays of such
logic devices are fabricated on the same substrate. One approach is to place a bias
field line in close proximity to but electrically isolated from the device. Passing
a current through the bias field line would generate a local Oersted field to cant
the device magnetization. A 200 nm dielectric passivation layer of HfO was
sputtered over a rectangular region, isolating the device from subsequent
patterning and deposition of Ti (5)/Cu (100)/ Ta (5). The geometry of the bias
field line was prepared such that the Oersted field would be coaxial to J, and the
field itself could not switch the magnetization. By changing the magnitude and
polarity of the current through the bias field line I;, the amplitude and direction
of the Oersted field could be tuned. This method provides an on-chip solution to
local field generation for SOT switching, without perturbing neighbouring
devices. Figure 51 (a) shows the optical microscopy image of the logic device
with the integrated bias field line. A passivation layer of HfO; electrical separates
the bias field line from the device. A cross-sectional illustration along the
dissection A—A in Figure 51 (b) shows the two possible bias field line current
directions */g; and the corresponding Oersted field in red and blue arrows. The

Oersted field then cants the device magnetization towards the +m,. direction.
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Figure 51: (a) Schematic of SOT-driven logic device with integrated bias field
line. (b) Cross section of bias field line over device channel showing locally
generated field line due to a field line current I .
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The reconfigurable logic functionality of the device is now demonstrated
using the integrated bias field line for local Oersted field generation and
magnetization canting. First, Ir; = 30 mA is applied through the bias field line.
A 100 ns current pulse / = +1.5x 107 Acm™? is delivered through each
channel in the four possible permutations. Then, Ir; is set to 0 mA to remove the
local Oersted field. Probing currents of I;. = 100 pA are delivered down each
channel while the common Hall bar is probed to measure V. The additional
energy expense for the generation of the bias field required for the magnetization
switching operation can be estimated at under 1 nJ for a 100 ns pulse along a
10 Q bias field line. The corresponding output Vy, for corresponding inputs of I,
J; and J, are shown in Figure 52. The operating behaviour is similar to that
achieved with an externally applied field. In addition, the reconfigurable logic
device with integrated bias field in this work does not require initialization or

reset pulses for operation.
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Figure 52: Field line current I, inputs J; and J,, and corresponding anomalous
Hall voltage output Vy of a double Hall cross logic device with integrated bias
field line.

7.5 Simulation of SOT-Driven Reconfigurable Logic Device and Half-
Adder

The circuit models for SOT-driven devices are described in the Appendix.
They are subsequently used to model the behaviour of the device magnetization
when subjected to an external field and charge current. Parameters used in the
simulation are taken from the fabricated multilayer stack illustrated in Figure 53.
The total thickness of the multilayer is 17.2 nm. The [Co/Pt]3/Co multilayer is
approximated as one FM layer. The channel and common Hall bar are 5 um and
3 um wide, respectively. The charge current injected along the device in the x-
direction flows through the multilayer stack. Assuming the same potential

difference across each layer, the multilayer stack can be modelled as four resistors

130



for each layer in parallel, and the current through each layer would scale inversely

with the respective layer resistivity.

@ s (b) © . -
= Electrode _>ﬂ/\/\/\/—

& Pt
J" ‘ISum z 17.2nm] frm o o — Ipt A A A Pt =
I’I‘a Ta
X X ! V.V V
z y

Figure 53: (a) Simulation device dimensions. (b) Cross-section of simulated
device. (¢) Model of simulated device showing parallel current flow across layers
with different resistances and resistivities.

A current passing through both HM layers will result in spin currents
diffusing through the bottom and top HM/FM interfaces. Due to the opposite spin
Hall angles of Ta and Pt sandwiching the FM layer, these spin currents would
complement each other. Furthermore, spin current from the bottommost Ta layer
would diffuse into Pt and reduce the total effective SOT acting on the
magnetization of the FM layer. These mechanisms are addressed with the SHE

module for each HM layer.
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Figure 54: (a) The SHE circuit is represented by charge and spin circuits with
respective conductance [24]. The charge circuit between terminals 1c and 2c
contains a series conductance G, and two current sources I, which represent
spin-to-charge conversion via the SHE. The spin circuit between terminals 3y and
4y consists of a series conductance G, shunt conductances G;,, which represent
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spin current attenuation via spin-flip processes, and current sources [y, which
represent charge-to-spin conversion by the SHE. (b) Capacitor-current source
circuits which represent the LLG equation. Magnetization components m,, m,,

and m, are represented as node voltages. (c) Voltage source circuit representation
of the AHE where V,r « I.M,. Modular representations of the SHE, LLG, and
AHE are shown under their respective circuit representations [23]. (d) Compact
model of our multilayer Hall cross device. The HM layers are modelled using
SHE modules while the FM layer is modelled using an LLG module and
resistance Rpp. The AHE module accepts m, from the LLG module and the
current flowing through the FM layer I, as inputs and outputs a transverse voltage
VAHE. The correlation between the compact model to the symbolic
representation is shown in blue dashed lines. Black arrows represent the
magnetization state of the Hall cross, where an 1 indicates m, > 0 and |
indicates m, < 0. (e) Design of half-adder circuit using two logic devices.
Devices 1 and 2 have magnetization configurations and rectification circuits that
yield the logical outputs of an XOR and AND gate respectively. Current sources
are wired to the devices such that input current pulses can be delivered to both
devices simultaneously. (f) Demonstration of half-adder functionality.

The SHE, LLG, and AHE modules, as well as the schematic for the
compact model of a single Hall cross device are shown in Figure 54 (a) to (d).
The injected current I, is split into four parallel resistances. The thick HM layers
are represented by the charge-to-spin SHE converters, while the FM layer
comprising [Co/Pt];/Co multilayer is represented by the LLG module and
accompanied by a resistor. Spin current from the HM layers diffuses into the FM
layer and acts on the magnetization via the LLG module. Both the magnetization
m and the current through the FM layer Iz, are fed into the AHE module to
output the anomalous Hall voltage V. The material parameters for the HM

layers used in the SPICE simulation are shown in Table 4.
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o(Q1

HM Osy lsp (nm)  p (2-m) m-1) t (nm)
Pt 0.1 +£0.01 7.3 48x 1077 2.08 x 10° 5
~0.071 e ;

Ta +0.006 1.9 29 x10 3.5x10 5

Table 4: Material parameters used in SPICE for the HM Pt and Ta.

The parameters for the FL layer are required in the LLG module. These
are the saturation magnetization M, anisotropy field Hy, volume of the FM layer

I, Gilbert damping constant a, and gyromagnetic ratio y, and are shown in Table

5.

y (rad - s™1
Mg (A-m™)  poH (T) V (m?) a 1)
6.75 x 10° 1 6.3 X 10722 0.02 1.76 x 101!

Table 5: Magnetic parameters used in SPICE for the ferromagnetic multilayer.

