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ABSTRACT

In this dissertation, we demonstrate 2 researches around the prerequisite

technology of SOT-MRAM:

1. Integrate high performance BiSb topological insulator and perpendicu-

larly magnetized CoFeB/MgO heterostructure to realize ultralow power
SOT-MRAM in the future.

2. Improving the PMA of CoFeB after 400°C annealing, for further scaling
beyond the 16 nm CMOS process.

Basing on the two results from this study, it is possible to realize the
thermal-robust SOT-MRAM with low switching current and scalability in the
future.

In Chapter 1, we overview the evolution of computing technology along-
side the advent of memory technologies. We then discuss why STT-MRAM
is insufficient to reduce the switching current and switching time. Then, we
introduce the potential of SOT-MRAM as the next-generation MRAM tech-
nology.

In Chapter 2, we overview important magnetic properties with focus on
magnetic anisotropies. Then, we introduce the spin Hall effect, topological
insulator, and BiSb as a conductive topological insulator with a giant spin
Hall angle.

In Chapter 3, we introduced the sputtering technique and the Hall bar
patterning process for device fabrication in this dissertation. We also explain
the second harmonic measurement for evaluating the effective spin Hall angle
0F. Then we explain the SQUID, XRR and AES measurements that will be
used to characterize the samples.

In Chapter 4, we study the PMA and SOT characteristics in Bigg5Sbg.15
(001) (10 nm)/Ru(Ti) (1~4 nm)/Ta (0.8 nm)/CogoFegoBay (1 nm)/MgO (2.5
nm)/Ta (1 nm) deposited by magnetron sputtering on c-plane sapphire sub-
strates. We show that the highest 0L is obtained when Ru(Ti) buffer layer
thickness is 3 nm. Furthermore, by depositing BiSb with a low power, we
achieved 0% = 6.04-0.1, which is higher than that of MBE-grown (BiSb),Tes.
We then demonstrated the full SOT magnetization switching with a small zero

Kelvin threshold switching current density of 1.5 x 106 A - ecm™2.



In Chapter 5, by using B-rich CojgFessBos in Mo/CoFeB/MgAl,O,4, we
realize giant PMA with Hy of 17.5 ~ 19.5 kOe, and K.g of 6.9 x 10% ~ 9.4 x 10°
erg-cm 2. We also demonstrate double CoFeB layers with giant PMA for use
in more advanced CMOS process.

In Chapter 6, we conclude this thesis.
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Chapter 1

Introduction to Memory

Technologies

As a next-generation form of Random Access Memory (RAM), magnetore-
sistive random access memory (MRAM) underpins advancements in consumer
electronics and the broader digital infrastructure.The global MRAM Market
size is estimated at USD 3.26 billion in 2025, and is expected to reach USD
27.31 billion by 2030, at a compound annual growth rate (CAGR) of 36.5%
during the forecast period (2025-2030)[1] as shown at the Fig. 1.1 for the U.S.
market, and other countries like Japan and China are also heavily invested
in the MRAM sector, driven by strong technological expertise. The success-
ful deployment of MRAM creates new investment opportunities and reinforces
a robust electronics industry. Samsung, TSMC, and GlobalFoundries have
increased their production of embedded MRAM (eMRAM) technologies. In
2024, Samsung is broadening its eMRAM use cases to include automotive,
wearable devices, graphic memory, and edge Al applications. These foundries
are actively working on advanced process nodes, with GlobalFoundries con-
centrating on 12 nm technology and TSMC providing 22 nm eMRAM as an
alternative to embedded flash memory. The development of the manufac-
turing ecosystem has played a key role in meeting the rising need for high-
performance, energy-efficient semiconductor memory solutions.

For better understanding the positioning of MRAM as a very important
part of memory hierarchy, it is necessary to introduce its background: the

world of storage and computing architecture’s history, operating principle and

11
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development trend before detailing MRAM itself.

U.S. Magnetoresistive Random Access Memory (MRAM)

Precedence ! m
. ARICIH Market Size 2024 to 2034 (USD Billion)

ESE Cc

30 $28.98

25

20

15

10

2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

Figure 1.1: CAGR of MRAM Market size for the U.S., Source: Precedence
Research

1.1 The Von-Neumann Architecture

The history of storage and computing hardware spans a development from
simple calculating tools to today’s sophisticated systems. At the core of this
evolution is the Von-Neumann architecture, which has shaped modern com-
puting.

The Von-Neumann architecture is the foundational computer design where
a single processing unit accesses a single, unified memory device. Since its
proposal, the Von-Neumann architecture has become the foundation for nearly
all modern general-purpose computers, including desktop PCs, laptops, and
servers, demonstrating its enduring utility and significance. The architecture,
largely conceived by John von Neumann, emerged after World War II as a
solution to developing an electronic computer. Its core operating principle
is the stored-program concept, meaning that both data and instructions are
stored in the same memory and accessed in a similar manner. This innova-

tion dramatically simplified programming and hardware design compared to
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earlier machines. Von Neumann’s ideas were crucial in the design and devel-
opment of early electronic computers like the Electronic Numerical Integrator
and Computer (ENIAC) and its successor, the Electronic Discrete Variable
Automatic Computer (EDVAC)[2]. From that, both Von Neumann and Alan
Turing viewed the development of the electronic computer as fundamentally a
problem in logic, linking computing to theoretical foundations. In this architec-
ture, the computational unit such as center processing unit (CPU) is designed
to be physically separating from the memory unit, enabling re-programmable
logical and computational operations as shown in Fig. 1.2. So the CPU plays
as the sole component responsible for computation, while other components
such as memory are dedicated to data storage. The defining feature of the
von-Neumann architecture is the stored-program concept, where both instruc-
tions and data reside in the same memory space, allowing the CPU to fetch
instructions and data from memory for execution, where the control unit (CU)

acts as the manager and director of the computer’s operations.

CPU
> <
= (*

Processor

»- ( Combinational
> Input

Instructions

2

Figure 1.2: von-neumann architecture
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1.2 Present Memory Technologies

In the von Neumann architecture, the memory hierarchy is essential to
organize memory in a way that reduces access time. Due to its reliability and
efficiency, all mainstream memory technologies are part of this von Neumann
memory hierarchy. This hierarchy was created based on a program behavior
called locality of reference, which means that the same or nearby data is likely
to be accessed repeatedly. The diagram below illustrates the various levels of
the memory hierarchy. In this section, we provide an overview of memory in
the von Neumann architecture.

The memory hierarchy helps optimize the computer’s available memory. It
consists of multiple levels, each differing in size, cost, and other characteris-
tics. Some types of memory, such as cache and main memory, are faster but
smaller in size and more expensive, while others offer larger storage capacity
but operate more slowly. Data access speeds vary across these memory types,
with some providing quicker access and others slower.

This memory hierarchy design is divided into 2 main types: the External
Memory or Secondary Memory and the Internal Memory or Primary Memory.
External Memory consist of Magnetic Hard Disk Drives (HDD), solid-state
drives (SSD), Optical Disks, and Magnetic Tapes. These peripheral storage
devices can be accessed by the processor through an I/O Module as shown at
the bottom 3 layers of the pyramid in Fig. 1.3. As for the internal Memory, it
consists of Main Memory, Cache Memory and CPU registers. They are directly
accessible by the processor. They correspond to register, L1 Cache, L2 Cache
and Main Memory at the top 4 layers of the pyramid in the Fig. 1.3.

For the details of CPU registers, Cache Memory and Main Memory, they
are responsible for tasks at different levels and have a close working relationship

in the Internal Memory.

For Registers:

Registers are discrete, ultra-high-speed memory units embedded directly
within the Central Processing Unit (CPU). They serve as the pinnacle of the
computer’s memory hierarchy, designed to temporarily hold the specific data,

addresses, and instructions that are currently being executed by the processor.
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Access Times More Costly

3~30ns L1 ~ L2 Cache

25~90 ns L3 ~ L4 Cache

30 ~120 ns

Less Costly

100 ~ ms Other type External Memory

Figure 1.3: Memory hierarchy of Von-Neumann architecture

Because they physically sit on the CPU die, registers offer the fastest possible
access times-significantly quicker than cache or main RAM-eliminating latency
during critical processing tasks. However, this speed comes with a trade-off in
size; registers have a very limited storage capacity, with data widths typically
corresponding to the processor’s architecture, such as 32-bit or 64-bit (and

historically 16-bit) systems.

For Cache Memory:

Cache memory is a small, high-speed memory unit situated near the CPU.
It stores data and instructions that are frequently used and have been recently
retrieved from the main memory. The purpose of cache memory is to reduce
data access time by enabling the CPU to quickly retrieve commonly used
information. Cache memory serves two primary functions: it keeps pace with
the CPU as it fetches and executes instructions, and it identifies the data
stored in the cache line, which loads information from slower memory sources.

Cache memory is typically organized into three levels: on-chip L1 and L2
caches, and off-chip lower-level caches (LLC), such as L3 and L4. The lower
the cache level, the slower its speed but the larger its capacity. Larger caches
tend to store more relevant data, reducing miss rates, but they operate more

slowly compared to smaller caches. The process of retrieving data from cache
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memory can be likened to a water fountain, which reduces the average time
needed to fetch data. Initially, the system searches for the data in the L1
cache. If it is not found there (a miss), the search proceeds to the L2 cache,

then to L3, and finally to the main memory until the required data is found.

For Main Memory:

Main memory, commonly referred to as RAM (Random Access Memory),
serves as the primary storage in a computer system. It offers a larger capacity
than cache memory but operates at a slower speed. This memory holds the
data and instructions that the CPU is actively using. In contrast to cache,
which has limited capacity, main memory provides greater storage space, al-
lowing the system to handle multiple processes simultaneously. The versatility
of main memory makes it an essential component in the memory hierarchy,
balancing the need for both speed and capacity in modern computing. Typ-
ically, the size of main memory ranges from several hundred megabytes to
several tens of gigabytes.

As for the external memory, it is mainly consisted by HDD and SSD device,
and we will introduce them at section 1.3.3 and 1.3.4 later.

In the next part of this section ,we will introduce the present memory

technologies with access time from fast to slow.

1.2.1 Static Random Access Memory

Static random-access memory (SRAM) is a form of RAM that stores each
bit using latching circuits called flip-flops. Although SRAM is volatile memory-
meaning it loses data when power is turned off-it offers very fast access times. A
standard SRAM cell typically consists of six metal-oxide-semiconductor field-
effect transistors (MOSFETSs), commonly referred to as a 6T SRAM cell, as
illustrated in Figure 1.4 (a). Within this cell, four transistors (M1, M2, M3,
M4) create two cross-coupled inverters that hold each bit, representing binary
states 0 and 1. Two additional access transistors manage reading from and
writing to the cell. The 6T SRAM design is the most widely used type of
SRAM]3].

In contrast, four-transistor SRAM cells are frequently found in standalone
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SRAM devices rather than those used in CPU caches. These are fabricated
using specialized processes that include an extra polysilicon layer, enabling
very high-resistance pull-up resistors, as shown in Figure 1.4 (b). However,
a major disadvantage of 4T SRAM is its higher static power consumption,

caused by continuous current flow through one of the pull-down transistors
(M1 or M2).

WL _ _ WL
VDD VDD
M M, f] f]
Ms jk_ _4t Mg M, . . M,
'|_|' TC TLC TLC
o) Q Q Q
1= HF <
BL M, M; BL BL M, M, BL
= =
(a) 6T SRAM Cell (b) 4T SRAM Cell

Figure 1.4: 2 kinds of SRAM structure[3][4]. Reprinted, with permission, from
IEEE.

To read from and write to 6T SRAM inverters, the wordline (WL) is driven
high to activate the gates of transistors M5 and M6, connecting them to the
bitline (BL) and its complement BL. When idle, the WL is held low, which
closes M5 and M6, isolating the cell and preserving its stored data. For reading,
both BL and BL are first pre-charged to Vpp and then left floating. Next, the
decoder raises a specific WL to open M5 and M6, linking the SRAM cells to the
bitlines. Depending on the stored value, the activated cells gradually discharge
one of the bitlines toward ground. The resulting voltage difference between
BL and BL is sensed and amplified by a sense amplifier, which determines
whether a 1 or 0 is stored. To write data, the bitline drivers first set BL
and BL to the desired logic levels representing 0 or 1. Then, the decoder
sets the corresponding WL high to connect the SRAM cell to these bitlines.
Because the bitlines have stronger drive capability than the CMOS inverters,
they overwrite the cell’s current state, flipping the bistable circuit to the new
data. Finally, the decoder deactivates the WL, securing the data within the

cell. Over years of development, SRAM has achieved latencies on the order of
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tens of picoseconds and power consumption in the nanowatt rangel[5].

1.2.2 Dynamic Random Access Memory

SRAM is used at the highest level of the memory hierarchy as cache mem-
ory. It is faster than other types of memory, operates using flip-flops, and
does not need to be refreshed. However, it is more costly and occupies more
space compared to other memory types. Moving down the hierarchy, Dynamic
Random Access Memory (DRAM) uses fewer transistors per cell than SRAM,
which is advantageous for bit density. Typically, DRAM consists of a gate
transistor and a capacitor (1T+1C) that stores data as an electrical charge, as

illustrated in Figure 1.6.
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Figure 1.5: A schematic structure of a 4x4 array of 1T+1C-DRAM cells.
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To read the data, there are 5 basic steps for DRAM:

1. Activate Row: A memory controller sends a command to activate a

specific wordline (row).

2. Connect Cells: Activating the wordline turns on the transistors for that

row, connecting all capacitors to their respective bitlines.

3. Sense Data: Sense amplifiers detect the charge on the bitlines, determin-

ing if each cell is a '1’ (charged) or '0’ (discharged).

4. Refresh: The sensed data is immediately written back to the capacitors,

restoring their full charge.

5. Deactivate: The wordline is turned off, isolating the cells and completing
the read.

To store data, a row is activated and the sense amplifier of a specific column
is temporarily driven to the desired high or low voltage level, which causes the
bit-line to either charge or discharge the cell’s storage capacitor to that level.
Because the sense amplifier uses positive feedback, it maintains the bit-line
at a stable voltage even after the external voltage is removed. When writing
to a particular cell, all columns in the row are sensed at the same time, just
like during a read operation. As a result, although only one column’s storage
capacitor is altered, the entire row is refreshed by being written back.

This functional specialization allows the computer system to keep the most
frequently accessed data close to the CPU in the fast, expensive SRAM cache,
while the bulk of the program data resides in the larger, cheaper DRAM main
memory. Some cache designs even utilize SRAM or eDRAM to implement a
cache hierarchy with different regions for low write latency.

For the future development of SRAM, DRAM, and the overall storage struc-
ture, there are currently two main approaches to optimizing in terms of en-
ergy consumption, performance, and speed called Complementary Field Effect
Transistor (CFET) for transistor architecture improving and High Bandwidth

Memory (HBM) for memory hierarchy interconnection improving.
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Complementary Field Effect Transistor:

As illustrated in Figure 1.5, showing cross-sectional views progressing from
FinFET to Gate-All-Around FET (GAAFET), Forksheet, and CFET designs.

The FinFET design was a major leap over planar transistors, but as scal-
ing continued, the GAAFET architecture emerged as a superior solution.
GAAFETSs, which include Multi-Bridge Channel FET (MBCFET) devices,
generally perform better than FinFETs. This improved performance is a re-
sult of a device architecture that differs from FinFETSs, particularly in how the

channel is surrounded by the gate, which impacts leakage mechanisms|[6].

Figure 1.6: Development of MOSFET device designs (cross-sectional perspec-
tive). (a) Triple-gate finFETs are being succeeded by (b) GAA vertically
stacked lateral nano-sheet FETs, which may further advance into (c) the fork-
sheet design, where adjacent devices are divided by a dielectric barrier. Look-
ing ahead, (d) the vertical stacking of N-type and P-type MOS devices in a
CFET structure is currently under investigation as a promising approach for
achieving the next level of CMOS miniaturization. Copyright (C) imec.

Looking ahead to advanced technology nodes, the industry is shifting to-
wards designs that offer even greater density. The Forksheet architecture is
seen as an advancement derived from the stacked nanosheet structure, pushing
the limits of scaling further. Finally, the CFET developed jointly by TSMC,
Intel, Samsung, imec, represents the pinnacle of current scaling strategies. The
CFET architecture achieves maximum area efficiency by vertically stacking the
pFET and nFET components, building upon the advances made in nanosheet

and forksheet devices to be able to achieve 55% higher dense, 7.3% lower power
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compared to standard CMOS|7].

High Bandwidth Memory:

As computing races toward higher speeds and greater efficiency, memory
bandwidth has emerged as a major bottleneck for workloads like AI, high-
performance computing, and data analytics. High Bandwidth Memory (HBM)
with 3D stacking of multiple DRAM dies, interconnected by Through-Silicon
Vias (TSVs) on a base die, has been designed to operate with significantly
higher bandwidth (data transfer rates) than traditional memory solutions like
Double Data Rate (DDR).

Instead of laying out all the memory chips side-by-side on a flat board,
HBM stacks them like a multi-story building as shown in the Fig. 1.7. This
vertical integration, combined with sophisticated electrical connections, creates
a superhighway for data, enabling much faster and more efficient communica-

tion with the processor.

HY LPU/CPUfSoc Die

1 1 1 [ 1 | 1 1 1 I ] 1 |
[} - - - - - [ ] - - - - - N -

Package Substrate

Figure 1.7: A schematic diagram of a HBM architecture. Copyright (C) PC
Perspective.