7.6 Conclusion

We have demonstrated a reconfigurable spin-orbit torque driven logic
device. The logic device performs similarly with an external magnetic field
generated by an electromagnet, as it would with a local Oersted field by an
integrated bias field line for each logic device, demonstrating the viability of
locally controlling the parameters for magnetization switching for each device.
The device has also been shown to logically output AND, NOR, XNOR, XOR,

NIMP, and converse NIMP, using either of two modes. The first mode is write-
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and energy-intensive, and is useful for applications requiring the encoding of data
for long term memory storage. The second mode is more energy-conservative,
where the device states that determine the logic gate function are written once.
Mode II is demonstrated in a SPICE-compatible compact modelling of the logic
in a half-adder application. Spintronic-based computation by SOT switching as
demonstrated in this work has the potential to lead to low power and high-speed

spintronic circuit logic and computation.
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Chapter 8

Conclusion and Future Works

8.1 Conclusion

We have experimentally demonstrated current-induced SOT
magnetization switching in Co/Pt multilayers with as-deposited PMA and
exhibiting multistate (analogue-like) properties. We show using in-situ
differential Kerr imaging that the multistate behaviour is a result of the Hall cross
geometry of the device, which leads to an inhomogeneous current-density profile
across the device junction due to an injected current. The device was modelled
using finite element software to obtain the current density profile across the
device structure. Subsequently, micromagnetic simulation was performed using
Mumax3, with the finite element derived current density profile mapped to an
effective OOP field. The micromagnetic simulation results agree with the in-situ
Kerr images of the evolving domain configuration with increasing current
amplitude and corresponding effective OOP field. As the input write current and
corresponding current density increased, the effective SOT field across the
junction enabled gradual and progressive magnetization switching across the
device junction. Using the AHE, the Hall voltage across the transverse Hall bar
was demonstrated to scale with write current amplitude. As the device was
subjected to elevated operating temperatures typically observed in integrated
circuits, we show that the write and read operations of the device evolved
accordingly with device temperature. The thermal sensitivity of the device
operation showed that proper circuit sensing was necessary to reliably write and
read the device. Alternatively, the temperature sensitivity showed that the

multistate device has the potential to function as a thermal sensor. We also
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showed that both the SOT efficiency and effective DMI field of the Co/Pt

multilayer deteriorated with elevated temperature.

As the SOT efficiency of the multilayer is a critical measure in which to
improve the energy efficiency of the device, the Pt seed (buffer) and interlayer
thicknesses were varied. Using the adiabatic harmonic measurement technique,
the first and second harmonics were measured to obtain the effective damping-
like and field-like torques. The results from our multilayer stack showed that a
substantial source of spin current originates from the high-resistivity §-Ta base
layer. A more accurate determination of the damping-like and field-like torques
was obtained by accounting for the current density through the FM multilayer and
by applying the correction to the PHE contribution. The damping-like
contribution to the SOT was also found to be dominant, implying that the source
of spin polarized currents was due to the SHE. As the Pt seed thickness increased,
the PMA of the multilayer improved, but the spin current from the -Ta layer
became increasingly screened as evident from the decrease in effective damping-

like torque.

Application of the SOT-driven device was also demonstrated in the form
of a double Hall cross structure. The device was patterned to resemble two Hall
crosses sharing a common Hall bar. The magnetization across the two device
channels could be independently written, and the cumulative Hall voltage probed
to produce a trinary output. Using appropriate rectification and thresholding, the
device was demonstrated to function as logic gates, subjected to the bias field,
write current, and probe current directions. Subsequently, a bias field line was
integrated in order to achieve a self-contained source of Oersted field, necessary
for magnetization canting and deterministic SOT-induced magnetization
switching. The device was demonstrated to operate as a reconfigurable logic-in-
memory device. Using SPICE, the logic device was used to simulate half-adder

functionality.
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8.2 Future Works

Spintronic devices are promising candidates for emerging next-generation
non-volatile, low-power, high-speed, and high endurance memory devices.
However, there still exists an abundance of new physics to be discovered that
would revolutionarily open new opportunities and overcome existing challenges.
To drive spintronic logic and neuromorphic devices forward, we will need to
tackle several aspects pertaining to efficiency and performance: i) The need for
materials with large SOC beyond elemental HM, ii) materials for VCMA -assisted
magnetization switching that would benefit parallel device operation, and ii1)
stochastic MTJ with multistate characteristics without compromising device

density.

8.2.1 Characterization of New Materials with Large SOC for High-
Efficiency Current-Induced SOT Magnetization Switching

HM and RE elements such as Ta, Pt, W, Gd, and Tb have been the most
commonly used materials to enhance SOT efficiency and spin accumulation for
SOT-driven magnetization switching. Furthermore, RE materials have been
shown to be a potential source of SOT due to their large SOC [180,214,215], due
to their partially-filled f orbitals [215,216]. Large spin Hall efficiency in RE
metals were reported for Gd, Dy, Ho, Lu, and Tb [180,214,215,217]. However,
there exists untapped potential in the exploration of doped and alloyed materials
to achieve large SOC, accompanied by the modification of other properties such
as magnetic damping, magnetic grain control, and interfacial spin transparency

[218-224].
8.2.2 VCMA-Assisted Magnetization Switching

Parallel computing allows for concurrent execution of processes. Modern
computers come with multiple cores within the CPU or GPU to perform certain
tasks in a parallel manner within a single machine. Others use clusters comprising

multiple computers to undertake heavier computational loads.
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Similarly for spintronic device arrays, individual devices can be
multiplexed such as in a random-access memory. However, computation using
crossbar arrays such as illustrated in Figure 7 can also be implemented in parallel.
However, for current-induced spin-torque driven devices, the charge current
requirements scale with device array size [225]. Using VCMA-assisted
magnetization switching will allow for selective device switching with lower
power utilisation [226-229]. The choice of high-x dielectric materials and their
thicknesses determine the electric field strength and induced change in interface

anisotropy.
8.2.3 Stochastic MTJ as a Multistate Device

The multistate behaviour achieved using DW-MTJ and Hall cross devices
are dependent on the number of magnetic domains that can be switched. The
gradual changes in Hall voltage in a Hall cross device was shown to be a result
of the inhomogeneous current density across the device junction. This implies
that the number of device states is dependent on the areal size of the device
junction, and this clearly poses a challenge with regards to scalability and device
density. Instead of utilizing the magnetization domains, it has been demonstrated
that a properly scaled MTJ with quasi-stable binary states exhibits stochasticity
due to thermal fluctuations. Furthermore, by using electrical control of the device
anisotropy such as by VCMA, or by applying an STT bias, the probability of the
device state being up, down, or varying probability can be biased or tuned
[87,88,230]. Therefore, instead of using space as a requisite for multi-domain
switching, one can use a single spin in the time domain to perform averaging of
the fluctuating spin state. Furthermore, the dynamics of a spin is intrinsically in
the GHz range, and high speed time-averaged probing of the spin state is possible.
However, such a device does not serve as non-volatile memory, as it is the
probabilistic property of the device that is exploited. Figure 55 (a) illustrates the

stochastic behaviour of a probabilistic bit due to thermal noise. At zero bias V =
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0 V, the magnetization has equal probability of being in the up or down state, and
the average magnetization is close to 0. A bias voltage V can be used to tune the
tendency for the magnetization to preferentially be in the down state (V < 0) or
up state (IV > 0). The time-averaged magnetization across bias voltages from
—5V to +5V is shown in Figure 55 (b). The points closely approximate a

sigmoid function.
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Figure 55: (a) Stochastic readout of a probabilistic bit across varying bias
voltages over 100 ms sample time. (b) Average magnetization over 100 ms
across a range of bias voltage.

Unlike domain-dependent devices, stochastic MTJs can be used to
generate a multistate response by time averaging the thermally-induced stochastic
behaviour of the magnetization. Stochastic MTJs can be applied to existing
applications that use conventional deterministic memory and devices, as well as
for problems that require the stochasticity and probabilistic behaviour, such as in
probabilistic neuromorphic applications [231-233], energy-based problems
[234,235], as well as combinatorial optimization problems [225,235].
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Appendix A
Analytical Derivation for Harmonic

Measurement

In this section, we derive the analytical formula for evaluating the
effective fields due to current-induced SOT in the presence of an external applied

magnetic field through low-frequency harmonic Hall voltage measurements.

Al Magnetization Angle Due to Effective Magnetic Fields

Figure 56: Schematic of a Hall cross structure.

An AC current-induced effective field AH; can change the magnetization
angle from its equilibrium polar and azimuthal angles (6, ¢,) by a modulation
amplitude (A6, A@). The subscript i denotes the component (x,y, z). Using a
Hall cross structure as shown in Figure 56, the SOT efficiency can be
quantitatively characterised through adiabatic (low frequency) anomalous Hall

voltage measurements. The magnetic energy of the system can be expressed by:

E =—K, cos?0 — K;sin>0sin?¢p — M - H (60)
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where M and H are the magnetization and external magnetic field vectors,
respectively. The magnetization and external magnetic field directions are

represented by (6, @) and (8y, @y ), respectively. The first two terms in equation
(59), K, =K, — % (N, — Ny )MZ and K, = %(Nx — Ny )MZ, are the effective
anisotropy energies perpendicular (OOP) and parallel (IP) to the xy plane,

respectively. Ny, N,, and N, are the demagnetization factors. The third term is the

Zeeman energy which minimizes when M is parallel to H. M and H can be

described by:

sin 8 cos @
M = M, = M (sin@ sin <p> (61)
cos 6
sin Oy cos @y H,
H=H (sin 0, sin (pH> = | H, (62)
cos Oy H,

where M is the saturation magnetization and M is the magnetization unit vector.
A2 Determining the Equilibrium Magnetization Direction

The equilibrium magnetization direction (6, @) is determined when the
system i1s at its energy minima. For strong PMA materials, K; < K, , and the IP
anisotropy energy K, can be neglected. Then, 8, and ¢, can be determined by

setting the energy derivative with respect to 8 and ¢ to zero:

0E 0
06
= 2K, sin 6, cos 0, (63)
— MyH|[cos 6, sin 8y (cos ¢ cos gy

+ sin ¢, sin @) — sin 6, cos O]
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0E

R

dp (64)
= —MH sin 6, sin 8 sin(@y — @,)

The OOP effective anisotropy field can be represented as Hy  rr =
2K, /M, and substituted into Eq. (5):

oE

30" Hy erf cOS 6 sin 6,

— H[cos 6, sin 8y (cos ¢, cos @y (65)

+ sin ¢, sin @) — sin 6, cos O]

Using small angle approximation such that 6, << 1 and cos6, = 1,

JdE /00 simplifies to:

0E _
% =~ Hk,eff Sin 90
— H(cos ¢ sin 8 cos @y (66)
+ sin ¢, sin 8y sin @y — sin 6, cos 8y)
Hk,eff sin 90
= H(cos ¢, sin 8y cos @
0 H H 67)
+ sin ¢, sin 8y sin @ — sin 6, cos By)
= H, cos ¢, + H,, sing, — H, sin 6,
H, cos ¢, + H, sin
0, = sin~! (05 @ + Hy sin o) (63)
Hk,eff + HZ
Similarly, for dE /d¢:
0E
% ~ —MS(—Hx sin 6, sin ¢, + H,, sin 6, cos (po) =0 (69)
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T

@o = tan™" (70)

-4
H,
A3 Effect of Current-Induced Effective Fields on the Magnetization

The modulation amplitudes (A6,A¢) describing the change in

magnetization angle from the equilibrium value as a result of the current-induced

effective field AH = Yi=xyz AH; are given by

B 06
AO = Y AH; (71)
i=x,y,z
_ O
Ap = H, AH; (72)
i=x,y,z
a0

0 . . ..
Py and 6—3 describe the rate of change in magnetization angle due to AH;,
l 2

and can be solved by the following relations:

0 ((’)E)_O
o0H;\00/)

= [ZKeff cos 26,
— M H|[—sin 8, sin 8 (cos ¢, cos @y
_ _ a0
+ sin ¢ sin @) — cos B, cos 6] 30 (73)
i

+ [—K” sin 2¢, sin 26,
— My H[cos 8, sin 8 (— sin ¢ cos @y

dp
i

+ cos @, sin <pH)]] H M. f;
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= [—K, sin 26, sin 2¢,

+ M H (cos 8, sin ¢, sin 8y cos @y
a0
J0H;

— c0s 6, cos @ sin By sin @y)] (74)

+ [—2K, sin? 6, cos 2¢,
+ M, H sin 0, sin 8y (sin @y sin @,

dp
+ cos @y cos py)] 3 M;g;
l

sin 6 cos @, sin 6 cos ¢,
> a [ . . S ad | . .
where f = —5-| sin Bysingg |and g = Toe sin 8, sin ¢
° cos 8, ° cos 6,

Similarly, lettlng Hk,eff = ZKJ_/MS and H" = ZK"/MS

d0 (OE »
6Hi (@) = [COS 290 (Heff — H" Sin (po)
— H[—sin 6, sin 8 (cos ¢, cos ¢y
a0

oH,

+ sin ¢, sin @) — cos B, cos 6]

H
+ [— 7" sin 2¢, sin 26, (75)

+ H[cos 8, sin 8y (sin ¢, cos @y

dp
dH,

— COS @ Sin (pH)]] — fi

=0
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0 (6E>_ H, . 28, sin 2
AT > sin 26, sin 2¢,

+ H[cos 6, sin 8y (sin ¢, cos @y

00
oH,

— COS @, sin <pH)]]

(76)
+ [—H, sin? 6, cos 2¢,

+ H sin 6, sin 8y (sin @y sin @,

do
9 H, Yi

+ cos @, cos @y)]