In Fig. 1.8 and its table, as an example, in terms of bandwidth = Memory
Bus Width x Data Rate (Speed), HBM3 offers tremendous over 3500 GBps
which is several times faster than other type DRAM, because of the huge Mem-
ory Bus Width = # I/F x I/F Width constructed physically by TSVs. Now
HBM technology is still moving forward by simply increasing the bandwidth
with more advanced TSVs technology|8].
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DRAM Capacity vs. Bandwidth — Designing in 2022

IiF Width Max Capacity Speed

— 10,000 DRAM  #UF oo bits)  perUF (GB)  (Mbps) Comment
2 DORS B Bd 512 5600  Dual 256GE L RDIMMs
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- HEM3 & 102 18 4800  16Gb die, BH
a1 ]
LPDDRS

9
=
0
o GDDRE
< 10
o
Q

1,000 2.000 3,000 4.000 5.000

Bandwidth (GBps)

Figure 1.8: Performance comparison of DDR5, LPDDR5, GDDR6 and HBM3.
Copyright (C) Synopsys

In contrast, DDR5, low power DDR5 (LPDDRS5) and graphic DDR6 (GDDR6)
focuses on large-storage, low power storage and graphic processing region sep-
arately as shown at Fig 1.8.

1.2.3 NAND Flash

Below the high access speed, volatile memory which locate at the top half
position of the memory hierarchy shown in the Fig. 1.3, like SRAM and
DRAM, non-volatile technologies, which can preserve data for a substantial
period, dominate the bottom half of the memory hierarchy.

NAND flash is a common type of non-volatile storage. The name “NAND”
comes from combining “NOT” and “AND,” which refers to the logic gate that
shapes the internal design of a NAND cell.

In addition to its high storage capacity and non-volatility, NAND flash
memory is known for its fast data transfer rates (4.8 Gbps, KIOXIA /SanDisk
NAND, 2025), durability, and low power usage. These features have made
NAND flash the ideal storage for mobile devices such as smartphones, digital
cameras, gaming consoles, and tablets. NAND also has a large market share
in data centers, embedded automotive systems, medical imaging devices, and

telecommunications networks.
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NAND flash stores data using special components called floating-gate tran-
sistors. These transistors are connected in series to form a NAND logic gate,
a basic digital circuit that processes binary data (ones and zeros) through
“NOT” and “AND” operations.

Each NAND memory cell has two main parts: a control gate and a floating
gate, separated by a thin oxide layer. This setup acts like a tiny container that
can hold an electrical charge.

Writing data to NAND cells starts by storing an electrical charge on the
floating gate through a method known as Fowler-Nordheim tunneling. A high
voltage applied on the control gate forces electrons into the floating gate, where
they become trapped and represent a binary value. To erase data, the charge
is removed, freeing the trapped electrons.

NAND flash is efficient because of its block-based design. Instead of writing
or erasing data bit by bit, it handles data in large blocks, making it well-suited
for sequential tasks and large storage needs.

Pioneered by KIOXIA /SanDisk in 2007, as the most important milestone,
NAND memory was started to evolve from 2D to 3D, which revolutionized

storage by stacking memory cells vertically.

Bitline [BL)

Bitline
Selectors
(BLS)

Contral
Gates
(cGs)

Z

K
Source Line %

Source Line Selector
(5L) (5LS) Channel (CH)

Figure 1.9: A schematic structure of 3D NAND[9]. Images reproduced with
permission of the rights holders, Springer Nature.
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As shown at Fig. 1.9, manufacturing 3D flash memory devices requires the
fabrication of extremely deep holes with high-precision profiles to contain the
dielectric material as well as semiconductor. The 3D NAND evolution involves
overcoming challenges like deep etching, mechanical stress, and material uni-
formity, pushing towards 1000+ layers using techniques like high-aspect-ratio
etching, new materials (high-k dielectrics), and advanced architectures (hor-
izontal channel flash) to boost density, speed, and efficiency for SSDs and
mobile devices. Today, multi-layered structures with 256+ layers is very com-
mon as commercial product so that we can enjoy SSDs and USB (universal
serial bus) storage with lower price.

For traditional NAND cell, single-level cell (SLC) is utilized to store one
bit per cell (2 voltage states). SLC NAND is the most expensive, but it can
deliver the highest performance, reliability and endurance. So cheaper choices
are Double-Level Cell (DLC) and Triple-Level Cell (TLC, e.g., Samsung 850
EVO) which could stores 2 and 3 bits per cell separately (4 and 8 voltage
states, separately). The newest technology that is mass-producted is Quad-
Level Cell (QLC) which could Stores 4 bits per cell (16 voltage states), offering
more density but lower endurance (e.g., Crucial P1, Samsung 860 QVO).

1.2.4 Hard Disk Drive

A hard drive consists of just a few fundamental components. It includes
one or more shiny silver platters where data is magnetically stored, an arm
mechanism that moves a tiny device called a read-write head across the platters
to read or write data, and an electronic circuit that manages the entire process
and connects the hard drive to the rest of the computer, as illustrated in Figure
1.10.

The platters are the most crucial parts of a hard drive. As their name
implies, they are disks made from durable materials like glass, ceramic, or
aluminum, coated with a thin metal layer that can be magnetized or demag-
netized. A small hard drive usually contains just one platter, but both sides
of it have magnetic coatings. Larger drives have multiple platters stacked on a
central spindle, separated by small gaps. These platters spin at around 10,000
revolutions per minute (rpm), allowing the read-write heads to access any area

on them.
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Each platter has two read-write heads—one for the top surface and one for
the bottom—so a hard drive with five platters, for example, would have ten
read-write heads in total. These heads are attached to an electrically controlled
arm that moves from the center of the drive to its outer edge and back. To
minimize wear, the heads do not physically touch the platters; instead, a thin
layer of air or helium gas separates the head from the platter surface.

The key aspect of memory isn’t just storing information, but being able to
retrieve it later. We can imagine searching a magnetized iron nail among 1.6
million million identical nails to understand the challenge a computer would
face without a highly organized system for managing its data.

When a computer saves data on its hard drive, it doesn’t randomly scatter
magnetized nails in a box. Instead, the data is arranged in a precise pattern on
each disk platter. Data bits are organized along circular paths called tracks,
which are further divided into smaller sections known as sectors. A portion
of the hard drive keeps a record of which sectors are occupied and which are
available. In Windows, this record is called the File Allocation Table (FAT).
When new data needs to be saved, the computer consults this map to locate
free sectors, then directs the read-write head to the exact spot to store the
information. Reading data follows the same process in reverse.

But how does an electronic computer control the mechanical details of
a hard drive? This is managed by an interface called a controller—a small
circuit that operates the drive’s actuators, selects specific tracks for reading
and writing, and converts data between the computer’s parallel format and the
disk’s serial format. Controllers can be integrated into the hard drive’s own
circuit board or be part of the computer’s motherboard.

However, the Hard disk drive (HDD) industry has been facing two major
and tough challenges from 2010s: the areal density (AD) growth rate has
stalled in 2012 when the perpendicular magnetic recording (PMR) reached its
limit in so-called superparamagnetism[10] and the rising of SSD which seize
huge market share of HDD. However, the industry has broken the AD growth
bottleneck by a few new technologies, such as shingled magnetic recording
(SMR)[11][12], two dimensional magnetic recording (TDMR)[13], heat-assisted
magnetic recording (HAMR)[10]. By equipping these technologies, HDD now

could store more than 30 TB in a single desktop-level product.
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Figure 1.10: A schematic structure of a HDD. Source: Wikipedia.

SMR: This technology is designed to maximize the use of existing PMR
head and media technology. In traditional recording methods, data tracks are
separated from each other, with gaps left between them to prevent overwriting
neighboring tracks during new data writing. Consequently, the spacing be-
tween data tracks is determined by the combined width of the writer and the
gap. In contrast, SMR intentionally overlaps part of the new data track onto
the previous one, resulting in narrower tracks compared to isolated ones. En-
hancements in head design are necessary to achieve precise track edge writing
and trimming, which are crucial for the effective implementation of SMR.

TDMR: This technology was initially proposed to achieve a areal density
(AD) of 10 TB per square inch [14]. As the track pitch and reader width
become much smaller, the signal-to-noise ratio (SNR) decreases significantly.
When the reader is slightly off-center from the track, the SNR drops to a level
where data cannot be reliably read. To enhance the SNR, a multiple-reader
array has been suggested. Each pair of individual readers partially overlaps
[14], causing the readback data to include information from multiple tracks.

To retrieve the desired data from this noisy signal, a two-dimensional digital
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Figure 1.11: Schematic diagram of HAMR structure operating principle.
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processing method must be developed. However, recent studies indicate that
the capacity improvement from two-dimensional magnetic recording (TDMR)
alone is only about 6% [13].

HAMR: This technology is considered the most promising for increasing
hard disk drive (HDD) areal density beyond a few terabytes per square inch.
Seagate announced plans to release its first HAMR (Heat-Assisted Magnetic
Recording) drive around 2017 [15]. To prevent superparamagnetism—where
the magnetization of nanoscale magnetic grains flips direction due to tempera-
ture effects—the magnetic media is made from materials with high coercivity,
which makes it harder for the magnetization to change direction. However, this
high coercivity also makes writing data more challenging. The fundamental
concept of HAMR involves using a laser beam, delivered through a near-field
transducer (NFT), to heat the magnetic grains and temporarily lower their co-
ercivity, thereby easing the writing process, as illustrated in Figure 1.11. Once
writing is complete, the media cools down and returns to its high coercivity
state, ensuring the recorded data remains stable. The primary challenges fac-
ing this technology are the durability of the recording head and the design of
the media.

The future of HDD lies in the data center application, where bigger capacity
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and low cost are the dominating factors.

1.3 Technological Development of MRAM

1.3.1 Giant Magnetoresistance

GMR refers to the variation in electrical resistance caused by an applied
magnetic field. It was found that applying a magnetic field to a Fe/Cr multi-
layer leads to a notable decrease in the multilayer’s electrical resistance. This
change in resistance occurs because the magnetic field aligns the magnetic
moments of the consecutive ferromagnetic layers, as shown schematically in
Figure 1.12. The GMR ratio can be expressed as:

Rap — Rp
_ 1.1
- )

Without an external magnetic field, the magnetizations of the ferromag-

GMR ratio =

netic layers are oriented antiparallel, causing the resistance to rise to Rap.
When a magnetic field is applied, it aligns the magnetic moments and satu-
rates the multilayer’s magnetization, resulting in a decrease of the resistance
to Rp[16].

As illustrated in Figure 1.13, electrical conductivity in FMs can be ex-
plained by two mostly independent conduction channels in both CIP-GMR
and CPP-GMR configurations. These channels correspond to up-spin and
down-spin electrons, which are differentiated based on the orientation of their
spins along the quantization axis. In FMs, the likelihood of spin-flip scattering
events is generally low compared to scattering events where the spin remains
unchanged. This implies that up-spin and down-spin electrons remain sep-
arate over long distances, allowing electrical conduction to occur in parallel
through the two spin channels, with the equivalent resistance calculated for
each channel.

In addition, the scattering rates for electrons with up-spin and down-spin
also differ significantly in FMs, regardless of the type of scattering centers in-
volved. This is because the band structure in a ferromagnet is split by exchange
interactions, resulting in different densities of states at the Fermi energy for

up-spin and down-spin electrons. Since scattering rates are proportional to the
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Figure 1.12: Diagram illustrating the Giant Magnetoresistance (GMR) effect.
(a): Variation in the resistance of the magnetic multilayer depending on the
applied magnetic field. (b): Magnetization arrangements (shown by arrows)
within the multilayer (trilayer) under different magnetic field strengths: the
magnetizations are antiparallel at zero field; they become parallel when the
external magnetic field H exceeds the saturation field Hg. (c¢): The magneti-
zation curve corresponding to the multilayer. Images reproduced with permis-
sion of the rights holders, Elsevier[16]

density of states, the scattering rates—and consequently the resistivities—vary
between electrons of different spins.

There are two configurations to assess the resistance of this multilayered
structure: one where the current flows parallel to the layers (referred to as
current-in-plane GMR, or CIP-GMR), and another where the current flows
perpendicular to the layers (called current-perpendicular-to-plane GMR, or
CPP-GMR). The same model can be applied to analyze the magnetoresistive
behavior in both cases, as long as the thickness of the layers is small relative

to a characteristic length specific to each configuration.
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Figure 1.13: Diagram of the two-current model. It shows the conduction
routes of spin-up and spin-down electrons in a ferromagnetic metal /normal
metal /ferromagnetic metal (F/N/F) multilayer, illustrating both current-in-
plane (CIP) and current-perpendicular-to-plane (CPP) transport scenarios.
Electrons whose spin magnetic moments are aligned opposite (blue paths) to
the local magnetization undergo more scattering compared to those with spins
aligned parallel (red paths). The corresponding resistance circuit is depicted
for the two magnetic alignments: parallel and antiparallel. Images reproduced
with permission of the rights holders, WILEY Online Library[17].

1.3.2 Tunneling Magnetoresistance

Tunnel magnetoresistance (TMR) occurs in heterostructures composed of
ferromagnetic and metallic layers separated by a thin insulating layer (Jul-
liere, 1975, reference[18]). The insulating layer serves to decouple the fer-
romagnetic components, allowing electrons to utilize quantum tunneling to
transfer between the magnetic layers. Because of this characteristic, TMR is
a purely quantum mechanical phenomenon, distinct from giant magnetoresis-
tance (GMR).

In a trilayer structure made of ferromagnet (FM)/tunnel barrier/FM, a
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significant change in resistance has been observed when the magnetization
of one ferromagnetic layer (the free FM) is switched between parallel and
antiparallel alignment relative to the magnetization of the other ferromagnet
(the reference FM).

This effect can be explained by considering the spin polarization P in a
ferromagnetic layer, the conservation of spin during tunneling, and the pres-
ence of two separate currents corresponding to the two possible electron spin
orientations. Spin polarization is defined based on the density of states (Ds)
at the Fermi energy (Er), where all available electron states are occupied for
spin-up and spin-down electrons (relative to the external magnetic field), de-
noted as D' and D*, respectively. Differences in these densities of states lead
to variations in the conductance of spin-polarized electrons at the Fermi level
between the first and second ferromagnets across the barrier, as illustrated
schematically in Fig. 1.14 One finds that:

_ D'(Ep) — D*(Ep)

= DB + DB 2
where DT is assumed as majority while DV is assumed as minority.
Gp o« D}(Er) - D}(Er) + Dy(Ey) - Dy(Ey), (1.3)
Gap o D} (Er) - D3(Er) + Di(Eg) - Di(EF), (1.4)
TMR Ratio = 2 —Gap _ Rap = ftp 201 (1.5)

Gap Rp 1-PP
where Rap and Rp are the resistance and Gap and Gp are the conductance
measured for ferromagnetic layers with antiparallel and parallel orientation re-
spectively. The application of a voltage to the magnetic layers induce a flow of
electrons towards the positive electrode. The total current is the combination
of the currents for spin up and spin down electrons, each of them depending
on the orientation of magnetization in the layers. As already seen in the case
of GMR it is possible to induce change the relative configuration of magneti-
zations in the magnetic layers and, thus, change the electrical resistance of the
device[19].
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Figure 1.14: Schematic diagram of spin-polarized electron tunneling[20]. Re-
produced from Elsevier open source article.

After numerous experiments to surpass the limitations of Jullieres model,
a TMR ratio of up to 220% was found in the CoFe/MgO/CoFe junction in
2004[21]. This was possible thanks to the spin-filtering effect of MgO[22, 23].
Until now, the largest room temperature TMR ratio reported in MTJs is
631%[24]. With impressive TMR ratios, spintronic devices such as HDD read-
ers and MRAM have employed the TMR effect to advance their performances.

1.3.3 Spin Transfer Torque MRAM

The history of manipulating the magnetization of magnetic nanostructures
by spin-transfer torque (STT) began from the work of Berger’s team[25] and

Slonczewski’s team[26] in 1996. In their research, the resistance changing
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behavior after observing current perpendicularly cross the interface of two
parallel magnetic films connected by a normal metallic spacer is discussed
systematically with the accompanying of vectorial spin transfer during this
process for the first time. So it provides a basic framework for the research
of the STT effect in GMR, TMR, and spin valve devices. The giant TMR
effect observed in MgO-based MTJs is also beneficial for the advancement of
STT-MRAM. Typically, MTJs are designed so that one magnetic layer, known
as the reference layer, has a fixed magnetization, while the magnetization of
the other layer, called the storage layer, can be changed by employing the STT
effect[27].

A typical MTJ structure for STT-MRAM is illustrated as Fig. 1.15 (a)
and (b), the free layer in MTJ can be switched by STT from polarized tunnel
current which cross through tunnel barrier, but the magnetization of reference
layer keep in same orientation, so the parallel (low resistance) or antiparallel
(high resistance) alignment between free layer and reference layer can be cre-

ated, corresponding to storing data of '0" or "1’.

Word line (WL)
- Upper electrode
Bit line
(BL)
MTJ Cap layer
FM free layer
4= or mm) —FM free layer 4= or mm) — y
MTJ Tunnel barrier
_ “Tunnel barrier M reference
Reference layer
FM reference enhancement
Iayer multilayer
? Seed layer
MOS-FET

Bottom electrode

(a) (b)

Figure 1.15: (a) Standard circuit diagram of in-plane type STT-MRAM. (b)
Common cross-sectional design of a MTJ featuring a spin-valve configuration.