=0
Let the following pre-factors be represented by:
_Hy . :
Fy, = — sin 260 sin2¢, — cos 6, (Hy sin @, — H,, cos ¢,)

F1 = F3 - CFO
F, = —Hj sin? 8, cos 2¢, + H sin 6, sin 8 (sin @y sin @, + cos @, cos @)

F; = cos 26, (Heff — H; sin? (po) +H- @

F,
c==
F,
Then,
0 (E)E)_F 20 F dp
dH;\80) ~ "*0H;, "°0H, Ji (77)
=0
0 (OE)_ F a0 7 do
0H;\dp) ~ "°0H, *0H, bi (78)
=0
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Using Cramer’s rule to determine % and g;p;
0H; F
dp Fofi+Fg; Fofi+Fzg; (80)

O0H; F,F;—F}  FF,

The modulation amplitudes with no approximation made expand to

Fy

i=x,y,z
AH, cos 8, cos @ —AH, sin 8, sin @ (81)
AH, cos By sing, |+ C ( AH,, sin 6, cos @, )
—AH, sin 6, 0
= F:
Fofi — Fzg;
Ap = z Ui 3T Ay,
. FiF; l
i=x,y,z

F,| AH, cos 6, sin ¢, AH,, sin 8, cos @,

AH, cos 6, cos @, —AH, sin 8, sin ¢, (82)
—AH, sin 6, 0

FiF,

To simplify the above equations, we can assume that|H,| <
|H sin 8|, |H, |, such that the in-plane anisotropy field is negligible, then ¢, =
Pu-

= H, sin 6, cos 8 sin 2¢y
o —H” sin 90 CoS 2()01-1 + H sin HH
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AH), cos 0y singy |+ C'| AH,, sin 6, cos ¢y
_AHZ Sin 90 0

F] (83)
_ cos 6 (AH, cos @y + AH,, sin @) + sin 6, [C'(—AH, sin ¢

AH, cos 6, cos gy <—AHX sin 6 sin (pH)

AB =

Iy
cos 26y (H, — Hy sin? ¢y) + H cos(0y — 6,) — C’(—:

Ap (84)

I
SVl N

where

, . 2 . AI_IZ .
A = H;sin 0, sin 2¢y [cos BO(AHX cos ¢y + AH,, sin <pH) ——sin 290]
+ sin 6,(cos 26y (Hesr — H; sin? gy)
+ H cos(0y — 6,) )(AH,, cos ¢y — AH, sin gy )

B = [cos 200 (Heps — Hy sin® oy ) + H cos(8y — 6,)

H
- C' (71 sin 26, sin 2<pH)] [—H, sin® 6, cos 2¢,
+ H sin 6, sin 6]

When the in-plane component of the external field is directed along the x

or y axis, @y = n%forn > 0 and sin2¢y =0

g _ &S 6, (AH, cos ¢y + AH,, sin @y) — AH, sin 6,
 cos 26, (Heff — H;sin? ¢y ) + H cos(0y — 6,)

(85)

AH,, cos ¢y — AH, sin @y

Ag (86)

~ Hsin 0y — H; sin 8, cos 2¢,
A4 Expression for the Hall voltage

If AR, and ARp represent the peak-to-peak change of the anomalous and

planar Hall resistance, respectively
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1 1
Vey = IRy, = EIARA cosf + EIARP sin? 0 sin 2¢ (87)

An AC current I = [, sin wt can modulate the magnetization angles such

that 0 — 6, + A8 and ¢ — @, + A, then

1 d
Vey = Elac sin wt AR, (cos 0, + <% cos 90> AH)

1
+ Elac sin wt ARp (sin2 0,
d (83)
+ (% sin? 90) AQ) <sin 2¢,

d .
+ (% sin 2g00> A(p)

Replacing AH; with AH sinwt, and consequentially effect on the
magnetization will modulate A8 and A¢ to Af8sinwt and A sinwt,

respectively:

149



N| -

Vey = 5 Igc sinwt ARy (cos 8y — sin 6, Af sin wt)

1
+ Elac sin wt ARp(sin? 6,

+ sin 26, A6 sin wt)(sin 2¢,
+ 2 cos 2¢y Ap sin wt)

1 1 1
= EIaCARA <sin wt cos By —sin 6, Af (E —5 cos 2wt>>

1
+ > lacARp Ksin wt sin® 6, sin 2¢,

1 1
+ sin? 6, 2 cos 2@, A <§ — 5 cos 2wt>>

1 1
+ <sin 20, A0 (E 3 CcosS Zwt) sin 2¢,
+ sin 26, A8 sin® wt 2 cos 2¢, Ago)] (89)

1 1
=3 I4cRy (sin wt cos By — > sin 8, A6

1
+ Esin 6, A6 cos Zwt)

1
+ EIaCARP [(sin wt sin? 0, sin 2¢,

+ sin? B, cos 2¢, A

— sin? 8, cos 2¢, Ag cos 2wt)
1

+ (E sin 2¢, sin 260, A0

1
— Esin 2@, sin 26, AO cos 2wt

+ sin 260, A sin® wt 2 cos 2¢, A(p)]
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Keeping terms up to the second harmonics, V., can be represented in the

following way:
Vey = Vo +V,, sinwt + V3, cos 2wt (90)

where

1 1 1
Vy = Elac [<_§ARA sin 6, + EARP sin 2¢, sin 200) AO

+ (ARp sin? 8, cos 2<p0)A<p]

[(AR4 cos 8y) + (ARp sin? 8, sin 2¢,)]1 4, 1)

N =

V, =

1 1 1
Vow = Elac <§ARA sinf, — EARP sin 2¢, sin 290) A6

— (ARp sin? 8, cos 2<p0)A<p]

The second harmonic voltage V,,, contains information of the current-

induced effective fields AH; that causes A and A¢ to oscillate in sync. The
current-induced field AH can be decomposed into two components of SOT: (1)
The damping-like term AH pr = ;M X ¥, and (i1) the field-like term AH FL = byJ.
a; and b; correspond to the damping-like and field-like term, respectively. Here,
¥ is the spin polarization direction of the injected electron.