In 2005, Sony Corporation demonstrated a 4-kbit prototype STT-MRAM
using CoFeB/MgO/CoFeB MTJs with in-plane magnetization (see Fig. 1.16)

and successfully demonstrated reliable writing and reading operations[28]. How-
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ever, with M'TJs that have in-plane magnetization, achieving high thermal sta-
bility—mnecessary for data retention exceeding 10 years is very challenging when
the lateral dimensions of M'TJ cells are below approximately 50 nm, which is a
common size for gigabit-scale STT-MRAM cells. One way as a commonsense
nowadays to overcome this challenge for gigabit-scale STT-MRAM is to em-
ploy MTJs with electrodes magnetized perpendicularly (discussed in Chapter
2 and 5). Theoretically speaking, using perpendicularly magnetized electrodes
with strong perpendicular magnetic anisotropy allows for both high thermal
stability in 50 nm-sized MTJ cells and low write current density. Based on
these reasons, after 2017, the mainstream of STT-MRAM with the memory
size from 32MB to 1GB is all consisted of perpendicularly magnetized MTJ
(pMTJ)[29, 30].

For the MRAM application currently, as the applications for industrial
and i0T devices expands, with the integration of Al, higher-speed information
processing will be desired for smarter terminal devices to reduce network la-
tency and power consumption. Because the in memory computing capability,
as a typical application MRAM can offer sophisticated control and real-time
processing, high-processing performance with GHz-class CPU clock frequencies
and robust security in the crossover area located on the performance boundary
between high-end microcontroller units (MCUs) and low-end microprocessor
units (MPUs)[31]. In table 1.1, various types of memories performances are
compared including other type of emerging memories, such as PCRAM and
ReRAM, STT-MRAM shows advantages such as high endurance and low leak-

age compared to other memories[32].

Table 1.1: Comparison of performance for SRAM, DRAM, NAND, PCRAM,
ReRAM, STT-MRAM

SRAM DRAM NAND PCRAM/ReRAM STT-MRAM

Architecture Planar Discrete 3D Monolithic 3D Planar Planar
Device 6T 1T/1C 1T 1T || 1BJT/1R 1T/1IMTJ
Feature Size Tnm 18nm 19nm 20—27nm 40nm
Cell size 40-60F2 6-8F? 4F? 4-6F? 8-14F?
Capacity 16Mb 16Gb/Die 1Th/Die 16Gb 1Gb
Endurance 00 1016 10° 10° 1016
Write energy 8pW/bit/MHz  100£]/bit 10£J /bit 5pJ /bit 5pJ /bit
Leakage 1x 0.1x-1x ~ 0.8x 0.01x 0.01x

Cost 1x 0.1x-1x 0.01x 0.1x 1x
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However, the physical limitation of STT-MRAM writing process is due to
the low charge to spin conversion efficiency given by

Is = 2—heP e (1.6)

where the P is the spin polarization, I¢ is the charge current, and Ig is the

spin current, ’—;’ is the angular momentum for each conduction electron, and e is

the electron charge. Considering the finite P can not be larger than 1 (typically

between 40 and 80%), the only way for a larger Ig is to increase the I which

causes serious thermal problem, and tunnel barrier breakdown[33, 34].

Figure 1.16: Cross-sectional TEM images of 4-kbit STT-MRAM (in-plane
type) using CoFeB/MgO/CoFeB MTJs[28]. Courtesy of Sony Corporation,
images reproduced with permission of the rights holders, IEEE

Moreover, the read disturb, which is defined as the inadvertent flipping
of a bit-cell value during a read operation, constitutes a significant reliability
concern of data retention in STT-MRAM because the read pathways need
to occupy the write pathway. Specifically, in STT-MRAM, the current used
for writing a ‘0’ (parallel, or ‘P’, state) and the read current traverse the
same path and flow in the same direction, thereby increasing the risk of read
disturb events, so in STT-MRAM, the issue of maintaining a precise ratio
between read and write currents is critical to minimizing read disturb rates[35].

For instance, increasing the read current to enhance readability necessitates a
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corresponding increase in the write current; failure to do so results in elevated
read disturb occurrences. Similarly, reducing the write current to lower write
energy consumption requires a proportional decrease in the read current, which
adversely affects readability.

Last but not least, both STT-MRAM configurations exhibit a pronounced
asymmetry in read and write latencies, as well as in the switching durations
between parallel-to-antiparallel (P—AP) and antiparallel-to-parallel (AP—P)
states[36, 37].

1.3.4 Spin Orbit Torque MRAM

In Section 1.3.4, we will explain why Spin Orbit Torque MRAM (SOT-
MRAM) is more promising than STT-MRAM in a long-term development,

based on its superior work principle and advanced SOT source.

Work Principle

Line_| Access Transistor vgﬁfg—| Access Transistor
Source Line: [Read & Write Source Line
(a) STT-MRAM (b) SOT-MRAM

Figure 1.17: Bit-cell write paths and read paths for STT-MRAM and SOT-
MRAM][38]. Image reproduced from right holder, IEEE

As shown in Fig. 1.17(a), STT-MRAM has the overlapping write and read
paths. In SOT-MRAM, the read path and the write path are separated, as
shown in Fig. 1.17(b). Attributing to the distinct separation of read and write
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pathways, the read disturb is negligible in SOT-MRAM|[39, 40]. SOT-MRAM
offers independent optimization for read and write paths, and further enables
a balanced co-optimization of readability, access latency, and writing energy
efficiency. The write path is consisted of a non-magnetic (NM) material with
strong spin-orbit-coupling, which generates a perpendicular pure spin current
via the spin Hall effect. Since the pure spin current does not accompany a per-
pendicular charge current, there is no dielectric breakdown, thus SOT-MRAM
has a remarkably high durability (> 10'? cycles). Additionally, the write path
in SOT-MRAM exhibits significantly lower resistance compared to that in
STT-MRAM, where the current must traverse the magnetic tunnel junction
(MTJ) cell. Moreover, there is no asymmetry in the writing current and incu-
bation delay in SOT-MRAM during the switching, as SOT-MRAM switching
is governed by the spin Hall effect. Conversely, STT-MRAM experiences sub-
stantial incubation times that can markedly prolong switching speeds[41]. In
contrast, SOT-MRAM can be switched as fast as 300 ps.

Advanced SOT source

As shown in table 1.2, materials with strong spin Hall effect (SHE) arising
from their pronounced spin-orbit coupling, including Heavy metals (HMs) such
as platinum (Pt), tantalum (Ta), tungsten (W), and topological materials
such as BiSh, BiSe and YPtBi. Spin Hall angle fsy is a critical parameter
representing the charge-spin conversion efficiency. One can see in the table that
the topological materials have very high spin Hall angle (> 1), 2 order larger
than HMs. Meanwhile, in STT-MRAM the charge-spin conversion efficiency
is given by the spin polarization P which is lower than 1. The qualitative

equation for fgy is given by Equation 1.7,

h

JS = %HSHJC (17)
h L

IS == 2—6?931_1[0 (18)

where Ig represents the spin current, /¢ represents the charge current, L and ¢
are the spin source length and thickness, respectively, h is the Planck constant,

and e is the electron charge.
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We can also define a spin Hall conductivity (osn), given by Equation 1.9,

h
OSH — %QSHO' (19)
Because of high sy, osg of topological material is almost in a same mag-

nitude compared with HMs.

Table 1.2: Performance comparison for topological materials and heavy metals

SOT source Osy o(Q tm™1) osu (27 m 1)
B-Ta 0.15 5.3 x 10° 0.8 x 10°
B-W 0.4 4.7 x 10° 1.9 x 10°

Pt 0.08 4.2 x 10° 3.4 x 10°
BiogoShon  52[42] 2.5 x 10° 1.3 x 107
Bi Se;_ 18.8[43] 7.8 x 103 1.4 x 10°

BiggsSho1s  12.3[44] 1.5 x 10° 1.8 x 108

YPtBi  1~7.8[45] 0.14 ~04x 10° 0.4~ 1.5 x 10°

For the physical theories of the SHE and SOT, we would like to introduce
them later in Chapter 2.

1.4 Research Motivations and Objectives

We have introduce SOT-MRAM which offers fast operation and high en-
durance in section 1.3.4. However, the full exploitation of the potential of
SOT-MRAM requires addressing 3 main challenges[46].

Firstly, integration of high performance SOT materials such as topological
materials and perpendicular magnetic anisotropy (PMA) systems is essential
to realize the low switching current and scalability of SOT-MRAM, aligning
its development with the progression of CMOS technological nodes.

Secondly, ensuring compatibility with back-end-of-line (BEOL) comple-
mentary metal-oxide-semiconductor (CMOS) fabrication processes is vital to
facilitate seamless incorporation into existing manufacturing workflows.

Thirdly, the implementation of field-free switching mechanisms is crucial
for the practical deployment of SOT-MRAM devices.

For solving the first and second challenges above, this study focuses on 2

main objectives:
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1. Integrate high performance BiSb topological insulator and perpendicu-
larly magnetized CoFeB/MgO to realize ultralow power SOT-MRAM in the
future.

2. Improving PMA of CoFeB for further scaling beyond the 16 nm CMOS
process.

Basing on the two results from this study, it is possible to realize the
thermal-robust SOT-MRAM with low switching current and scalability in the

future.

Motivation 1

Previous works on sputtered BiSb with high fsy have been performed
in heterostructures with Co or Co/Pt multilayers, which are not the main
stream ferromagnetic metal (FM) in p-MTJ. Thus, it is essential to demon-
strate high fsy of BiSb in heterojunctions with perpendicularly magnetized
CoFeB/MgOI47], which is now the de facto FM/tunnel barrier for p-MTJ.

In previous works, a maximum fgy of 2.8 has been realized in BiSb/CrO,
/Ta/CoFeB/MgO[48], which helps reducing the SOT switching current to the
level of that of STT. However, higher fgy is essential to further reduce the SOT
switching current to lower than that of STT for the SOT-MRAM integrated
with PMA CoFeB.

Objective 1: Integration of BiSb with High sy and CoFeB/MgO
Multilayers with PMA

In this study, we investigate the spin Hall performance in heterostructures
of BipgsSbo.15 (10 nm) / interfacial layers / CogoFegoBag/MgO with PMA.
While the thick MgO interlayer used in the inverse spin Hall effect measure-
ment (Ref.[49]) is useful for enhancing the spin-polarization of the injected
spin-polarized current, MgO is known to strongly suppress diffusion of the
pure spin current. Thus, the MgO interlayer is not suitable for SOT-MRAM
application. For this reason, we chose to use metallic interlayers in this work.
By optimizing the metallic interfacial layer thickness as well as deposition con-
dition of BiSh, we achieve large effective spin Hall angle 6% of 6.0+£0.1 and
relatively high electrical conductivity opig, = 1.5x10° Q71 - m~! at room tem-
perature, which are larger than those of the MBE-grown (BiSb),Tes (A& =



40

2.5 and oBigpyTe; = 1.8x101 Q71 - m~1[50]. We then demonstrate SOT-induced
magnetization switching driven by a small threshold current density |Ji| of
1 x 10% A-cm™2. Benchmarking using a bilayer model shows that the writing

power consumption of our stack is 2~3 orders smaller than that of HMs.

Motivation 2

One of the most serious problems for the popular Ta/CoFeB/MgO system
is that the PMA is degraded and eventually disappears during 400 °C post-
annealing, which is required for back-end-of-line (BEOL) CMOS manufactur-
ing. Stacks of Ta (3 ~ 10 nm)/CoFeB (0.7 ~ 1.8 nm)/MgO show degradation
of saturation magnetization (M) and magnetic anisotropy energy density when
the annealing temperature T, is over 250 °C, and PMA is lost when T}, is over
350 °C[51, 52, 53, 54, 55]. It was then found that Mo underlayer/CoFeB/MgO
could keep PMA after 400 °C annealing and showed an interfacial PMA 20%
higher than Ta/CoFeB/MgO[56]. Other examples of underlayers for maintain-
ing PMA at T,, ~ 400 °C are Hf and Mo/Hf multilayers[57, 58].

Despite intensive studies, the magnetic anisotropy field Hy of a bottom
CoFeB/MgO single interface is still about 4 ~ 6 kOe, and the corresponding
magnetic anisotropy energy constant K.g is about 3 x 10% ~ 5 x 10® erg-cm 3.
Therefore, the minimum size of MTJ devices with a single CoFeB layer and a
thermal stability factor A of at least 60 for 10-year retention is about 29 nm,
which can be integrated up to the CMOS process of 16 nm. For further device
size scaling and better resistance against thermal and external magnetic field
disturbance, it is essential to enhance the PMA of CoFeB.

Objectives 2: PMA for CoFeB after 400°C Annealing

In this study, we aim to realize a giant PMA in Mo (2 nm)/Coi9Fes6Bas5
(tcoren)/MgAl,Oy (4 nm)/Ta (1 nm). By using the B-rich CojgFessBas layer
in combination with the Mo underlayer and the spinel MgAl,O4 (4 nm) oxide
layer, we achieve giant PMA in CoFeB, with maximum H ranging from 17.5
to 19.5 kOe, and maximum K.g ranging from 6.9 x 10% ~ 9.4 x 10° erg - cm 3.
Our results pave the way for further scaling of MTJs and improved resistance

to thermal and external magnetic field disturbances.
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Chapter 2

Fundamental physics for next
generation MRAM

2.1 Basic Magnetic Phenomenons and Prop-
erties in MRAM

Materials and structures

Magnetic properties ‘ Ferromagnet (FM) ‘
Uniaxial magnetic anisotropy } ----------- 4mm or mm) Freelayer .
Stray field from | », Tunnel barrier MTJ
reference layer |7 i — Reference
layer ~|
Non-magnetic layer

- Pinned layer <

<—| Antiferromagnet (AF)

Exchange bias ‘4 .......

Figure 2.1: Typical stacking structure of MTJ for in-plane magnetized MRAM.

To understand how design a high-performance magnetic junction, it is
necessary to overview all the important magnetic properties, materials, and
structures in magnetic multilayer. As shown at Fig. 2.1, a typical MTJ stack
includes a free layer and a reference layer made by FM, synthetic antiferro-

magnetic (SAF) structure and antiferromagnet (AF) layer. The free layer is
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required to exhibit uniaxial magnetic anisotropy, which may arise from shape
anisotropy or magnetocrystalline anisotropy. This anisotropy preferentially
aligns the magnetization along a specific direction, referred to as the easy
axis. The SAF structure helps to enhance the magnetization orientation and
reduce stray field of the reference layer by antiferromagnetic Interlayer Ex-
change Coupling (IEC) with a pinned layer. By IEC with an AF, which is
also called exchange bias, pinned layer’s magnetization orientation has been
further locked.

In this chapter, we will introduce the magnetic properties that are related
to the work in Chapter 4 and 5, that including ferromagnet and antiferromag-
net, demagnetizing field and shape magnetic anisotropy, magnetocrystalline
anisotropy and interfacial magnetic anisotropy, IEC and SAF structure, ther-
mal stability factor, and the relationship between magnetic anisotropic energy
and retention time. Finally, we introduce the spin Hall effect, topological in-
sulator, and BiSb as a conductive topological insulator with a giant spin Hall

angle.

2.1.1 Ferromagnet and Antiferromagnet

A ferromagnet is characterized as a material exhibiting spontaneous mag-
netization, defined as magnetization occurring in the absence of an external
magnetic field. Prototypical ferromagnetic materials include iron (Fe), cobalt
(Co), and nickel (Ni), which are 3d transition metals, as well as gadolinium
(Gd) and dysprosium (Dy), which are rare-earth metals, along with alloys
predominantly composed of these ferromagnetic elements. Within a ferro-
magnetic substance, each atom of the magnetic element carries a localized
magnetic moment primarily arising from d or f electrons. Although, strictly
speaking, the d electrons in transition metals and their alloys exhibit itinerant
behavior and are not strictly localized to individual atoms, the term “local-
ized magnetic moment” is commonly employed for conceptual simplicity. In
ferromagnetic materials, these localized moments tend to align parallel to one
another due to a quantum mechanical ferromagnetic exchange interaction, re-
sulting in a net magnetization M, defined as the magnetic moment per unit
volume. Conversely, in antiferromagnetic materials, the localized magnetic

moments of adjacent atoms preferentially align antiparallel as a consequence
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of an antiferromagnetic exchange interaction.

When subjected to an external magnetic field exceeding the saturation
magnetic field Hg, all localized magnetic moments align along the direction of
the applied field, forming a single magnetic domain, as depicted in states (i)
and (iii) of Figure 2.2. The spontaneous magnetization closely approximates
the saturation magnetization Mg, thereby allowing Mg to represent both spon-
taneous and saturation magnetizations. For fields below Hg, the magnitude
of the magnetization |M| can vary continuously between zero and Mg, due to
the formation of a multidomain state (state (ii) in Figure 2.2) that serves to
minimize the magnetostatic energy associated with the demagnetizing field.
The magnetization process in ferromagnets is typically accompanied by a hys-
teresis loop. The magnetic field at which the magnetization becomes zero is
termed the coercive force or coercive field H., while the magnetization remain-
ing at zero applied field is referred to as the remanent magnetization M,. In
cases where the hysteresis loop exhibits a square shape, M, approaches Mg,
indicating that the single domain state achieved at saturation persists even in
the absence of an external field. Such a square hysteresis loop is considered
ideal for the free layer in magnetic tunnel junctions (MTJs) utilized in mag-

netoresistive random-access memory (MRAM) applications.

2.1.2 Demagnetizing Field and Shape Magnetic Anisotropy

When the magnetization within a bulk or thin-film ferromagnet is oriented
parallel to an external magnetic field (Heyy), fictitious yet mathematically de-
fined positive and negative magnetic poles emerge on opposite faces of the
ferromagnet. These poles give rise to a demagnetizing field, denoted as Hg,
which is directed antiparallel to both the magnetization M and the external
field Hex. Consequently, the effective magnetic field inside the ferromagnet,
H.g, can be represented as Hog = He — Hq. It should be noted that the
subsequent analysis holds rigorously only for geometries such as spheres and
ellipsoids. In this context, a rectangular thin film is approximated as an ellip-
soid with a negligible dimension along the z-axis. A comprehensive treatment
of demagnetizing fields is available in the work of Chen et al. [60].