AS Angular Dependence of the SOT Effective Fields for Out-Of-Plane
Magnetized Systems

For a perpendicularly magnetized system, and assuming that the

equilibrium directions do not deviate far from the z-axis, then ¢, = @y
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sin 20 (Kers — K sin? @)
— M. H[cos 6, sin 8y (cos @, cos @y
+ sin ¢, sin @) — sin 8, cos O] (92)
= —K, sin? 8, sin 2¢,

— M H sin 6, sin 8 sin(@py — @)

Approximating for small angles such that 6, —» 6 < 1, then cos8) = 1 and

sin 6 = 6. Taking terms linear with 6,
sin 20 (Keps — Ky sin? gy ) — MgH sin 0y
+ M H sinf,cosfy =0
05 (Heps — Hy sin? o) — Hsin Oy + HOj cos 6y = 0 (93)

H sin 0y

0} =
0 (Heff — H, sin? <pH) + H cos Oy

Assuming negligible in-plane anisotropy such that |H;| <« |H sin 8y/|, ¢, = @y,
and simplifying for small angles using the relation cos@ = V1 —sin? 0 ~ 1 —

1.
~sin?@:
2

V, =

Lp (41 Hsing, \°
274 2\H,ss + H cos 0y

H sin 8y ?
Herr + Hcos Oy

ac

1
+ EARP sin 2¢, <

(94)
11 . 1 . .
Vo = > [(E AR, sin6, — EARP sin 2¢, sin 290> AO

— (ARp sin? 8, cos 2<p0)A<p] I
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g — &5 65 (AH, cos ¢y + AH,, sin @) — AH, sin 6;

= , : , (95)
cos 20§ (Hesr — H; sin? gy ) + H cos(6y — 64)
AH, cos ¢y — AH, sin
pp = 22O xR (96)
H sin 8y — H; sin 8, cos 2¢,
st e (11 Hsin6,
@ T plac|Th4A 2\Hesr  H cos 6y
) (97)
+{ AR H sin 6y o
d Herr + HcosOy M
1 .
Vo = Zlac[(ARA — 2ARp sin 2¢y) (AH, cos gy
+ AH,, sin goH)
(98)

— (2ARp cos 2<pH)(AHy COS Qg

Hsin6
_AHxsin<pH)]< i )

(Hesp % H cos HH)2
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0%V, J
bw = aHZ - 7 ARA
1

AR sin 2 02 H sin 6y ?
T ARpsin g0"’)aHz H,ss % Hcos Oy

I, 1 _ (99)
=7 AR, — (EARA + ARp sin 2<pH)
cos? By
X ZHeff )
(Heff + H cos HH)
X (Hesr — 2H cos 6y)
External fields are in plane, 85 = 90°
0%V, |,
bw = aHZ = 7 ARA
(Lon
o At
, _ ) (100)
+ AR sin 2 )6 H sin 6y
PSINEPH | 52 Hefr + Hcos Oy
Iac .
by (AR, + 2ARp sin 2¢y)

eff
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b, = WVow _ lac [<1

—AR, — ARp sin 2<pH) (AHx COS Py

OH ~ 2HZ, [\2
+AHysingoH) (101)

— (ARp cos 2<pH)(AHy cos @y — AH,, sin (pH)]

Then, the ratio

(%ARA — ARp sin 2g0H) (AHX cos ¢y + AH,, sin (pH) — (AR,
(AR, + 2ARp sin 2¢y)

(102)
_ (AH, cos gy + AH,, sin @)

2
B (ARp cos 2g0H)(AHy cos ¢y — AH,, sin <pH)
(£AR,4 + 2ARp sin 2¢y)

Consolidating the current-induced effective fields:

1 COS 2y Sin
B = ( 3 Py QDH) H,

208 Y T o sin 2,

1 COS 2y COS
N ( § Py <pH>AHy (103)

Esm O = 1+ 2&sin2¢y

= aAH, + BAH,

A singular measurement at ¢y 1s insufficient to discern the individual current-
induced effective fields AH, and AH,. Another orientation @y is necessary in

order to eliminate one of the two, such that
B(py) — B'(<Ph) = AHx,y (104)

Using the following equivalent representations
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sin ¢, = sin(180 — @p) = cos(90 — @y)

(105)
cos @y = —cos(180 — @) = sin(90 — ¢y)
Then
- —lsin(90 o) - & cos(180 — 2¢y) cos(90 — y)
2 Ou 1+ 28 sin(180 — 2¢5) (106)
=B
1 & cos(180 — ¢y) sin(90 — ¢@y)
— — — =a (107
B = 5c0s(90 = py) 1+ 2¢ sin(180 — gy @ (107)
where @y = 90 — @y. This results in
By, = aAH, + fAH, = f'AH, + a'AH, = B, (108)
then
BBy — aBgoe-
AH, = —2 " oH (109)
aB,y — fBgge—
AH, = —2% PBoo—gy (110)

aZ_ﬁZ

Equations (101) and (102) enables the evaluation of current-induced effective

fields for arbitrary ¢.
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Appendix B
SPICE Circuit Modelling

Simulated Program with Integrated Circuit Emphasis (SPICE) circuit
modelling is introduced and developed in this section. The three main pieces of
physics used in the circuit simulation of the SOT-driven logic device and half-
adder in Chapter 6 are presented as circuit models: (1) the Landau-Lifshitz-Gilbert
(LLG) equation with spin torques due to the spin Hall effect, (ii) the SHE in NM
HM layers using the two-channel model previously described in Chapter 2, and
(i11) the anomalous Hall effect (AHE) used to measure the magnetization state of
the device. These models will be prepared as separate modules to be called upon
in the main spintronic logic device model. The development of the SPICE circuit
models are built from scratch with reference to the formalisms developed by
Bonhomme et al. and Hong et al. [204,205]. The SPICE software used is
LTSpice, a free analogue circuit simulator software by Analogue Devices
(previously Linear Technologies). SPICE circuit simulation has the advantage of

modelling more complex circuits without having to physically construct them.
B1 Landau-Lifshitz-Gilbert Model

The dynamics of the magnetization nt due to an effective field and the

torque due to the SHE is given by the LLGS equation:

—> —>

—=—y,uOrTixﬁeff+arTi><E+ya’17ix(rTixfs) (111)

where the RHS of the equation are represented by the precession, damping, and

SOT terms, respectively. Here, we have also defined a reduce damping-like
coefficient a’ = a /I, = h/2eM,V, and pure spin current vector fs = [.0 where

I, is the magnitude of the pure spin current and & is the spin current polarization.
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The direction components of the pure spin current I_; is denoted as I, where n =

x,y, z. equation (111) can be transformed to its explicit form, resulting in:

1+C¥2d7'7i N — —

= —mxH,—amx(mxH —aa'mxI.

+a'mx (mxI)

Here, the effective field ﬁeff contains the uniaxial anisotropy field I?I)uni and

external applied field ﬁext terms, such that ﬁe ff= ﬁum- + ﬁext. The components

can then be represented explicitly as:

L+a % = —m,H +m,H
oy dt ylleff,z zteff,y
— 113
— a[(m . Heff)mx — Heff,x] (113)
—aad'|myls, —m,lg, |+ a'[(m - I )M, — I ]
1 2d
+ a & = _mxHeffZ + mZHeffx
Hoy dt ’ '
- 114
—a|(m - Herp)my, — Heppy | (119)
— aa’[mxlslz — mZIS,x] + a’[(ﬁ . I_;)my — Is,y]
1 2d
ML B ~MyHeppy +MyHeps s
Hoy dt ’ ’
(115)

—a[(m- Hepp)m, — Hepy

- aa'[mxlsjy - myls,x] + a’[(r?i : fs)mz - Is.Z]

The above equations (113), (114), and (115) now comprise of a constant factor

2
= HTa multiplied by the time derivative of the components of magnetization

%mi, on the LHS, and scalar functions f; (i, ﬁeff, f;) on the RHS, where i =

x, Y, z. The three equations then have the following form,
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dmi

Cdt

= f,(M, Hops, L) (116)

Equation (116) resembles that of a capacitor-current equation C % V = I, where

the function f; can be modelled as a behavioural current source attached to a
capacitor with capacitance C, and m; is analogous to voltage V. The Gilbert
damping coefficient & and gyromagnetic ratio y are all contained within the

constant factor C. Equations (113), (114), and (115) can therefore be represented
by equivalent capacitor circuits. The components of the effective field ﬁe Ff are
modelled as voltage sources in series. Finally, the spin current vector I_; is
represented by current sources. The current-capacitor circuit for the LLGS

module, effective field voltage source circuit, and spin current source circuit are

shown in Figure 57.