When the magnetization is aligned along the x-axis, the demagnetizing

field is given by Hy = —N,M, where N, denotes the demagnetizing factor
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(i)

Figure 2.2: Typical magnetization process of a ferromagnet. Mg, Hs, H.,
and M, respectively denote saturation magnetization, saturation field, coercive
force, and remanent magnetization., Wiley Online Library reference[59].

along the x-axis. Similarly, for magnetization oriented along the y-axis and
the z-axis, the demagnetizing fields are expressed as Hqy = —N,M and Hyq =
— N, M, respectively. Here, the demagnetizing factors satisfy 0 < N, < 1 for
a = 2,y, 2, and their sum adheres to the relation N, + N, + N, = 1 within
the ellipsoidal approximation. In the special case of a spherical ferromagnet,
the demagnetizing factors are equal, with N, = N, = N, = 1/3. For a
thin film situated in the x—y plane, where the lateral dimensions significantly
exceed the film thickness, the factors approximate to N, ~ Ny, ~ 0 and N, =
1, assuming the absence of other magnetic anisotropies such as interfacial
magnetic anisotropy (IMA).

The magnetostatic energy associated with the demagnetizing field, denoted
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as Fy, when the magnetization points along the direction a (o = z,v, 2), is

expressed as follows:

Eda:—MQ'MS‘Hda/2:/~LO'Na'MS2/2~ (2.1)

The magnetostatic energy is directly proportional to the demagnetizing
factor N,. In the case of a ferromagnetic thin film lacking other forms of
magnetic anisotropy, the energy attains its minimum when the magnetization
M aligns along a specific axis known as the easy axis, typically corresponding
to the plane of the film. Conversely, the energy reaches its maximum when
M is oriented along the hard axis, which is generally perpendicular to the film
plane.

However, for magnetic nanopillars exhibiting a very high aspect ratio, the
easy axis aligns parallel to the thickness direction of the pillar, thereby inducing

what is referred to as perpendicular shape anisotropy (PSA) [61].

2.1.3 Magnetocrystalline Anisotropy and Interface Mag-

netic Anisotropy

When the effective magnetic field, defined as Hog = Heoxy — Hq, is employed
in the analysis of the magnetization curve (M—H curve), the influence of the
sample’s shape is effectively eliminated, allowing for the examination of the
intrinsic magnetic properties of the ferromagnetic material. In isotropic ”soft”
ferromagnetic materials, the magnetization readily aligns parallel to the ap-
plied field direction, resulting in saturation at relatively low magnetic field
strengths. A prototypical example of such a soft ferromagnet is face-centered
cubic (fecc) NipgiFeg19 (Permalloy). When the magnetic energy exhibits de-
pendence on the orientation of the magnetization, this directional dependence
is referred to as "magnetic anisotropy.” In most typical scenarios, the magnetic

anisotropy energy (Fya) can be represented as follows:

Fya = K, - sin?#, (2.2)

Let 6 denote the angle between the magnetization direction and a specific

crystallographic axis, referred to as the anisotropy axis. This form of magnetic
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anisotropy is termed "uniaxial magnetic anisotropy.” When the anisotropy
constant K, is positive (K, > 0), the system’s energy attains its minimum at
0 = 0, indicating that the magnetization preferentially aligns along this axis,
which is identified as the easy axis of magnetization. The magnetization curve
measured along the hard axis is characterized by a high saturation field Hj,
whereas the magnetization curve along the easy axis exhibits a square-shaped
hysteresis loop with a large coercive field H..

Magnetic anisotropy arises from various mechanisms. Shape anisotropy
plays a significant role in in-plane magnetized magnetic random access mem-
ory (MRAM) devices. Conversely, in out-of-plane magnetized MRAM, the
predominant sources of anisotropy are magnetocrystalline anisotropy and in-

terfacial magnetic anisotropy.

Magnetocrystalline Anisotropy:

The intrinsic anisotropy of the crystal lattice is typically manifested as
magnetocrystalline anisotropy. For lattices exhibiting cubic crystallographic
symmetry, the magnetocrystalline anisotropy correspondingly possesses cubic
symmetry. In contrast, lattices with uniaxial symmetry-such as body-centered
tetragonal (bct), face-centered tetragonal (fct), hexagonal close-packed (hcp),
or L1y-type ordered structures-often display uniaxial magnetic anisotropy. Cer-
tain L1lg-ordered alloys, for example FesoPtsg, are known to exhibit exception-
ally high uniaxial magnetic anisotropy with the easy axis oriented along the
[001] crystallographic direction [62]. When the easy axis of uniaxial anisotropy
in a thin ferromagnetic film is oriented perpendicular to the film plane, this

anisotropy is referred to as perpendicular magnetic anisotropy (PMA).

Interfacial Magnetic Anisotropy

In multilayer magnetic structures composed of two or more materials, where
at least one constituent is ferromagnetic, the interfaces between these materi-
als can induce magnetic anisotropy, known as interfacial magnetic anisotropy.
Certain material combinations produce interfaces that exhibit perpendicular
magnetic anisotropy, with the easy axis oriented normal to the plane. Notable
examples include Co/Pt, Co/Pd [63], and CoFeB/MgO [64] interfaces, which

are recognized for their strong PMA.
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Comprehensive physicochemical analyses of CoFeB/MgO, including X-ray
absorption spectroscopy (XAS) and X-ray photoemission spectroscopy (XPS),
have demonstrated that this interfacial anisotropy originates from chemical
bonding between oxygen ions in the oxide layer and transition metal ions at
the interface[65, 66]. Subsequent ab initio calculations corroborated that the
hybridization between oxygen sp-orbitals and the d,» orbitals of the transi-
tion metal (Co or Fe), along with the resulting reduction in degeneracy of
the transition metal d-orbitals, underpins this anisotropy[67]. Ikeda’s team
reported that this anisotropy facilitates the fabrication of MgO-based, out-of-
plane magnetized magnetic tunnel junctions (MTJs) suitable for spin-transfer-
torque magnetic random access memories (STT-MRAM)[47]. These MTJs ex-
hibit large tunneling magnetoresistance (TMR) due to the spin-filtering effect
of MgO, combined with low critical switching currents enabled by low Gilbert
damping. Indeed, in the development of STT-MRAM technology, out-of-plane
magnetized M'TJs have demonstrated superior scalability compared to their in-

plane magnetized counterparts.

2.1.4 Interlayer Exchange Coupling and Synthetic An-

tiferromagnetic Structure

When two ferromagnetic (FM) metal layers are separated by a nonmag-
netic (NM) metal spacer of nanometer-scale thickness, an exchange interac-
tion between the FM layers frequently arises. This phenomenon is termed
interlayer exchange coupling (IEC). The coupling energy can be mathemati-
cally described as Egc = —Jigc cos 6, where 6 denotes the angle between the
magnetization vectors of the two FM layers, and Jigc represents the exchange
coupling constant. A positive value of Jigc (Jigc > 0) corresponds to ferro-
magnetic IEC, whereas a negative value (Jigc < 0) indicates antiferromagnetic
IEC.

In the late 1980s, Griinberg and colleagues identified antiferromagnetic
IEC in Fe/Cr/Fe trilayers, demonstrating that this coupling could modulate
the relative magnetization orientation of the Fe layers from an antiparallel
alignment at zero applied magnetic field to a parallel alignment under a sat-

urating magnetic field. Subsequently, Fert and Griinberg independently ob-
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served a significant variation in the sheet resistance of these films associated
with the magnetization reorientation. This phenomenon, known as giant mag-
netoresistance (GMR) and discussed in Chapter 1, catalyzed the emergence of
spintronics as a novel branch of electronics.

In 1990, Parkin et al. reported that the IEC exhibits an oscillatory de-
pendence on the thickness of the NM spacer for various FM/NM material
combinations[68]. As schematically depicted in Figure 2.3, the IEC typically
manifests as a damped oscillatory function of the NM layer thickness[69]. The
underlying physical mechanism of ITEC is commonly interpreted either as an
RKKY-type interaction between the FM layers or as the formation of spin-
polarized quantum well states within the NM spacer[70]. Generally, a NM layer
thickness exceeding approximately 5 nm is required to effectively decouple the
two FM layers. Conversely, at the first antiferromagnetic coupling peak (see
Figure 2.3), the IEC attains its maximum strength. For instance, a ruthenium
(Ru) spacer combined with cobalt (Co) or Co—Fe alloys exhibits a pronounced
antiferromagnetic IEC at the first AF peak, occurring at a Ru thickness of
about 0.4 nm. Such strongly antiferromagnetically coupled FM/NM/FM tri-
layers are referred to as synthetic antiferromagnetic (SAF) structures.

SAF configurations employing Ru spacers serve as fundamental components
in magnetic tunnel junctions (MTJs) for device applications, as elaborated in
the subsequent section. In the context of magnetic random-access memory
(MRAM), the magnetization of the reference layer is stabilized in a fixed direc-
tion by the SAF, while the magnetization of the storage layer can be toggled
between “up” and “down” states, encoding the binary logic states “0” and
“1,” respectively. More recently, in 2022, Jinwu Wei and collaborators demon-
strated that by depositing a SAF structure composed of Co(2.2 nm)/Ir(0.5
nm)/W(0.4 nm)/Co(2 nm) at the bottom of a MgO/CoFeB/W /CoFeB/MgO
stack, an effective equivalent external field (Hey) is generated, enabling field-

free spin-orbit torque (SOT) switching[71].
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Figure 2.3: Schematic illustration of oscillatory interlayer exchange coupling
(IEC)[72], with permission, redrawing from right holder, Europhysics Letters.

2.1.5 Thermal Stability Factor, Relationship between

Magnetic anisotropic energy and Retention time

Information storage can be optimized by precisely controlling the orienta-
tion of microscopic magnetic domains, commonly referred to as bits. In the
context of binary data storage, the magnetic medium used for recording infor-
mation is engineered to exhibit two stable remanent states. This bistability
is achieved through uniaxial magnetic anisotropy, which imposes a preferred
direction for the magnetization vector. Consequently, the magnetization can

adopt one of two possible orientations along the anisotropy axis. The uniaxial
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anisotropy is typically characterized by an anisotropy energy density, denoted
as K, which quantifies the variation in anisotropy energy as a function of the
angle between the magnetization vector M and the easy axis of magnetiza-
tion, represented by the unit vector n. This relationship is mathematically

expressed by the following formula:

E= K, (M : ﬁ)2 (2.3)

In order to facilitate the enhancement of areal density in granular ferromag-
netic recording media composed of ferromagnetic alloy grains, such as CoCrPt
utilized in hard disk drives (HDDs) [73], the grain size must be progressively
reduced as storage density increases. Taking HDDs as a representative exam-
ple, at current areal densities of approximately 700 Gbit-in~2, the grain size is
on the order of 7 nm. Concurrently, the number of grains per bit has dimin-
ished over time, decreasing from over 100 in earlier implementations to roughly
10 in contemporary devices. The process of writing information necessitates
the reversal of grain magnetization between two stable states by surmounting
an energy barrier AE that separates these states. The energy required for this

transition is expressed as follows:

AFE = K,V (2.4)

Here, K, denotes the anisotropy energy density of the storage layer, and V'
represents its volume, corresponding to the grain size. The energy barrier AE
governs the stability of the recorded information. If this barrier is insufficiently
high, thermal fluctuations characterized by kg7 may induce spontaneous re-
versal of the grain’s magnetization, leading to information degradation. The
characteristic switching time associated with surmounting the energy barrier

follows an Arrhenius-type behavior [63]:

AE
T = Toexp (kB_T) (2.5)

Here, 19 denotes a characteristic attempt time on the order of 1 nanosecond.
In order for the information to remain stable over a designated retention period
tretention (commonly 10 years), the energy barrier is required to satisfy the

following condition:
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tre ention
AFE > kgT log (#> : (2.6)
70
AE = K,V > 49kgT (2.7)

Equation (2.7) indicates that, to achieve a retention time of 10 years, the
product K,V must exceed 49kgT. Over time, as storage density has increased,
the volume of individual grains has necessarily decreased. Consequently, to sat-
isfy the condition K,V > 49kgT, the magnetic anisotropy constant K, must
be proportionally increased. Transitioning from in-plane magnetic anisotropy
(IMA) to perpendicular magnetic anisotropy (PMA) mitigates the detrimental
effects of demagnetizing energy on the effective anisotropy as the bit dimen-
sions shrink [74].

For the thermal stability calculation of MRAM, data retention also depends
on the energy barrier height K,V similar to the HDD example. Analogous to
magnetic recording media, reducing the size of memory cells to enhance storage
capacity necessitates an increase in anisotropy to maintain thermal stability.
This stability is typically quantified in MRAM by the standby failure rate. For
a memory array comprising N bits, the failure rate over a time interval ¢ can
be expressed by considering the probability that at least one bit fails during
this period. This probability is equal to one minus the probability that no
failures occur in any of the N bits within the same timeframe, leading to the

following formulation:

—Nt AE
F(t)=1—exp(—Nt/7)=1—ex exp|——=1]. 2.8
(0 =1-esp(-Nt/r) = 1-ep | e (<20 )| @9
For a specified retention time ¢ = t,cention and a given chip capacity, this
relationship imposes a lower bound on the thermal stability ratio A = Q—ET,

and consequently on the product K,V. In magnetic materials, the energy
barrier AF, which governs the thermal stability factor, is typically established
by magnetic anisotropy arising from various sources as discussed in section
2.1.3.

Figure 2.4 illustrates the variation in failure rate over a ten-year period
in standby mode (i.e., when no read or write operations are occurring) as a
function of the thermal stability factor (A) from 1 Kbit to 256 Mbit MRAM
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Figure 2.4: Failure rate during 10 years in standby mode for MRAM chips of
1 Kbit, 1 Mbit, 32 Mbit or 256 Mbit as a function of thermal stability factor.

chips. To ensure that the probability of experiencing a single failure within
this ten-year timeframe remains below an acceptable threshold of 10~* failures
in time (FIT), which is a value that varies depending on whether the appli-
cation pertains to memory or logic and the potential implementation of error
correction codes, the thermal stability factor must exceed 56 for the 1 Kbit
chip , 63 for 1 Mbit chip, 67 for the 32 Mbit chip and 69 for 256 Mbit chip.
As the estimation that will be explained in chapter 5, our single FM layer
structure A2 and B2 show a suitable A at least 60 meeting the typical require-
ment of (A) with F(t) < 107 after 10 years data retention. It is expected
to satisfy the thermal stability requirement of MRAM with smaller size by
designing and stacking double, triple or more FM layers with stronger IEC.
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2.2 Spin Hall effect

The generation of spin current is due to the spin Hall effect (SHE), which
is a phenomenon that occurs when a spin current source carries a current
and spin accumulates on the surface[75, 76]. When spin accumulates, the
surface boundaries of the spin current source have spins of the opposite sign.
Thus, for example, when electrons with spin-up accumulate to the right and
electrons with spin-down accumulate to the left, a spin current flows from right
to left. While an electric current carries charge, a spin current carries spin
angular momentum. This is a new phenomenon, first theoretically predicted
in 2003[75, 76], and then experimentally detected in 2006[77]. It should be
noted that spin current, as a non-conserved current, inevitably decays when
transported over a micron scale. However, since its application in nanoscale
magnetic devices was found to be feasible, it has been widely considered in
spin valves[78], magnetic memory devices[79], and specialized devices used to

verify electromagnetic properties[80, 81].

(a) Skew Scattering (b) Side-Jump (c) Intrinsic

Figure 2.5: Spin-dependent scattering mechanisms responsible for spin Hall ef-
fect. (a) Skew scattering, (b) Side-jump scattering, (c¢) intrinsic interaction[82].
Image reproduced with permission from Diploma thesis of Dr.D. Ruffer.

The "spin Hall effect,” which is the origin of spin accumulation and spin
current, has been observed in a wide range of materials, including semiconduc-
tors, metals, semimetals, and topological insulators, and can be divided into
extrinsic and intrinsic. First, the extrinsic spin Hall effect occurs when impuri-
ties (including crystalline disorder) are present in a solid, resulting in electron
scattering that varies depending on the direction of the electron’s spin, due to

spin-orbit interactions between the electron and the impurities.



54

In contrast, the greatest feature of the intrinsic spin Hall effect is that the
spin Hall conductivity is largely independent of crystalline disorder or impu-
rities, exhibiting a value that is almost inherent to the material. The spin
Hall effect, which can be found in such a wide variety of materials, requires
the most appropriate model to be selected depending on the actual situation.
For example, two-dimensional semiconductors and topological insulators are
described by the Rashba model, while transition metals and transition metal
compounds are described by the orbital Aharonov-Bohm model. These mod-
els, when mathematically investigated, can be reduced to Berry curvature, an
effective magnetic field in wave number space, and are proposed within the
framework of gauge theory. Berry curvature is the phase that the wave func-
tion acquires when the parameters of a system change adiabatically and then

return to their original state[83].

Topological Surface State and Intrinsic Spin Hall Effect

The "topological surface state,” an electronic state formed on the surface
of a topological insulator, is a completely new concept that differs from pre-
viously known surface electronic states. Conventional surface states, known
as Schockley and Tamm states, are electronic states arising from differences
in atomic bonding and potential at the crystal surface compared to the bulk
interior. These electronic states are due to dangling bonds and surface recon-
structions on semiconductor surfaces, and are naturally sensitive to surface
contamination and defects. However, topological surface states are indepen-
dent of the details of the surface structure, impurities, and defects. Even if the
bulk is an insulator, the metal-like state remains even if the surface is contam-
inated. Because this electronic state is based on ”time-reversal symmetry,”
one of the most fundamental properties of nature, it is said to exist robustly
regardless of surface contamination or defects.

As shown by the red line (spin up) and dotted blue line (spin down) in
Fig. 2.6, topological surface states are known to have various dispersions and
characteristics that differ from those of bulk states. They all form within the
energy gap of the underlying bulk crystal’s electronic bands, and are therefore
electronically isolated from the underlying crystal. That is, electrons near the

surface sense a discontinuity in the crystal’s periodicity and form electronic



55

states localized only at the surface, resulting from a difference in potential
relative to the bulk crystal. In Fig. 2.6(a), the red and blue lines extend into
the band gap, down to the Fermi level, indicating ”surface-state conduction.”
However, when the two lines overlap, they also represent "spin degeneracy,”
where the energy level of the surface state can accommodate both spin-up and
spin-down electrons. In other words, each orbital has two distinct degenerate

spin states, and spin accumulation does not occur.

(a) 4 (b) (©) (d)
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Figure 2.6: schematic diagram of the band structure with different surface
state[84]. Reproduced with permission from the right holder, American Phys-
ical Society.

In Fig. 2.6 (b), spin degeneracy is broken, splitting the band into two,
and the electrons occupying each band have opposite spin orientations. This
is the Rashba effect, resulting from strong spin-orbit interaction. In general, a
state (k,1T) with wave vector k and spin up is transformed by a time-reversal
operation into a state (—k, ) with both vectors reversed. In the absence of a
magnetic field or magnetic impurities, time-reversal symmetry is maintained,
so the energies of these two states are equal:

E(k,1) = E(—k,]) (Time Reversal Symmetry) (2.9)

On the other hand, a spatial-reversal operation reverses only the wave

vector k without changing the spin direction, so state (k, 1) is transformed into
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state (—k,T). Inside a crystal with spatial inversion symmetry, the energies of

these two states are equal:

E(k,T) = E(—k,7T) (Spatial Inversion Symmetry) (2.10)

Therefore, in situations where both time-reversal symmetry and spatial
inversion symmetry are maintained, both equations (2.10) and (2.11) hold
true. Comparing the right-hand sides of the equations leads to spin degeneracy,
where the energy is the same regardless of the spin direction if the wave vector

is the same:

E(k,T) = E(k,]) (Kramers Degeneracy) (2.11)

However, at crystal surfaces, spatial inversion symmetry is generally bro-
ken, so equation (2.11) does not hold. Therefore, even if the bulk state is
Kramers degenerate, the surface state may not be degenerate. Thus, E(k, 1
) # E(k,}). The difference in energy between opposite spin states is deter-
mined by the strength of the spin-orbit interaction.

The linear band dispersion shown in Fig. 2.6(c) has been observed in
graphene, a material often used as a superconductor. The energy E is linearly
proportional to the wavenumber k, forming a linear dispersion relationship,
with two lines intersecting at the band gap to form a Dirac cone[85]. Each
band is occupied by electrons with both spin up and spin down, making it a
spin-degenerate band. Carbon is a light element, so the spin-orbit interaction
is small and the Rashba effect is not observed.

As shown in Fig. 2.6(d), the right-leaning branch and the left-leaning
branch form electron bands with opposite spin directions. Because such ma-
terials exhibit the Rashba effect and the speed-of-light electrons, research into
topological superconductors (insulators that are superconductors only at the
surface) has recently produced impressive results[86]. In reality, the dispersion
relations are often not as straight as this, but rather curved, such as in topo-

logical insulator, which is also one of the subject in this study.
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2.2.1 Topological Insulator

Topological insulators (TIs) represent a class of quantum materials char-
acterized by an insulating bulk and conductive surface states. The concept
of topological states was initially introduced in the 1980s[87] to elucidate the
quantum Hall effect observed in MOSFETSs[88]. However, practical applica-
tions of the quantum Hall effect have been limited due to its requirement for
ultralow temperatures and strong magnetic fields. In 2005, the quantum spin
Hall effect (QSHE) was theoretically proposed in materials exhibiting topolog-
ical order [89], with its presence predicted in HgTe quantum wells in 2006[90].
Unlike the quantum Hall effect, the QSHE arises from spin-orbit interaction
and does not require external magnetic fields or low temperatures. Following
its experimental observation in 2007[91], research efforts have increasingly fo-
cused on the potential for room-temperature applications of TIs. The HgTe
quantum well serves as a two-dimensional (2D) TT featuring topological edge
states. Subsequently, in 2009, the first three-dimensional (3D) TI, BiSb, ex-
hibiting an insulating bulk and two-dimensional surface states, was identified
via angle-resolved photoemission spectroscopy (ARPES)[92].

In TTs, the bulk band structure resembles that of conventional insulators;
however, conductive electronic states with Dirac-like dispersion emerge at the
edges or surfaces, as illustrated in Figures 2.7(b) and 2.7(d)[90, 93]. Electrons
localized on these edges or surfaces experience strong spin-orbit interaction
(SOI) accompanied by spin-momentum locking[94, 95]. In 2D TIs, electrons
are constrained to two propagation directions, with spin-up and spin-down
electrons moving oppositely, as depicted in Figure 2.7(a). The schematic rep-
resentation of surface state electrons in 3D TIs is provided in Figure 2.7(c).
The suppression of backscattering in these states prevents dissipation in spin
currents, thereby endowing TIs with significant potential for integration into
novel electronic devices. This capability positions TIs as promising candidates
for advancing electronic devices beyond the limitations imposed by Moore’s
Law.

One significant application of topological insulators (TIs) is their use as
spin Hall layers in SOT-MRAM, owing to their large spin Hall angles derived
from strong spin-orbit interaction (SOI) and Dirac-like energy dispersion[96].
It has been demonstrated that BisSes and (BiSb),Te; exhibit substantial spin
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Figure 2.7: (a) Diagram illustrating the edge states in a two-dimensional
topological insulator (2D TI). (b) Energy dispersion relation of the spin non-
degenerate edge states in a 2D TI, exhibiting a one-dimensional Dirac cone
structure. (c) Diagram depicting the two-dimensional surface states in a three-
dimensional topological insulator (3D TI). (d) Energy dispersion relation of the
spin non-degenerate surface states in a 3D T1, forming a two-dimensional Dirac
conel93]. Reproduced with permission from the right holder, The Physical So-
ciety of Japan.

Hall angles of approximately 3.5 and 2.5 at room temperature, respectively.
These values are at least an order of magnitude greater than those observed
in tungsten (W), which is considered the most effective heavy metal for this
purpose. However, the limited surface density of states in these TIs constrains
their o to the order of ~ 10* Q~'m™!; for instance, o is approximately 5.7 x
10* Q7 'm™! for BiySez and 1.8 x 10* Q~'m~! for (Big07Sbo.gs)2Tes. Since
the spin Hall layer interfaces directly with the FM free layer, the relatively low
conductivity results in significant current shunting into the FM layer, with less
than 10% of the total current passing through the TI. To minimize unnecessary
energy dissipation, it is therefore imperative to develop TIs that simultaneously

exhibit both a large spin Hall angle and high electrical conductivity.
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2.2.2 The Conductive Topological Insulator BiSb
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Figure 2.8: (a) Band structure of BiSb[97], reproduced with the permission
of copyright holder, Elsevier. (b) ARPES mapping for the surface states of
BiSb[92], reproduced with the permission of copyright holder, The American
Association for the Advancement of Science. (¢) Room temperature conduc-
tivity of BiSb as a function of Sb concentration in BiSb thin films with different
thickness[98], reproduced with the permission of copyright holder, AIP Pub-
lishing.

The BiSb crystal, composed of group-V semimetals bismuth (Bi) and an-
timony (Sb), exhibits the same rhombohedral A7 crystal structure as its con-
stituent elements. It has been established that a band gap emerges when the
Sb concentration ranges between 7% and 22% [97, 99], as illustrated in Fig-
ure 2.8(a). Within this compositional window, BiSb behaves as a topological
insulator (TI), characterized by a small bulk band gap of approximately 20
meV[97, 99] and a high bulk o on the order of 4 to 6.4 x 10° Q~'m~![100]. In
thin films, quantum size effects substantially enhance the band gap of BiSb, re-
sulting in predominant surface conduction when the film thickness is reduced
to around 10 nm[98]. Owing to the presence of multiple surface states, the
conductivity of BiSb thin films can reach values as high as 2.5 x 10° Q7 'm™1.
Figure 2.8(c) presents a summary of the room temperature conductivity of
BiSb thin films as a function of Sb concentration across various thicknesses.

Furthermore, ARPES mapping, depicted in Figure 2.8(b)[92], confirms the

existence of Dirac cones associated with the surface states, indicative of a
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pronounced spin Hall effect (SHE) in BiSh. Prior investigations conducted by
our research group have demonstrated that epitaxial BiSb(012)/MnGa bilayers
exhibit a spin Hall angle as high as 52, representing the largest value reported
to date among known materials. However, these studies employed molecular
beam epitaxy (MBE) for film growth. Consequently, there is a critical need
to develop methods for producing high-quality BiSb thin films via sputtering
deposition to facilitate integration into SOT-MRAM.

(@) |Bish (001) (b) |Bisb (012)

Eg(eV)
binding energy (eV)

Figure 2.9: Topological surface states for (a) BiSb(001)[92], reproduced with
the permission of copyright holder, The American Association for the Advance-
ment of Science, and (b) BiSb(012)[101]. The circles indicate Dirac cones, re-
produced with the permission of copyright holder, New Journal of Physics.

The spin Hall angle of BiSb is significantly influenced by the quality of the
crystal and the interface with the ferromagnetic layer. A BiSb layer exhibiting
a spin Hall angle of 52, epitaxially grown via molecular beam epitaxy (MBE),
demonstrates a high-quality single-crystal structure with an optimized (012)
orientation. It is established that the BiSb(012) surface hosts four Dirac cones:
three arising from time-reversal symmetry located at the I', C;, and M points,
and one originating from crystal symmetry near the C, point, as illustrated in
Figure 2.9(b)[101]. In contrast, other surface orientations, such as BiSb(001),
possess only a single Dirac cone at the ' point, as depicted in Figure 2.9(a)[92].
Given that Dirac points serve as monopoles of Berry curvature, the BiSb(012)
surface exhibits the largest spin Hall angle due to a pronounced intrinsic mech-
anism, whereas other orientations yield comparatively smaller spin Hall angles.
Consequently, the optimization of crystal orientation is critical for achieving a

substantial spin Hall angle in BiSb.
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Chapter 3

Chapter 3: Sample preparation

and characterization techniques

3.1 Sample preparation

3.1.1 Magnetron sputter

Magnetron sputtering is a commonly used physical vapor deposition (PVD)
method with many advantages, such as low deposition temperature, fast depo-
sition rate, good uniformity of deposited films, and composition close to that
of the target material. Under high vacuum conditions, a suitable amount of
argon gas is introduced. A DC or RF power between 3 ~ 120 W is applied be-
tween the cathode (cylindrical target or planar target) and the anode (coating
chamber wall). This generates a magnetron-controlled glow discharge within
the coating chamber. Electrons, under the influence of an electric field F,
collide with argon atoms as they fly towards the substrate, ionizing the argon
gas (Ar atoms ionize into Ar" ions and electrons under high voltage). The
incident ions (Ar") bombard the target material under the influence of the
electric field, causing neutral atoms or molecules on the target surface to gain
sufficient kinetic energy to detach from the target surface and deposit on the
substrate to form a thin film as shown at Fig. 3.1 . The resulting secondary
electrons are affected by both electric and magnetic fields[102], resulting in a
drift in the direction indicated by E x B, a phenomenon known as £ x B drift.

Their trajectory approximates a cycloid. If the magnetic field is toroidal, the
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electrons move in a circular motion on the target surface in an approximate
cycloid manner. Their path is not only long but also confined to a plasma
region near the target surface, where they ionize a large number of Ar™ ions

to bombard the target material, thus achieving a high deposition rate.

Substrate
00000000000000000000000000000000000
coating

atom sputtered from targe

<« Vacuum evacuation -\

electron

Target material
Backing electrode

/
Reactive gas S

Cathode Anode

Figure 3.1: Schematic illustration of the magnetron sputtering system used for
thin-film deposition.

The sputtering behavior is highly influenced by whether the target material
is magnetic or not. For non-magnetic targets like Bi, Sb, and BiSb, the external
magnetic field easily penetrates the target, creating a stable plasma above its
surface. On the other hand, for magnetic targets such as Co, Fe, and CoFeB,
part of the magnetic flux is absorbed by the target, which weakens the magnetic
field near the surface. This phenomenon, known as the magnetic short-circuit
effect, reduces plasma confinement and causes the plasma to move toward the
edges, leading to a lower sputtering rate and poorer film uniformity. To address
this, stronger magnets, improved magnetic yoke designs, or RF-assisted power
sources are commonly used to stabilize the discharge.

In this study, both non-magnetic (BiSb) and ferromagnetic (CoFeB) tar-
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gets were utilized. Consequently, sputtering conditions—including discharge
power, argon pressure, and the distance between the target and substrate were

individually optimized to achieve uniform thickness and well-defined interfaces
in the BiSb/interlayer/CoFeB and Mo/CoFeB/MgAl,O, heterostructures.

3.1.2 Hallbar fabrication process

The Hall bar fabrication process is briefly described below:

I[. Sample Cleaning;:

(1) Organic Cleaning

1-1. Boil acetone (130°C, 10 minutes); 1-2. Rinse acetone with ethanol,
then rinse ethanol with ultrapure water; 1-3. Dry with an Ny gun;

II. Device Fabrication:

(1) Resist Coating

1-1. Apply PMGI using a spin coater under the following conditions: (1st:
1000 rpm for 3 seconds, 2nd: 4000 rpm for 60 seconds, 3rd: 0 rpm for 3
seconds) — Resist thickness: ~ 1.5um 1-2. Pre-bake (150°C, 300 seconds);
1-3. Apply OFPR using a spin coater under the following conditions: (1st:
1000 rpm for 3 seconds, 2nd: 3000 rpm for 60 seconds, 3rd: 0 rpm for 3 s) —
Resist thickness: ~ 1.5um 1-4. Pre-bake (110°C, 90 seconds);

(2) Exposure

2-1. Perform using a maskless lithography system; input the device pattern
into a computer connected to the system, set the exposure time to approxi-
mately 1 second, and automatically expose;

(3) Development

3-1. Develop with developer (NMD-3) (rest for 45 seconds); 3-2. Rinse
NMD-3 with pure water;

(4) Perform ion milling (dry etching) to form the Hall bar device.

(5) Resist removal

5-1. Resist Remover 104 (130°C, until the resist is removed); 5-2. clean up
the Resist Remover 104 with ethanol; 5-3. Dry sample with an Ny gun

The schematic illustration of these steps is shown as the step (1)~(5) in
Fig. 3.2.
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Figure 3.2: Schematic illustration of the standard photolithography process,
including film deposition, photoresist coating, baking, exposure, development,
dry etching, and photoresist removal.

3.2 Magnetization measurement

AHE Measurement

The anomalous Hall effect (AHE) was measured using a standard four-
probe setup. A constant direct current was applied along the x-axis with a
Keithley 2450 Source Meter, while an out-of-plane magnetic field (H,) was
varied using a high-current bipolar power supply controlled through a GPIB
interface module. Both the longitudinal voltage (Vix) and the transverse Hall
voltage (Viy) were recorded simultaneously using ADCMT 7461A Digital Mul-
timeters. These voltage readings were then converted into resistance values

(Rxx and Ryy) by dividing by the applied current.
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Second harmonic measurement

Second harmonic measurement is a technique for estimating the magnitude
of the spin-Hall angle by applying an AC current to a heterojunction sample
consisting of a ferromagnetic layer and a spin current source layer and mea-
suring the second harmonic component of the AC Hall voltage. When the Hall
resistance depends on the magnetization direction of the ferromagnetic layer,
the spin current source layer injects a spin current at the same frequency as
the current, so the magnetization oscillates at the same frequency around the
equilibrium position. Thus, the measured voltage along xy direction Vi, can

be written as follows:

Viy = (Rayo + ARyy sinwt) - I sinwt (3.1)

Here, Ry is the Hall resistance when the magnetization direction is at
equilibrium. AR,y is the fluctuation component of the Hall resistance caused
by the magnetization oscillation generated by the spin current; the larger the
magnetization oscillation, the larger AR, becomes. Based on this equation,
if a current [sinwt is injected in the longitudinal direction of the Hall bar

described in the previous section, Vi, is read in the transverse direction.

1 . 1
Vig = §ARXyI + ARyl sinwt — §ARXYI cos 2wt (3.2)

= VXBC + Vi sinwt + V2 cos 2wt

The sinwt and sin® wt terms of the read Vi, are separated, and the sin? wt term
is converted to cos2wt to evaluate the Hall resistance due to magnetization
oscillations caused by the spin current. However, in many cases, the measured
value of AR,, contains components due to various physical phenomena in
addition to the component reflecting the spin Hall effect.