—

ﬁ(ﬁ‘ ﬁeff! fs)

eff,i
C:: <?> o uni,i I .
N

H ext,i

(a) (b) (c)
Figure 57: (a) Current-capacitor circuit for the LLGS module. (b) Voltage

source for the effective fields. (c) Current source for the spin currents.

Using this equivalent circuit to model the magnetization dynamics,
effective fields, and spin currents, magnetization switching dynamics due to field

and spin current can be simulated within LTSpice.
B2 Spin Hall Effect Module
The spin Hall effect module is developed here by solving the 3D charge

and spin diffusion equations given by:
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V2V, =0 (117)

Vsn
V&, = o (118)
sd
where n = x,y,z is the direction of spin polarization. For a 6-sided NM
conductor of length [, width w, and thickness t, a charge current flowing along

the +x direction will result in polarised spins accumulating along the lateral

surfaces of the conductor as illustrated in Figure 57 (a):

(b) 4z

Figure 58: (a) Spin current along the +x direction and polarised spins
accumulating along the x-y and x-z surfaces. (b) Terminals for each side of the
NM block.

The direction of spin polarization is orthogonal to both the charge and
spin current flow, so that opposite spins accumulate on opposite lateral surfaces
of the conductor. There is no spin accumulation of spins polarized along the
direction of charge current flow. Taking the origin in space as illustrated in

Figure 58 (b), this gives the boundary conditions as:

Ve = Ve(x)
5 x» = constant (119)
Vs,y = Vs,y(z)
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Vs,z = Vs,z )

According to Eq. (119), the charge potential varies along x, and there is
no spin accumulation of x-polarized electrons along the y-z surfaces. The y-
polarised spin current I, ,, flows along the z-axis and accumulates at the surfaces
with normal along the z-axis. The z-polarised spin current /5 , flows along the y-
axis and accumulates at the surfaces with normal along the y-axis. Using these

boundary conditions, the diffusion equations can then be written as:

92V, =0 (120)
V.

05Vez = o (121)
sd
V.

02V, = lsz—y (122)
sd

The terminal potentials for defining the block in LTSpice are labelled by
running numbers 1 thru 6, and accompanied by a letter indicating charge (c) or
spin polarization (y, z) direction as shown in Figure 58 (b). Letting the origin
(0,0,0) of the block of length [, width w, and thickness t to be the coordinate

origin, then the terminal potentials can be written as

Ve(0) = V! and V(1) = V2 (123)
V2 (0) = V3 and ;,(w) = i, (124)
Vey(0) = V5, and () = VS, (125)

The solutions for V;.(x), V; ,(v), and V; ,,(z) are then

Vx + V(1 - x)

V) =

(126)

161



V4 sinh (ll) + V2, sinh (W —Y )

— d l d
V. (y) = > o (%) S (127)
" = VS, sinh (é) + Vsiy sinh (t l:dz) o)
sinh (E)

Equations (26) — (28) describe the charge and spin potentials variation in

space, and serve as the boundary conditions for expanding the generalized Ohm’s

law:
Je = =0 (0:Ve () + 6540,V (2) — 6540, V;,, () ) (129)
Jsz = =0 (Bs Ve () + 0,V;., (7)) (130)
Jsy = =0 (—Osu0:Ve(x) + 0,Vsy () (131)

Using equations (26) — (31), the charge and spin currents through the
terminal nodes can now be solved for specific dimensions. The charge current I}

injected through terminal /¢ is given by:
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Icl=j]g“dA

w t
~ [y [ dz[-o (20e0) + 05,14,
0 0

- 95Hast,z(3’))]x=0
V2x + VA=) LoV, (2)
= —0 [Wtax l | x=0 + QSHW_]O aZ Z (132)
YoV, ()
— Oyt J 22" dy
SH ) dy
owt
= = (V2 = V) = o0suw(VS, — V3
+ 005t (Vey — V%)
= —Go(VZ = V1) = B1Go (VS — Ve ) + B2Go (Vs — Vi)
where the following substitutions have been made
G = owt
°T
= — 133
fr=—t (133)
P =
Similarly, for charge current IZ through terminal 2c:
owt
12 = —= (V2 = V) + 005w (U, = Vi5)
— 00t (Ve — V&%) (134)

=G (V2P -VH + ,3100(]/5,63/ — Vs,sy) — BZGO(VSTLZ — Vs,3z)

= -]}
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The first term on the RHS of Eq. (132) and (134) is Ohm’s law, which
governs the conventional charge current conduction. The last two terms
representing the spin-to-charge conversion due to ISHE is dependent on the spin

potentials, which we label as I,:

Iy = —B1Go(VsS, — Vi5,) + B2Go(Vit, — Vi2) (135)

Since I} = —I2, equations (132) and (134) can be represented by a circuit

as shown in Figure 59. The circuit has a conductance G,,.

Ic Gy 2c

Iy Iy

~7

Figure 59: Circuit representation of charge current flowing across terminals /¢
and 2c.

Similarly, solving for terminal 3z, we obtain the following expression for

the z polarized spin current:

3 2 1 lt 3 w
I, = —otbsy (V- — V) + O-A_Vs,z COth/1_
sd sd
It . (136)
—0—V* csch—
Asa > Asa

Equation (26) can be rearranged using the identity cothx = cschx +

tanh=:
2
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13, = —0tOsy (V2 — V) + al V3 [csch i + tanh v ]
s,z — olUsg V¢ c O-/lsd S,z Asd ZAsd
It 4 w
— O'E Vs,z CSChE
It w
= —otOsy (V2 = V1) + 0 —csch (—) (V3 —vit) (137)
Asd Asd
It w
2 i (22) (02 - 0
+a/1$d an 27 ( Sz )

= _Ig + GZZ(ngz - Vs?z) + Glz(Vs32 —0)

where we have define the charge to spin conversion due to SHE I§, conductance
along the y direction G%, and shunt conductance due to spin-flip processes G for

Z polarized spins:
I§ = otbsy (V2 — V)

lt w
G = —csch (—)

Asd Asd (138)

o7 = It . h( w )
1_O-/lsd an 2)Lsd

charge to spin conversion due to SHE I¢ = oty (V.2 — V1),

L l
conductance along the y direction G = £ csch (1), and shunt conductance

‘LSd ‘LSd
sd '

Repeating the process for y polarized spin currents along terminals 5y and 6y, we

. l
due to spin-flip processes Gi=o A—t tanh (
sd

define the charge to spin conversion due to SHE 13' , conductance along the y

direction Gzy , and shunt conductance due to spin-flip processes Gly for y polarized

spins:

1} = owlsy (V2 — V) (139)
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oY = lw h( t )
2_Asdcsc Asd

oY lw . h( t )
= 0—1an
! Asd ZASd

The circuit representation for z polarised spin current flowing through

terminals 3z and 4z, and y polarized spin current flowing through terminals 5y
and 6y are shown in Figure 60.

3z | G5 | 4z Sy | | 6y
GZ| 1§ IZ |G? G| ¥ 17 |G
| | | |

Figure 60: Circuit representation of x and y polarized spin current flow with
respective spin flip conductance for spin attenuation.

Gy

B3 Anomalous Hall Effect Module

The anomalous Hall voltage V5 due to the anomalous Hall effect (AHE)
can be modelled as a behavioural voltage source. The V,yr due to a probing

charge current I, is given by:

RAHEMS

FM

Vaue = m,l, (140)

where R,y 1s the anomalous Hall coefficient, M is the saturation magnetization,
try 18 the thickness of the FM layer, and m, is the z component of the unit

magnetization.
B4 SPICE Simulations

Using the above LLG module, a transient simulation is performed on
LTSpice. The following material parameters for the FM layer were used: Mg =
6.757 x 10° A/m,H,, = 1 T,a = 0.02. Attime t = 0s,m = (0,0,1) and a field
H, = 1 T was applied. The plots in Figure 61 (a) shows the three components of
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magnetization m,, m,, and m, over a simulation time of 3 ns. Figure 61 (b)

shows the 3D trajectory of the magnetization 1.

(a) 10

0.5

-0.5

175
1 (ns)

Figure 61: (a) Magnetization components my, m,,, and m, over 3 ns due to an
in-plane magnetic field H,.. (b) Magnetization trajectory of the magnetization .

Both plots show the magnetization immediately begin to precess about
the x axis and gradually settling along the applied field H, direction due to the
non-zero damping parameter. Figure 62 (a) and (b) show the SPICE plots for an
in-plane field H, and pulse current [ applied to the SPICE model, simulating
current-induced SOT magnetization switching and reversal of the z-component

of the magnetization from +1 (up) to -1 (down).
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Hy (a.u.)
I I(al.u.l)

t (ns)

Figure 62: (a) In-plane field H, (black) and pulse current I (pink) applied to the
SPICE model. (b) Magnetization components across 10 ns due to H, and .
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Appendix C
Implementation of Multistate Device in a

Hopfield Network

The Hopfield network, named after and popularized by John Hopfield, is
a type of recurrent artificial neural network in which the neurons or nodes share
a connection between each other [236]. It can be used in applications such as
pattern recognition. In this section, we demonstrate the use of the Hall cross
device with multistate, analogue-like behaviour developed in Chapter 4 in a
Hopfield network for character recognition. The devices serve as artificial
synapse in which is used to store the inter-neuron connection strength, or the

weight w,, , between neurons m and n.
C1 Hopfield Network

The Hopfield network was chosen as a platform for demonstrating the
SOT-driven multistate device as it required the least number of synaptic weight
representations. A graphical representation of an 8-neuron Hopfield network is

shown in Figure 63.
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Figure 63: An 8-neuron (node) Hopfield network. The red line represents the
synaptic weight wy , between neurons 1 and 2.

Each neuron shares a synapse with every other neuron, but not back to
itself. The synaptic weights are also bi-directional, therefore wy,, = wy, .

Therefore, the weights for N = m X n number of neurons can be represented by:

Wit = Win
W=l : : ] (141)

Wni 0 Wnn

where the diagonal elements are zero, 1.€. Wy, , = 0 form = n,and wy, , = Wy, ..
From this, we can see that the Hopfield network requires (N — N)/2 number of

synapses to represent n number of neurons.

The neurons represent pixels, and in the case of this demonstration, an
array of black and white pixels used to record the letter of the alphabet. The

neurons therefore only store binary values of —1 for white and +1 for black.
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C2 Training

A 5-by-5 array of pixels is used to train the Hopfield network, as shown
in Figure 64. This network then requires 300 synapses to represent the inter-

neuron connection strength.

Figure 64: Learning the letter N and converting the white and black pixels to —1
and +1, respectively

Upon learning each character, the energy E is calculated using the

modified Ising energy equivalent equation across all neurons x.
E=- Z WmnXmXn (142)

where x,,, and x,, are neurons connected to each other by the synaptic weight
Wi n- The criteria in which m < n is to prevent double counting. The synaptic
weights are calculated and adjusted based on how each pixel relate across
patterns. For three patterns learnt, the synaptic weights can be +3, +1, —1, —3.
Therefore, the synaptic weight should be able to represent at least 4 possible
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states. Figure 65 shows the histogram and respective weights across the 300

synapses after learning the letters N, T, and U.

=
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:
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Figure 65: (a) Histogram of weights across 300 synapses for a 5-by-5 array pixel
after learning the letters N, T, and U. (b) Individually addressed synapses and
their respective weights.

The intent of the SOT-driven Hall cross device with non-volatile
multistate characteristics is to store each addressed synaptic weight, such that
they can be recalled when required during the solving stage. For this to be

implemented on hardware, random access to multiple devices is required.
C3 Hardware Implementation

Typically, measurement and characterization are performed on individual
devices. However, in order to access multiple devices, electronic switches and
multiplexing is required. Several substrates no larger than 1 cm by 1 cm were
fabricated, each containing 20 working devices and wire bonded on to a CCL
board as shown in Figure 66 (a). A PCB cartridge was also designed to
accommodate the CCL board and several other soldered-on discrete electronic
components and IC chips as shown in Figure 66 (b). The electronic components
and IC chips include multiplexers, demultiplexers, solid state relays, counters,
and resistors. These were necessary to allow random access to each Hall cross

device representing synapses.
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Figure 66: (a) A substrate with 20 devices wire bonded on to a CCL board. (b)
A PCB cartridge with mounted CCL board and soldered discrete electronic
components and IC chips.

The schematic for the device, hardware, and software control interface is shown
in Figure 67. Communication to individual cartridges and devices was managed
using Arduino and LabVIEW through interfacing add-ons such as LabVIEW
Interface for Arduino (LIFA). Programs and sub-routine Virtual Instruments (VI)

were written for the device read/write operations and the Hopfield model.

LabVIEW Programs | |, .
and Sub-Routines Keithley 2400 1

Main

Arduino
Muiltiplexer.