To easily separate the terms contained in ARy, it is necessary to sweep
the external magnetic field Hqy; parallel to the current and further separate
them by utilizing the differences in the dependence of each phenomenon on the
external magnetic field, as shown in equation (3.3). For this reason, in most

cases, Vxl:y)C is omitted and only VXQ;’ is used.
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RAHE H DL

RQw _
v 2 |Hext‘ - Hk

+ Rong|Hext| + RaNg+ssE (3.3)

where Rapg is the anomalous Hall resistance, Hpp, is the damping-like
field caused by the spin current, Hy is the anisotropy field, Rong is the nor-
mal Nernst effect component, and Rangssg represents contribution from the
anomalous Nernst effect and spin Seebeck effect.

Then, by fitting Rf(“yJ as a function of Hey, the damping-like field Hpy, can
be estimated. Finally, 6sg whose details will be discussed in Chapter 4, can
be calculated.

To assess the effects caused by spin-orbit torque, an alternating current at
259.68 Hz was applied along the x-axis with a Keithley 6221 AC/DC current
source, while the VXQ;" in the transverse direction was measured using an NF
LI5650 Digital Lock-in Amplifier. A magnetic field was applied parallel to
the current. This approach allows for a quantitative evaluation of spin-orbit

torque efficiency by analyzing the harmonic signals.

SOT Switching Test

For switching tests, the Keithley Model 6221 AC/DC current source can
be used to output a series of pulses, allowing for various levels of the pulse
amplitude. For one cycle, a high pulse was firstly applied, followed by a low
pulse, and a 2182A NanoVoltemeter was triggered to collect data after each

pulse.
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Figure 3.3: Sweep current waveform for switching test.
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Superconducting Quantum Interference Device

The SQUID (Superconducting Quantum Interference Device) is the most
sensitive device for measuring the magnetic properties of materials. Here,
we have used an EverCool equipped MPMS-XL SQUID magnetometer from
Quantum Design for magnetization measurement in this study.

The SQUID measurement is based on the tunneling supercurrent occurring
between two superconductors separated by a small insulating junction which is
called as Josephson Junctions, and there is a relationship of the phase difference
between the two superconductors and the magnetic flux.

In Fig. 3.4, a loop with two Josephson Junctions in a magnetic field is
shown. In the absence of an external magnetic field, the input current is
distributed equally between the two junctions. However, when an external
magnetic field is present, the currents in the two branches become unequal,
generating a magnetic field that counteracts the external magnetic flux. Con-
sequently, a voltage is induced within the circuit. By measuring this induced

voltage, the magnitude of the external magnetic field can be determined.

Insulator

\

]gES q A

~~

Superconductor

Figure 3.4: A SQUID is made up two Josephson junctions a and b connected
in parallel. Reproduced from[103], reproduced with permission of copyright
holder, Springer Nature.
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Vibrating Sample Magnetometer (VSM) Equipment

VSM is a device used to quickly measure the H, and H. of samples. It
can measure those magnetism properties of a sample from the induced elec-
tromotive force generated in the detection coil when the sample is vibrated
at a constant frequency in a uniform magnetic field. It is characterized by
its ability to perform high-speed measurements at room temperature. In this
study, the VSM device shown below was used. It can measure magnetization
in the perpendicular and in-plane directions, and can apply an external mag-
netic field of up to 1.5 T.

_J. o ,@ulu B

P ——— e
"R I | ?” 3

Figure 3.5: VSM equipment with sample holder.

3.3 Characterization techniques

3.3.1 X-ray reflectivity

The X-ray reflectivity (XRR) technique has very important features for this
study: 1) It is applicable for analyzing single-crystal, polycrystalline, or amor-
phous materials. 2) It allows for assessment of roughness. 3) It can be used to
examine films that are opaque to visible light. 4) It enables determination of
the layer structure in both multilayer and single-layer films. 5) It can measure
film thicknesses ranging from a few nanometers up to 1000 nanometers. Based
on these features, XRR is the most precise tool to estimate film thickness,

thus, sputtering rate in this study.
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Figure 3.6: Schematic setup of the diffractometer used for the reflection mea-
surement. Copyright (©) Rigaku.

Figure 3.5 shows the schematic setup of the diffractometer used for the
reflection measurement. The detector and the x-ray tube lie on a circle and
can be rotated around the common center, where the sample is placed. The
detector is a scintillation counter with a monochromator-crystal placed in front,
so that only the Cu-Ka-radiation can reach the detector. To avoid a saturation
of the detector, the reflectivity curve must be measured with an attenuator.

Figure 3.6 presents an overview of how film thickness, density, and the
roughness of both the surface and interface influence the X-ray reflectivity

curve of a thin film.

Film thickness

The basic reason of why oscillations in reflected intensity occurs is that the
detected scattered X-rays result from the combined scattering of individual
electrons when a substrate composed of an ideal material is uniformly coated
with a substance of different density. In other word, the X-ray reflectivity in-
tensity is computed for each layer, which is defined by its elemental composition
and the filling rate of the spacer, so we use film thickness, density and interface

roughness as parameter for fitting XRR result. These oscillations were first
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Figure 3.7: Film structural information obtained from the X-ray reflectivity

profile.. Copyright (©) Rigaku.

observed in 1931 by Kiessing and is called Kiessing fringes[104]. Based on his
result, the oscillation depends on the film thickness, and the thicker film, the

shorter period of the oscillations.

Film Density

The oscillation amplitude and the critical angle for total reflection reveal
details about the density of films. The oscillation amplitude is influenced by
the density difference between the film and its substrate, so the greater this

difference, the larger the oscillation amplitude is.

Interface Roughness

Reflected X-rays diminish more quickly as interface roughness increases. In
other words, the greater the roughness of a film, the faster the X-ray reflectivity

decreases, so the oscillation amplitude decreases.
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Parameter fitting

Because the obtained profile is related to three parameters: film thickness,
density, and interface roughness, one of the biggest issues in XRR measure-
ments is how to approximate the fit results, which are determined by these
parameters, to the measured profile. In practice, this is considered a combined
optimization problem of parameters, and fitting is always performed using a
genetic algorithm|[105].

First, many ”genes” of parameter set are created randomly distributed
within a certain range around the set value. The simulation results for all of
these genes are compared with the raw data, and a ”score” is calculated using
the least-squares method. Only the top-performing genes are allowed to survive
to the next generation. There are various specific methods, such as allowing
only the top 20% of genes to survive. The surviving genes then make copies
of themselves to create offspring, which are then shuffled with other genes
through a process known as ”gene crossover.” This shuffling process generates
the next generation of genes, which are then scored again, leaving only the top
20% to produce offspring. Repeating this process leads to a point where, after
several generations, the score no longer improves. This is called convergence,

and it is what makes combinatorial parameter optimization successful[105].

3.3.2 Auger electron spectroscopy

Auger electron spectroscopy (AES) is a type of electron spectroscopy that
utilizes the Auger effect, involving the examination of high-energy electrons
released from an excited atom following a sequence of internal relaxation pro-
cesses.

AES is currently a highly effective technique for analyzing surfaces, thin
films, and interfaces. Its usefulness comes from its surface specificity, which
ranges from 0.5 to 10 nanometers, excellent spatial resolution on the sur-
face—down to about 10 nanometers—broad coverage of elements across the
periodic table (excluding hydrogen and helium), and a decent sensitivity level,

detecting concentrations as low as 100 parts per million for most elements.
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Figure 3.8: (a) Schematic illustration of AES instrument structure, (b) Auger
analytical volume. Copyright (C) Eurofins Scientific.

Instrument Structure

The instrument used in this study is called JAMP-9500F manufactured by
JEOL whose main body consists of two chambers: a sample exchange chamber
and an analysis chamber, separated by a gate valve. The analysis chamber
is evacuated by a sputter ion pump (SIP) and maintained at an ultra-high
vacuum of less than 5 x 1078 Pa. The sample exchange chamber is evacuated
by a TMP and a RP.

The JAMP-9500F is a field emission Auger microprobe that achieves high
spatial resolution at high currents thanks to a Schottky Field Emission Gun
(FEG) and a unique electron optical system. The energy analyzer uses an
electrostatic hemispherical analyzer, and the combination of a multi-channel
multiplexed detector and an entrance lens optimized for Auger analysis enables
high-sensitivity, high-energy-resolution spectra. Furthermore, the instrument
can also analyze insulating materials by neutralizing the charge using a neu-
tralization gun.

FEG consist of extremely sharp tungsten tips subjected to electric fields
greater than 107 V/ecm. Under these conditions, electrons tunnel directly
through the energy barrier and are emitted from the tip. FEG produce the

brightest beams, with current densities ranging from 10® to 10° A/cm?, and
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electron beams as small as 10 nm, enabling the examination of very small
features. Electrostatic hemispherical analyzers are the most commonly used
type because their high transmission efficiency improves signal-to-noise ratios.
The primary electron beam strikes the sample surface at the analyzer’s source
point. Auger electrons are emitted in all directions, and some pass through
an aperture in the analyzer’s inner hemisphere. A variable negative voltage
applied to the outer hemisphere deflects the Auger electrons back through a
second aperture in the inner hemisphere and then through an exit aperture

aligned with the analyzer’s axis.

The Auger Process

The Auger process begins when an electron is removed from an inner atomic
shell, creating a vacancy. This vacancy can be generated through various
methods, but the most common is by bombarding the atom with an electron
beam. An electron from an outer shell then fills the inner shell vacancy, and
the energy released from this transition causes a third electron, known as the
Auger electron, to be ejected from the atom.

The Auger process refers to an excited ion losing energy by ejecting an
electron, resulting in a doubly charged ion. Alternatively, this energy can
be released through the emission of an X-ray photon. For elements with low
atomic numbers, the most likely transitions happen when a K-shell electron is
removed by the primary beam, an electron from the L-shell fills the vacancy,
and another L-shell electron is emitted. In contrast, for elements with higher
atomic numbers, transitions such as LMM and MNN are more common than
KLL transitions.

Qualitative analysis depends on the identification of the elements respon-
sible for the peaks in the spectrum. There are most strongest and most char-
acteristic Auger peaks in the KLL, LMM, and MNN parts of the spectrum
for each element. For the detailed compositional and elemental analysis of a
sample, it relies on measuring the number of Auger electrons emitted during
the probing process. The electron yield is influenced by several key factors, in-
cluding the electron-impact cross-section and the fluorescence yield. Based on
the standard data of characteristic Auger peaks’ intensity and Auger electron

yield for each element, the separation from raw AES signal which is collected
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from complicated compound to a series of single element AES signal can be

executed semi-quantitatively[106].

Primary high X
O energy electron O Ejected core electron O Auger electron
\ \ a
\ Work function ¢ \Work function ¢ Work function ¢
Ex
\ Valence \Valence Valence

\ \

\ \

2 Lss OO-O0O000

2 M) ) L ) ) ) )
\\/ Ny 1 \\/ Ny / N\
1s ) . M) O
O/ N N4 O/ N\ N\
Transition .
Ground state ! Final state

excited state

Figure 3.9: Schematic illustration of a full Auger process including primary
high energy electron impact, core electron ejecting, Auger electron ejecting.

Depth profile analysis

Because Auger electrons can only probe information from a few nanometers
beneath the surface, ion sputtering is employed to etch the surface when the
contamination layer is thick or when analyzing deeper regions. By alternating
between sputtering and measurement, a depth profile of elemental composition
can be obtained from the spectral data. These depth profiles are utilized to
assess film thickness in multilayer samples and to investigate causes of metal
discoloration or corrosion. Argon (Ar) ions are commonly used for Auger depth

profile analysis.



75

Chapter 4

High spin Hall angle in BiSb
topological insulator and

perpendicularly magnetized
CoFeB /MgO multilayers with

metallic interfacial layers

4.1 Introduction

Spin-orbit torque magnetoresistive random-access memory (SOT-MRAM)
has been attracting attention for this role thanks to its low energy consump-
tion, high durability, and ultrafast writing[107, 108, 109, 110, 111]. In SOT-
MRAM, it is essential to integrate a SOT layer with a strong spin Hall effect
and a perpendicularly magnetized magnetic tunnel junction (p-MTJ), which
is commonly based on CoFeB/MgO with perpendicular magnetic anisotropy
(PMA). While heavy metals (HMs) have been widely studied for SOT, the lim-
ited spin Hall angle Oy of HMs (typically < 1)[112, 113] results in large writing
current density and high writing energy. Furthermore, large driving transistors
are required to support the large writing current of HMs. Indeed, K. Garello et
al. have used W (fsyg ~0.4) for the SOT layer and demonstrated ultrafast SOT

switching in 60 nm p-MTJ by 1 ns pulse currents, but the current is as large as
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279 ~ 290 pA, which is significantly larger than the typical 40 A of the spin-
transfer-torque (STT) current for the same 60 nm p-MTJ[114]. To decrease the
writing current density and energy, it is important to integrate SOT materials
with high spin Hall angle to CoFeB/MgO-based p-MTJ. Recently, topological
insulators (TIs) such as BiySes, (BiSb)sTes, and BiSb with topological sur-
face states have been shown to have very large 0sy (> 1)[115, 116, 42, 50].
Among them, BiSb is very promising since it shows the highest 0sy ~ 52 and

relatively high electrical conductivity o ~ 2.5 x 10> Q=1 . m™!

in epitaxial
BiSb(012) grown by molecular beam epitaxy (MBE) at room temperature[42].
The giant spin Hall effect in BiSb was also confirmed by measuring the in-
verse spin Hall effect (inverse sy ~ 61) in CoFe/MgO/BiSb structure, where
a spin-polarized current was injected from CoFe/MgO to BiSb[49]. Further-
more, BiSb can be deposited by the industry-friendly sputtering technique
while showing decent gy ~10 and o~ 1.5 — 1.8 x 10° Q! - m~'for BiSb(110)
and BiSb(001) at room temperature[117, 118]. However, previous works on
sputtered BiSb with high 65y have been performed in heterostructures with
Co or Co/Pt multilayers, which are not the main stream ferromagnetic metal
(FM) in p-MTJ. Thus, it is essential to demonstrate high sy of BiSb in het-
erojunctions with perpendicularly magnetized CoFeB/MgO[47|, which is now
the de facto FM/tunnel barrier for p-MTJ. Recently, a maximum sy of 2.8
has been realized in BiSb/CrOy/Ta/CoFeB/MgO[48], which helps reducing
the SOT switching current to the level of that of STT. However, higher Oy
is essential to further reduce the SOT switching current to lower than that of
STT.

In this study, we investigate the spin Hall performance in heterostructures
of BiggsSbo.15 (10 nm) / interfacial layers / CogoFegoBag/MgO with PMA.
While the thick MgO interlayer used in the inverse spin Hall effect measure-
ment (Ref.[49]) is useful for enhancing the spin-polarization of the injected
spin-polarized current, MgO is known to strongly suppress diffusion of the
pure spin current. Thus, the MgO interlayer is not suitable for SOT-MRAM
application. For this reason, we chose to use metallic interlayers in this work.
By optimizing the metallic interfacial layer thickness as well as deposition con-
dition of BiSb, we achieve large effective spin Hall angle 65 of 6.0+0.1 and

relatively high electrical conductivity ogig, = 1.5x10° Q1 - m~! at room tem-
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perature, which are larger than those of the MBE-grown (BiSb),Tes (A& =
2.5 and 0Bisp,yTe; = 1.8x10* Q71 - m~![50]. We then demonstrate SOT-induced
magnetization switching driven by a small threshold current density |Jy,| of
1 x 10 A-em~2. Benchmarking using a bilayer model shows that the writing

power consumption of our stack is 2~3 orders smaller than that of HMs.

4.2 Sample preparation

Figure 4.1(a) shows the schematic of our heterostructures, which are de-
posited on c-plane sapphire substrates using DC (for BiSb and metals) and RF
(for MgO) magnetron sputtering. Here, the crystallization of sputtered BiSh
on c-plane sapphire substrate has been systematically studied where the quasi-
single-crystal BiSb(001) with equivalent twin crystals can be confirmed[119].
We deposited 10 nm-thick BiSb with a low power of 3 W for a low rate of

L or a higher power of 10 W for a higher rate of 3.3 nm-min—!,

1.3 nm-min~
using a 2 inch-diameter BiggsSbg. 15 alloy target. The electrical conductivity
of our s puttered BiSb thin films is 1.5x10° Q! -m™!, which is an order of
magnitude higher than that of MBE-grown BisSes or BiShyTes[115, 50]. Then,
we deposited metallic interfacial layers of Ti (Ru) (1 ~ 4 nm) / Ta (0.8 nm)
on well-crystallized BiSb(001). Finally, we deposited CoFeB (1 nm) / MgO
(2.5 nm)/ Ta (1 nm) cap. Here, a Ti(Ru) interfacial layer inserted between the
TI and FM layers has been shown to suppress Sb diffusion and enhance 62
in BiSb/Co and BiSbyTe;/CoFeB[120, 121]. Thicker interfacial Ti(Ru) layers
can suppress Sb diffusion better than thin Ti(Ru), but with the trade-off of
increasing shunting current and spin loss. Thus, there is an optimized Ti(Ru)
thickness to achieve the highest Og%.

The 0.8 nm-thick Ta layer provides a further Sb diffusion barrier and also
works as B absorber from CoFeB during post-growth thermal annealing. After
the deposition of the full stack, we performed post-growth thermal annealing at
250 °C for 30 mins in ultrahigh vacuum (1x107¢ Pa), during which CoyyFegoBag
was crystallized to bee-CogsFers with high saturation magnetization, and PMA
of the resulting CoFe/MgO was realized. Then, we fabricated 25 x 10 ym? Hall
bar devices for electric measurement with DC, AC, and pulsed current source.

Fig. 4.1(b) shows an optical image of our Hall bar and measurement setup.
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We also prepared reference stacks without BiSb but with Ta(0.8 nm), Ru(3
nm)/Ta(0.8 nm), and Ti(3 nm)/Ta(0.8 nm) interfacial layers, and confirmed
that the parasitic SOT in those metallic interfacial layers is negligible with
parasitic Ogy less than 0.05.