Figure 67: Schematic of SOT device array with controllers.

As each cartridge can hold up to 20 devices as shown in Figure 68, multiple
cartridges were daisy-chained in order to expand the accessible number of

devices.
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Figure 68: Arduino, main multiplexer, and single cartridge set-up.

Due to device-to-device non-uniformities, each device may perform slightly
different from each other. Therefore, all the devices would first require
characterization. Using the multiplexer set up, the full I — Ry hysteresis loop was
measured across all devices. The useable range of write current [ is the region in
which there is linear correlation with the Hall resistance Ry as shown in Figure
69 (a). In order to identify the linear region between up and down states for each
device, differentiation on a spline fit was utilized, from which the FWHM range

was deemed “linear enough” to serve as the multi-state range of I — Ry values.

Figure 69 (b) shows the first ten devices: #0 thru #9.

(a)

R, ()

Figure 69: (a) I — Ry hysteresis for Device #0 with linear region indicated by
dashed lines for corresponding range of I and Ry. (b) I — Ry hysteresis loops for
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The variation in Hall resistance Ry across 300 devices for the current range
14 mA < I < 20 mA is shown in Figure 70. For a 5-by-5 pixel array with three
learned patterns, only four values of weights exist: -3, -1, 1, and 3. Therefore, an
appropriate current range and interval should be chosen such that the assignment
of weights will be distinct with clear thresholds.
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Figure 70: Histogram of Ry frequency for current range 14 mA < [ < 20 mA.

Using the SOT-driven Hall cross device with multistate characteristics, the
synaptic weight can be mapped on to the magnetization state and corresponding
Hall resistance Ry. The multistate non-volatile spintronic memory serves to
describe the relationship between neurons m and n. The Hopfield network is then
able to resolve noisy or distorted 5-by-5 pixel inputs of the letters “N”, “T”, and
“U” as shown in Figure 71 using the weights stored in the spintronic synaptic
memory.
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Figure 71: Resolving 5-by-5 pixel characters “N”, “T”, and “U” from noisy or
distorted inputs.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Poh, D. Shum, and W. S. Lew, 62nd Annual Conference on Magnetism and
Magnetic Materials (MMM 2017), Pittsburgh, USA

HZ Biased Field Modulation of The Harmonic Measurement in the
Determination Of The Effective Fields In MgO/CoFeB/W”, Q. Y. Wong,
G. J. Lim, W. L. Gan, and W. S. Lew, 62nd Annual Conference on
Magnetism and Magnetic Materials (MMM 2017), Pittsburgh, USA

“Skyrmion in-line injection and driving by spin Hall torque”, W. L. Gan,
S. Krishnia, Q. Y. Wong, W. C. Law, G. J. Lim, and W. S. Lew,
INTERMAG 2017, Dublin, Ireland

“Interfacial Dzyaloshinkii-Moriya interaction-induced domain wall
depinning anomaly”, G. J. Lim, H. K. Teoh, G. Sarjoosing, C. Engel, and
W. S. Lew, The 4th International Conference of Asian Union of Magnetics
Societies (IcAUMS 2016), Tainan, Taiwan

“Flip-Flop SR Latch and Half-Adder Logic Circuit Configurations using
SOT-MTJ”, D.J.J. Loy, G. J. Lim, G. Sarjoosing, and W. S. Lew, The 4th
International Conference of Asian Union of Magnetics Societies (IcAUMS
2016), Tainan, Taiwan

“Characterization of the field-like term of spin-orbit torque in Ta/Co/Pt by
sweeping transverse field”, F. L. Luo, G. J. Lim, G. Sarjoosing, C. Engel,
T. J. Zhou, and W. S. Lew, The 4th International Conference of Asian
Union of Magnetics Societies (IcAUMS 2016), Tainan, Taiwan

“Chirality-dependent domain wall pinning and oscillation at Ta hall probe
in perpendicular magnetic anisotropy nanowires", J. S. Kwon, H. K. Teoh,
G. Sarjoosing, G. J. Lim, C. H. Chang, K. Roy, and W. S. Lew, 2016 Joint
MMM-Intermag Conference, San Diego, USA

“Neel coupling in sandwiched perpendicular magnetic anisotropy
nanowires”, I. Purnama, I. S. Kerk, G. J. Lim, and W. S. Lew, 4th
International Conference on Superconductivity and Magnetism 2014,
Antalya, Turkey

“Spin-Hall torque induced domain wall motion in PMA nanowire
network™, J. S. Kwon, H. K. Teoh, G. Sarjoosing, G. J. Lim, C. H. Chang,
K. Roy, and W. S. Lew, 2016 Joint MMM-Intermag Conference, San
Diego, USA

“Neel coupling in sandwiched perpendicular magnetic anisotropy
nanowires”, I. Purnama, I. S. Kerk, G. J. Lim, and W. S. Lew, INTERMAG
2014 Dresden, Germany
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List of Intellectual Properties

10.

“Spin-Orbit Torque Driven Logic”, G. J. Lim, C. Murapaka, and W. S.
Lew, Technology Disclosure, NTU TD ref 2018-197 (2018)

“A High-Temperature Ferromagnetic Resonance Spectrometer”, G. J. Lim
and W. S. Lew, Technology Disclosure, NTU TD ref 2018-232 (2018)

“Integrated Circuits With Magnetic Tunnel Junctions and Methods of
Producing The Same”, W. C. Law, T. Tahmasebi, C. S. Seet, A. See, G. J.
Lim, and W. S. Lew, US Patent Application, GF Ref. No.: JSG053

“A Ferromagnetic Resonance Spectrometer”, W. S. Lew, and G. J. Lim,
Technology Disclosure, NTU ref TD/326/16

“Magnetic memory devices and methods of operating the same", W. S.
Lew, S. F. Zhang, W. L. Gan, and G. J. Lim, PCT Application No:
PCT/SG2016/050526

“Low-power bit writing in perpendicular magnetic anisotropy memory
devices”, W. S. Lew, S. F. Zhang, W. L. Gan, and G. J. Lim, Singapore
Provisional Patent, 10201508828X (2015)

“A magnetron thin film sputter deposition system”, W. S. Lew and G. J.
Lim, Technology Disclosure, NTU ref TD/203/14 (2014)

“A resistively-heated thin film evaporation deposition system”, W. S. Lew
and G. J. Lim, Technology Disclosure, NTU ref TD/202/14 (2014)

“An electron beam-heated thin film evaporation deposition system”, W. S.
Lew and G. J. Lim, Technology Disclosure, NTU ref TD/202/14 (2014)

“Non-volatile memory architecture based on domain wall remote driving
sandwiched perpendicular magnetic anisotropy nanowires”, W. S. Lew, L.
Purnama, 1. S. Kerk, and G. J. Lim, Technology Disclosure, NTU ref
TD/268/13 (2013)

Award

l.

Magnetism and Magnetic Materials conference award for the 2019 MMM
Conference, Las Vegas
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