4.3 PMA and Effective Spin Hall Angle Hgffl

Evaluation

We first examined PMA and the spin Hall effect in BiSb (10 nm)/Ru (1~4
nm)/Ta(0.8 nm)/CoFeB (1 nm) /MgO (2.5 nm)/Ta (1 nm) stacks. The BiSb
in these stacks was deposited by 10 W (high power condition). Figure 4.2(a)
and 4.2(b) show the anomalous Hall resistance Rapg of the sample with Ru
(3 nm), measured with an out-of-plane magnetic field H, and an in-plane
magnetic field Hy, respectively. We achieved a large PMA field Hy = 4.6 kOe

by,

2
Rape = Raup(0)4/1 — (f) ) (4.1)
k
which is obtained by fitting the low field data in Fig. 4.2(b) red solid line.
This large Hy is similar to typical values in high quality CoFeB/MgO reported
in literature[47]. We then evaluate the spin-orbit torque generated by BiSb
using the second harmonic Hall measurement technique with an AC at 259.68
Hz and an in-plane magnetic field H,. When Hy is larger than Hy, the second

harmonic Hall resistance RZ is given by[122]

Rang Hap Hpr, H.

Rppp—— + R —=
> H,— Hy- H|H] + [pHE T + ANE+SSE|HX|

2w
Ry =

(4.2)

where Hap and Hpy, are the effective field corresponding to the antidamping-
like M x (m x &) and field-like 7 x & torques, Rpyg is the planar Hall resistance,
and R(ane+ssi) reflects contribution from the anomalous Nernst effect and the
spin Seebeck effect. Figure 4.2(c) shows RZ — Hy curves measured by AC of
2.4 — 4 mA. Figure 4.2(d) shows fitting by Eq. (4.2) for Hy > Hy, from which

we can obtain Hap. Figure 4.3(a) shows Hap as a function of the BiSb current
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density Jgisp. Then, we calculate

2e 8HAD
O = tpy M,
SH A FM SajBiSb»

where tg\ and Mg are the thickness and saturation magnetization of CoFeB

(4.3)

measured by a superconducting quantum interference device. 63 is calculated
to be 1.540.1 from the gradient gfg—‘?sli in Fig. 4.3(a). Figure 4.3(b) summarizes
O as a function of the Ru thickness tg,. We observed that 0S5 reaches
maximum value at tgr, = 3 nm. However, further increasing of tg, reduces
O significantly, which is explained by the short spin diffusion length of Ru,
consistent with spin pumping results in NiFe/Ru/Pt[123].

Next, we investigate the BiSb (10 nm)/Ti (1-4 nm)/Ta (0.8 nm)/CoFeB
(1 nm)/MgO (2.5 nm)/Ta (1 nm) stacks, where the Ti layer has much longer
spin diffusion length than Ru and can be expected to reduce spin loss and yield
higher 655, Figure 4.4(a)-4.4(d) show the Ragr measured with H, and H,,
Ri‘;, and fitting of the sample with a 3 nm-thick Ti layer and BiSb deposited
by 10 W (high power). Meanwhile, Figs. 4.5(a)-4.5(d) show those of the
sample with the same 3 nm-thick Ti layer but BiSb deposited by 3 W (low
power). Both samples show PMA and very strong second harmonic signals,
indicating strong SOT effects. Figure 4.6(a) shows Hap as functions of Jg;gp in
these two samples, from which we estimate 05 = 2.540.1 for BiSb deposited
by high power, and 65 = 6.0+0.1 for BiSb deposited by low power. These
values are higher than that of the sample with 3 nm-thick Ru. Furthermore,
the 0L of BiSb deposited by lower power is also higher than 05 = 2.5 of the
MBE-grown (BiSb),Te3/Ti (3 nm)/CoFeB/MgO reported in Ref. 15. Figure
4.6(b) summarizes 635 as a function of the Ti layer thickness t;. Again, we
observe that 3 nm is the optimized thickness for maximizing 6 of BiSb in

these stacks.

4.4 SOT Switching Evaluation

We now perform SOT-induced magnetization switching in the optimized
sample with 3 nm-thick Ti and BiSb deposited by low power. Figure 4.7(a) and
4.7(b) show the SOT magnetization switching loops, measured by 50 us pulse
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currents and Hy= £100 Oe for symmetry-breaking. The switching direction is
reversed when the direction of Hy is reversed, indicating the SOT mechanism of
magnetization switching. The threshold current density |Jip,| is 1 x 10°A - cm ™2
in BiSb, which is averagely much smaller than those in HMs. Figure 4.7(c)
shows SOT magnetization switching loops by 5.0 ms pulse currents under H,
varying from 10 ~ 100 Oe. We observed full SOT magnetization switching
even at the smallest H, =10 Oe, while the change of |Jy,| is negligible. Figure
4.8 shows the switching threshold current density.J;, at various current pulse

width 7,use. The red lines are theoretical fitting using the thermal activation

model[124]:

1
Jin = Jtoh x |1 — A log(Tpuise/T0) | (4.4)

where JJ, is the threshold switching current density at 0 K, A is the ther-
mal stability factor which corresponds to the energy barrier of domain wall
nucleation in the typical range for PMA in CoFeB/MgO junction with a di-
ameter larger than 40 nm[125, 126, 127] and 7, ' = 1 GHz (79 = 1 ns) is the
attempt switching frequency, respectively.

This fitting yields JJ, = 1.5 MA - cm™2 and A = 37, the former is among
the smallest for SOT magnetization switching of CoFeB, and the latter is
consistent with those reported in literature[125, 126, 127], consolidating the
Sb diffusion barrier effect of Ti.

To evaluate and compare the power consumption Psor of SOT-induced
magnetization switching in various SOT material and CoFeB/MgO multilayer
system, we use a bilayer model, where we further take into account the shunting

current in the FM and the interfacial layers. Here, Psor is proportional to[117],

orMmtEM + OINTHINT + OsoTesOT
f
(osortsortsy)?

Psor x , (4.5)

where opy, tpv are the electrical conductivity and thickness of the FM
layer, ornt, tinT are those of the interfacial layers, and osor, tsor are those of
the SOT layer. Table 4.1 summarizes the parameters used for calculation and
normalized Psor for W, Pt, Ta, MBE-grown (BiSb),;Tes, and our sputtered
BiSb in this work. We assume opy = 6 x 10> A~!' - m™ and tpyy = 1 nm for
CoFeB. For HMs, we use the optimized thickness reported in Ref.[112, 128, 129]
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while we use the thickness of 6 nm for (BiSb),Tes reported in Ref. 15, and
10 nm for BiSb. As can be seen in the Table 1, Psor of BiSb is the smallest
thanks to the high effective spin Hall angle (smaller writing current) and high
electrical conductivity (less shunting current to other layers), despite having a
Ti (3 nm)/Ta (0.8 nm) interfacial layers. We note that the best sy obtained so
far for BiSb(001) orientation with a single Dirac point at room temperature is
about Osg ~ 10[118], while that of epitaxial BiSb(012) is much higher, reaching
Osu = 52 owing to the high quality and the existence of four Dirac points on the
topological surface states[42, 130]. Thus, we can expect a 4 times higher 05
~ 24 in BiSb(012)/Ti/Ta/CoFeB/MgO. Very recently, we have realized 65 ~
22 in BiSb(012)/NiFe by using specially designed buffer layers that promote
growth of BiSb(012) and interfacial layers for suppression of Sb diffusion[131].

Table 4.1: Benchmarking of the normalized SOT magnetization switching
power consumption Psor for various HMs and TlIs.

. (BiSb)2T€3 BiSb
SOT Material W Pt Ta (MBE) (sputtered)
Interfacial layers Ti (2 nm) Ti (3 nm)/Ta (0.8 nm)
|Osn| 021  0.12 0.15 2.5 6.0
osor (10°Q~'m=1) 2.7 21 5.6 0.18 1.5
tsor (nm) ) ) 8 6 10

Psor 1 29x107! 48x1071 35x 1071 8.1x 1074
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4.5 Conclusion

In conclusion, we have studied the PMA and SOT characteristics in Big g5Sbg 15
(001) (10 nm)/Ru(Ti) (1~4 nm)/Ta (0.8 nm)/CogoFegoBao (1 nm)/MgO (2.5
nm)/Ta (1 nm) deposited by magnetron sputtering on c-plane sapphire sub-
strates. We found that the highest 65 is obtained when Ru(Ti) buffer layer
thickness is 3 nm. Furthermore, by depositing BiSb with a low power, we
achieved 0% = 6.0+£0.1, which is higher than that of MBE-grown (BiSb)sTes.
We then demonstrated the full SOT magnetization switching with a small zero
Kelvin threshold switching current density of 1.5 x 10° A - em™2. Our bench-
marking shows that the SOT magnetization power consumption in our stack is
2~3 orders smaller than that in HMs or other TIs. Our results show that sput-
tered BiSb has the potential for ultrafast and ultralow power SOT-MRAM.
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(b)

Figure 4.1: (a) Schematic structure of BiSb (10 nm)/metallic interfacial layers
of Ru or Ti (1~4 nm) / Ta (0.8nm) / CoFeB (1 nm) / MgO (2.5nm) / Ta (1
nm) deposited on c-plane sapphire substrates. (b) Optical image of a Hall bar
device and experimental setup for measurement of the anomalous Hall effect,
second harmonic Hall effect, and SOT-induced magnetization switching.
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Figure 4.2: (a), (b) Anomalous Hall resistance Rapg of the sample with Ru (3
nm)/Ta (0.8 nm) interfacial layers, measured with an out-of-plane magnetic
field H, and an in-plane magnetic field Hy. (c), (d) Second harmonic Hall
resistance Ri‘; as a function of H, at different AC and theoretical fitting using

Eq.(1).
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Figure 4.3: (a) Antidamping-like field Hap as a function of Jgigp. (b) 65F as a
function of the Ru layer thickness.
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Figure 4.4: (a), (b) Anomalous Hall resistance Rapg of the sample with Ti (3
nm)/Ta(0.8 nm) interfacial layers and BiSb deposited by high power (10 W),
measured with an out-of-plane magnetic field H, and an in-plane magnetic
field Hy. (c), (d) Second harmonic Hall resistance R as a function of Hy at
different AC and theoretical fitting using Eq.(1).
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Figure 4.5: (a), (b) Anomalous Hall resistance Rapg of the sample with Ti
(3 nm)/Ta(0.8 nm) interfacial layers and BiSb deposited by low power (3 W),
measured with an out-of-plane magnetic field H, and an in-plane magnetic
field Hy. (c), (d) Second harmonic Hall resistance R3 as a function of Hy at
different AC and theoretical fitting using Eq.(1).



88

(a) 120 LI D FEN TN B B s s et
Ti(3)/Ta(0.8)
[ interfacial layer
@ 80 L Lm;'rpower BiSb 4
0: = 6.0+0.1
g SH \)
% High power BiSb
u) 40} 0;;;= 2.540.1 ]
0 . .
0.2 0.6 1
2
Jyiqy, (MA/cm”)
(b) 'l""l""l""l""l""l""l"
[ Ti(f)/Ta(0.8) ) b
interfacial layer ]
[ Low power BiSb
4t :
b=fgen ~
Q0w
% o -
[ ) ]
2 :
] 3 ]
o ]
1 2 3
t; (nm)

Figure 4.6: (a) Hap as functions of Jgg, for these two samples. (b) 65 as a
function of the Ti layer thickness.
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Figure 4.7: (a) (b) SOT magnetization switching loops induced by 50 ps pulse
currents under H, of 100 Oe applied along -x direction and +x direction,
respectively. (¢) SOT magnetization switching loops by 5.0 ms pulse currents
measured under various H, = 10, 30, 50, and 100 Oe.
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Figure 4.8: Threshold switching current density as a function of current pulse
width 7,us. Red solid lines are fitting using the thermal activation model.
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Chapter 5

Gilant perpendicular magnetic

anisotropy in Mo/Boron-rich
CoFeB/MgAl,O, structure

5.1 Background

5.1.1 Quantification of Magnetic anisotropy

A storage layer magnetized perpendicular to the plane generally offers bet-
ter thermal stability at smaller sizes compared to in-plane magnetized lay-
ers, due to its significantly higher intrinsic anisotropy. This advantage was
a key factor behind the hard disk drive industry’s transition from in-plane
magnetized media to perpendicular media in 2004, as well as the choice of
PMA-MTJ for MRAM technology below the 32 nm scale. Perpendicular mag-
netic anisotropy (PMA) in thin film magnetic materials can arise from various
sources. One such source is the bulk of the material itself, as seen in FePt or
FePd L10 ordered alloys, where a tetragonal distortion of the lattice cell along
the growth direction induces anisotropy. This bulk anisotropy, denoted as K},
is typically expressed as an energy density measured in joules per cubic meter
(J-m™?).

EBuk = —Ky(h- M)?, (5.1)

anisotropy
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where 7 is a unit vector normal to the plane of the layer. The PMA may
also be of interfacial origin due to interfacial electron hybridization[132] or
interfacial stress[133]. This interfacial PMA is usually expressed in terms of a
volume energy (in J-m~3) as

K -
EInterface — ——(’fL . M)2’ (52)

anisotropy — t

Here, K; represents the surface energy (in J-m~2), and t.s denotes the
thickness of the storage layer without the part of magnetic dead layer (MDL)
thickness. However, this perpendicular magnetic anisotropy (PMA) is partially
offset by the demagnetizing energy, which is the magnetostatic energy cost
associated with pulling the magnetization of a thin film out of the plane.
For a thin magnetic film situated between two interfaces, the anisotropy is
typically described as an effective anisotropy per unit volume. From a purely
magnetostatic perspective, the thickness of a magnetic thin film is usually its
smallest dimension, making the direction along the thickness the hard axis of
magnetization. Therefore, if the magnetization is nevertheless oriented out of
the plane due to other anisotropy sources, these sources must overcome the
demagnetizing energy. For an extended thin film, the demagnetizing energy

per unit volume is expressed as follows:

1 R

Edemagnetizing - +§M0MS2(TL ' M)2 (53)

Eanisotropy = Efnlglétmpy + E;ﬁg:éi?g%y + Edemagnetizing — Deeff - (ﬁ : M)Q (54)
K

Kor = (K = 2202) + =, (5.5)
2 teff

where K, accounts for all the material bulk anisotropy contributions, —“—;Msz
represents the demagnetizing energy, K; combines all the interfacial contribu-
tions from the two interfaces and K.g is the total effective anisotropy. Ex-
perimentally, the product K.z can be plotted against effective magnetic film
thickness t.g to determine the various contributions. The slope of this curve
represents the overall bulk anisotropy, while the point where it intersects the

vertical axis indicates the total interfacial anisotropy.
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5.1.2 Motivation

The CoFeB/MgO-based MTJ is used to achieve both PMA and high tun-
neling magnetoresistance (TMR) ratio[134], which is usually annealed at 250 ~
400 °C so that CoFeB is crystallized into the bce CoFe phase induced by the cu-
bic MgO template[135]. According to the first principle calculation, Fe-O with
hybridizations between Fe-3d and O-2p orbitals at the interface of CoFeB/MgO
plays a more critical role than the Co-O bonding for PMA[136, 63|, which
explains the experimental results that Fe-rich CoFeB has larger PMA than
the Co-rich case[137]. Moreover, over- or underoxidized MgO interfaces may
weaken PMA[138]. To optimize the performance of CoFeB/MgO used in p-
MTJs below 30 nm device diameter, CoFeB element composition ratio[139,
140], interfacial PMA[47, 136, 141], shape anisotropy[142, 143], atomic-scale
structure and local chemistry[144], annealing temperature (7,,)[145], buffer
layer material/thickness[141, 146, 147], and element diffusion[148, 149], and
multi CoFeB/MgO interfaces [150] have been intensively studied.

During annealing, Boron (B) in CoFeB may behave differently depend-
ing on the underlayer. For example, in a typical stack consisting of amor-
phous Ta/CoFeB/MgO, it has been shown that most of Boron diffuses into
Ta, thus Ta is a good Boron getter for CoFeB[144]. However, one of the
most serious problems for the Ta/CoFeB/MgO system is that the PMA is
degraded and eventually disappears during 400 °C post-annealing, which is
required for back-end-of-line (BEOL) CMOS manufacturing. Stacks of Ta
(3 ~ 10 nm)/CoFeB (0.7 ~ 1.8 nm)/MgO show degradation of saturation
magnetization (M) and magnetic anisotropy energy density when the anneal-
ing temperature T,, is over 250 °C, and PMA is lost when T, is over 350
°Cl51, 52, 53, 54, 55]. It was then found that Mo underlayer/CoFeB/MgO
could keep PMA after 400 °C annealing and showed an interfacial PMA 20%
higher than Ta/CoFeB/MgO[56]. Other examples of underlayers for main-
taining PMA at T,, ~ 400 °C are Hf and Mo/Hf multilayers[57, 58]. Despite
those efforts, the magnetic anisotropy field Hy of a bottom CoFeB/MgO single
interface is still about 4 ~ 6 kOe, and the corresponding magnetic anisotropy
energy constant K. is about 3 x 10° ~ 5 x 10% erg - cm™3. Therefore, the
minimum size of MTJ devices with a single CoFeB layer and a thermal stabil-

ity factor A of at least 60 for 10-year retention is about 29 nm, which can be
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integrated up to the CMOS process of 16 nm. For further device size scaling
and better resistance against thermal and external magnetic field disturbance,
it is essential to enhance the PMA of CoFeB.

In this study, we aim to realize a giant PMA in Mo (2 nm)/Co9Fes6B2s5
(tcoren)/MgAl,O4 (4 nm)/Ta (1 nm). By using the B-rich CojgFes6Bo5 layer
in combination with the Mo underlayer and the spinel MgAl,O4 (4 nm) oxide
layer, we achieve giant PMA in CoFeB, with maximum Hy ranging from 17.5
to 19.5 kOe, and maximum K.g ranging from 6.9 x 10% ~ 9.4 x 10° erg - cm 3.
Our results pave the way for further scaling of MTJs and improved resistance

to thermal and external magnetic field disturbances.

5.2 Film Stacks Deposition and Strategy for
PMA enhancement

Film stacks were deposited using a magnetron sputtering system with a
base pressure of 7.0 x 1077 Pa on sapphire substrates. The surface of sap-
phire is very smooth, allowing us to deposit our stacks with a thin and smooth
Mo directly on the substrates without using a buffer layer. We prepared two
series of multilayers. Samples A1l ~ A10 consisting of, from the substrates,
Mo (2 nm)/CojgFessBas (tcores = 0.7 ~ 2.0nm) / MgAl,O4 (4 nm)/Ta (1 nm),
were post-annealed at 300 °C for 30 minutes in vacuum. Samples B1 ~ B10
consisting of the same Mo (2 nm)/CorgFessBas (tcopes = 0.7 ~ 2.0 nm)/MgAl,
O4 (4 nm)/Ta (1 nm) stacks, were annealed at 300 °C for 30 minutes and then
further annealed at 400 °C for another 30 minutes in vacuum. We also fabri-
cated a reference sample C consisting of Mo (2 nm)/CojgFes6Bos (1 nm)/MgO
(2.5 nm)/Ta (1 nm) on a Si/SiO, substrate, and annealed this sample by the
same manner as samples B. Magnetic properties were characterized by a su-
perconducting quantum interference device (SQUID). We fabricated Hall bar
devices with size of 10 x 25 pum? for magnetotransport measurement using the
four-probe method. Finally, we used Auger electron spectroscopy (AES) to
characterize element distribution in the film stacks.

We first discuss the strategy to enhance K.g and Hy of CoFeB, which are
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given by formula (5.5) and (5.6):

2Keff
Hy = .
k MS ’ (5 6)

where the Hy and Mg is magnetic anisotropy field and saturation magnetiza-
tion, respectively. To enhance K.q¢ and Hy, most research has been focused so
far on enhancing K;. However, a sizable enhancement of K; is difficult. Instead,
our strategy is to reduce Mg, which has a more pronounced effect on both K¢
and Hy. Thus, the key factor to achieve giant PMA in this work is the use of
B-rich CoqgFes6Bo; embedded between a Boron-blocking Mo underlayer and
MgAl,O,4 oxide to yield a low Mg. Here, we focus on the spinel MgAl,O,4 oxide
layer rather than MgO, since MgAl,O4 based MTJs are considered to be su-
perior to MgO-based ones with regard to their lattice-matching with Fe-based
and CoFe-based ferromagnets for the (001) epitaxial growth, which may lead
to enhancement of the TMR ratio[151, 152, 153, 154]. Indeed, it was reported
that Feg5Cog5/MgAl,O4/Feq5Cog 5 can reach a high TMR ratio of 308% at
room temperature[155]. Furthermore, MgAl,O4-based MTJs show improved
bias voltage dependence of the TMR ratio[156].

5.3 PMA Evaluation

Figures 5.1(a) and (b) show the normalized anomalous Hall resistance Ry
for samples A1 ~ A7 and B1 ~ B8 with PMA, measured with an in-plane
magnetic field H,. To estimate Hy, we fitted the low-field data by

H\?
Rigp = 1/1— (Fk) : (5.7)

For the two most important samples A2 and B2 with the highest Hy, we
measured the anomalous Hall resistance with an in-plane magnetic field in
the range of £14.5 kOe, and fitted the data for the full range to precisely
estimate Hy (see Fig. 5.3). Samples A2 and B2 with tcopes = 0.8 nm show a
giant H, = 17.5 and 19.5 kOe, respectively, which are much larger than the
typical Hx = 4 ~ 6 kOe observed so far in CoFeB/MgO or CoFeB/MgAl,O,4

systems. From sample A2 to A7 and from B2 to B8, H) decreases as tcoren
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increases from 0.8 nm to 1.3 nm and 1.6nm, respectively. Comparing samples
Al ~ A7 and B1 ~ B7, we observe that all of their H) are enhanced after the
400°C annealing. Notably, sample Al with tcopeg = 0.7 nm has a low Hy of 4
kOe, but it increases to 16 kOe for the sample Bl after the additional 400°C
annealing. Figures 5.2(a) and (b) show R}y for samples A7 ~ A10 and B7 ~
B10 measured with an out-of-plane magnetic field H,. We observe that CoFeB
shows PMA up to at least tgopes = 1.6 nm.

Figure 5.4(a) shows the saturation magnetic moment per unit area Mg-tcopen
for samples A and B, plotted as a function of tcoreg. The solid and dashed lines
are linear fitting for estimation of the magnetic dead layer (MDL) thickness
tq and the average volume saturation magnetization Mg from the intercept to
the x-axis and the slope of the fitted lines. The average Mg decreases from
1079 erg - ecm ™ (samples A2 ~ A10 ) to 711 erg - cm ™ (all samples B ) after
30 minutes of 400°C annealing. For sample A1l with tcopeg = 0.7 nm, Mg is
only 656 erg - cm~2 which deviates significantly from the linear region. The
MDL thickness of samples A is t4 = 0.9 Angstrom. Meanwhile, for sample B1,
Ms is still in the linear region with Hy four times of that of sample Al. This
observation is also aligned with the fact that there is no MDL in samples B
with tq4 = 0 Angstrom.

Figure 5.4(b) shows the ¢ dependence of the product Kog ~ teg for samples
A and B, where tor = toore - ta. The maximum K5 ~ tog was observed for
sample A2 at teg = 0.71 nm (tcorep = 0.8 nm) and sample B2 at teg = toopes
= 0.8 nm with maximum Hy values of 17.5 kOe and 19.5 kOe, respectively.
The solid and dashed lines in Fig. 5.4(b) are linear fitting for estimation of
K; from their intercepts to the y-axis, which yield K; ~ 1.5 erg - cm~2 for
samples A and K; ~ 1.2 erg-cm ™2 for sample B. Table 5.1 compares the stack
structure, average Mg, the highest Hy, the highest K.g, K, and tq observed
in Ta/CoFeB/MgAl,04[151], Ta/CoFeB/MgO and Mo/CoFeB/MgO[56], and
samples A and B in this work.

One can see that there are two distinct features of our samples compared
to the literature: the very large maximum Hy of 17.5 ~ 19.5 kOe and the

very large maximum K.z of 6.9 x 10° ~ 9.4 x 10° erg - cm 3.

Furthermore,
K; ~ 1.5 erg - cm~2 of samples A is higher than K; ~ 1.3 erg - cm~?2 of the

Ta/CoFeB/MgAl,O, stack annealed at the same temperature of 300 °C, con-
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sistent with the previous observation that the Mo underlayer yields higher K;
than the Ta underlayer in CoFeB/MgO junctions[56].

Table 5.1: Magnetic properties of Mg, highest Hy, highest K g, K; and t4 and
sample structures

M, Highest H, Highest K.g K; tq

Sample structure and Ty, (emu-cm™3) (kOe) (10¢ erg-cm~3) (erg-cm™2) (nm)

Ta(5)/CoFeB/MgAl,04(2)/Ta(5), . -
Ton — 300°C (Ref.[151]) 1751 45 3.9 1.3 0.26
T&(5)/CO40FC4[)B20/1\IgO(2)/Ta(5),

|4 |4
T = 300°C (Ref.[56)) 1600 3.5 2.8 1.7 0.45
1\10(5)/CO40FC40B20/1\[gO(2)/1\10(5)7
T = 425°C (Ref.[56)) 1600 6.0 4.8 2.0 0
1\/10(2)/C019F956B25/1\’1gA1204 (4)/Tﬁ(1), -
T = 300°C (This work) 1079 17.5 9.4 1.5 0.09

Ton = 400°C (This work)

However, K; of our Mo/CoFeB/MgAl,O, is lower than K; & 2.0 erg - cm ™2
and K; ~ 1.7 erg-cm ™2 observed in Mo/CoFeB/MgO and Ta/CoFeB/MgO[56].
This may be due to the general trend that CoFeB/MgAl,O, has a lower K;
than CoFeB/MgO, or due to the less concentration of Co/Fe in the Boron-rich
CoFeB in this work. Since the Kj in our stack is not particularly large, the
observed very large PMA does not originate from the enhanced Kj. Instead,

it comes from the low demagnetization energy owing to the small Msg.

5.4 Auger Electron Spectroscopy (AES) Eval-

uation

To qualitatively investigate the atomic distribution in our samples, we em-
ploy the AES technique, which is implemented with an in-situ ion milling gun
operating in an Ar gas environment. The etching spot size is about 100 pm?.
We normalized the AES intensity depth profile for better visualization. Fig-
ures 5.5(a) and 5.5(b) show the normalized AES intensity depth profile for
sample A2 and B2, respectively. The color arrows indicate the central posi-
tions of each element. When there were multiple peaks in the AES signals, we
deconvolated the AES signals (dashed lines) and assigned arrows to the local
peaks. For example, there are two arrows for oxygen (O), which are at the

center of the oxidized Ta cap layer and the MgAl,O4 layer. In both samples
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A2 and B2, it’s very clear that Boron diffused to the MgAl,O, and partly to
the oxidized Ta cap. There are still about 20% of the original Boron atoms
remaining inside the CoFeB layer, which explains the small Msg.

Furthermore, the Mo underlayer effectively blocked Boron diffusion toward
the substrate. Comparing sample A2 and B2, we found that there was no
significant difference in the distribution of Fe, Co, Mg, Al, and O, and the in-
terfaces between MgAl,O,/CoFeB/Mo remained relatively sharp. However, in
sample B2, Boron diffused more to the oxidized Ta cap, as the AES peak inten-
sity of Boron inside the oxidized Ta cap is now close to that inside MgAl,O,.
There are several possible reasons for the observed Boron diffusion. First, the
Mo thin film with a nanometer thickness is relatively easy to crystallize even at
room temperature deposition[157]. Second, transmission electron microscope
and electron energy loss spectroscopy analysis have shown that Boron tends to
diffuse into non-crystalline region such as amorphous Ta, or grain boundaries
in MgO[149, 158]. Thus, the well-crystallized Mo layer with smaller surface
energy is good at blocking Boron diffusion. Meanwhile, MgAl,O4 was shown to
grow with columnar structures during deposition with grain boundaries|[159].
Such intercolumnar grain boundaries can provide channels for the diffusion
of light elements such as Boron. Because there is always broadening in AES
signals, it is difficult to discuss qualitatively the level of mixing at the interface
of each layer in Mo/CoFeB/MgAl,O, stack.

However, one can see from the Fig. 5.5 that (1) Boron atoms are effectively
blocked by the Mo underlayer and diffuse upward to the MgAl,O4 layer, likely
through the intergranular boundary channels in MgAl,Oy4, and (2) the interface
between Mo/CoFeB is clear and sharp. These results are consistent with the
negligible MDL in Mo/CoFeB (t4 < 0.1 nm), compared with the large MDL
in Ta/CoFeB as summarized in Table 5.1. The tendency of blocking atomic
diffusion, low intermixing, and the long spin diffusion length of Mo are also very
beneficial for use as an interlayer between a ferromagnetic layer and a spin Hall
layer composed of a heavy metal, a topological insulator[42, 121, 120, 160] or
topological semimetal[161, 162], for spin-orbit torque (SOT)-MRAM and SOT
magnetic sensor[49, 163].

It is worth noting that the amount of Boron remaining in CoFeB is impor-

tant for the observed giant PMA. If the amount of Boron remaining in CoFeB
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is too high, the giant PMA cannot be obtained. For this reason, MgAl,O4
also plays an important role: it provides a reasonable sink for Boron as shown
in Fig. 5.5. The good balance between the Boron-blocking Mo layer and the
Boron-sink MgAl,O, layer results in about 20% of the original Boron remain-
ing in CoFeB, leading to a small Mg and giant PMA. We also prepared refer-
ence samples C1 and C2 consisting of Ta (3 nm)/CoFeB (0.8 nm)/MgAl,O4(4
nm)/Ta(1 nm). The sample C1 was annealed at 300 °C for 30 minutes, and the
sample C2 was annealed at 300 °C for 30 minutes followed by an additional 400
°C annealing for 30 minutes. PMA survived in sample C1 but it was destroyed
in sample C2. Figures 5.6(a) and 5.6(b) show the normalized AES profiles
for the reference samples C1 and C2. We observed that B diffused down to
the Ta underlayer, similar to the case of Ta/CoFeB/MgO. Importantly, Ta
significantly intermixed with CoFeB, resulting in a strong intermixing layer at
the Ta/CoFeB interface. In sample C2, the AES intensity peak of Ta shifts
upward, approaching that of CoFeB. Such Ta diffusion into CoFeB can inter-
fere with the interfacial magnetic anisotropy and may explain the total loss of
PMA in sample C2.

By comparing Figs. 5.5(a)(b) with Figs. 5.6(a)(b), one can see that (1) B
atoms are tend to diffuse to the Ta underlayer unlike the B blocker effect for
Mo seed layer, and (2) the interface between Mo/CoFeB is clearer and sharper
than the Ta/CoFeB interface. The latter also has significant Ta diffusion to the
inside of CoFeB. These results are consistent with the large MDL in Ta/CoFeB
as summarized in Table 5.1.

We also deposited a reference stack C3 consisting of Mo (2 nm)/CoqgFes6Bas
(I nm)/MgO (2.5 nm)/Ta (1 nm) on a Si/SiO, substrate, and found that MgO
is not a good sink for Boron. As a result, a large amount of Boron (about 60%
of the original Boron) remained in CoFeB even after 400 °C annealing, as
shown in its AES intensity depth profile in Fig. 5.7(a). Consequently, Hy
of this stack was only 5 kOe, as shown in Fig. 5.7(b). This is likely due to
weak interfacial PMA at the CoFeB/MgO interface when a large amount of B
remains in the CoFeB layer. Therefore, both Mo and MgAl,O4 are important
for achieving a reasonable amount of B remaining in CoFeB and the giant
PMA in this work.
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5.5 Discussion

We note that the K¢ = 9.4 x 10% erg - cm ™2 obtained at teg = 0.71 nm
is the highest K.g reported so far for a single layer of CoFeB. This value
is nearly double that of the typical K.z value of conventional CoFeB/MgO.
Therefore, the minimum diameter of MTJ devices with a single CoFeB and a
thermal stability factor A of at least 60 can be reduced to 22 nm, which can
be integrated to the 7 nm CMOS process. The bit density can be nearly
doubled. To further reduce the MTJ diameter size, it is essential to in-
crease the effective thickness of CoFeB without sacrificing K.q. To demon-
strate this concept, we fabricated double layers of CoFeB in a stacking struc-
ture of Mo (1 nm)/CojgFessBas (0.8 nm)/Mo (0.4 nm)/CoigFes6Bas (0.8 nm)/
MgAl,O4 (4 nm)/Ta (1 nm) as shown in Fig. 5.8. In this double CoFeB layer
structure, each of the B-rich CoFeB layer faces Mo and MgAl,Oy.

Furthermore, they can be ferromagnetically coupled through the middle
Mo (0.4 nm). Figure 5.9(a) and 5.9(b) show the anomalous Hall resistance of
a Hall bar device of this stack, measured with an out-of-plane and in-plane
magnetic field, respectively. The stack was annealed at 400 °C for 30 minutes.
In Fig. 5.9(a), we observe a coherent magnetization reversal of the double
CoFeB layers, indicating that they are ferromagnetically coupled through the
Mo (0.4 nm). The red line in the Fig. 5.9(b) is a fitting curve for estimation
of Hy, which yields a giant Hy = 17 kOe, similar to that observed in a sin-
gle Mo/CoFeB/MgAl,O4. By comparing the Fig 5.9(a) and Fig 5.10(a) and
5.10(b), one can see, the double layer CoFeB structure has a higher H. (over
150 Oe) than that (less than 60 Oe) in single layer CoFeB sample annealed at
the same 400 °C. Thus, we concluded that even a very thin Mo (0.4 nm) and
MgAl,O4 (1 nm) are effective for generating giant PMA. Using this kind of
double layers, the minimum diameter of MTJ can be further reduced for use

in more advanced CMOS process.

5.6 Conclusion

In conclusion, by using B-rich CojgFes6Bos in Mo/CoFeB/MgAl, Oy, we
have realized giant PMA with Hy of 17.5 ~ 19.5 kOe, and K.g of 6.9 x 105 ~
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9.4 x 10% erg - cm 3. The giant PMA originates from the low demagnetization
energy owing to the small M, of B-rich CojgFessBo5 exposed to 300 °C and
400 °C annealing. The MDL in our samples is negligible (< 0.1 nm). AES
measurements show that the Mo underlayer effectively blocks Boron diffusion
and has clean and sharp interface with CoFeB, while MgAl,O4 provides a
reasonable sink for Boron. The good balance between the Boron-blocking Mo
layer and the Boron-sink MgAl,O, layer results in about 20% of the origin
Boron remaining in CoFeB, leading to a small Mg and giant PMA. We also
demonstrated double CoFeB layers with giant PMA for use in more advanced
CMOS process. Our results provide a recipe for designing MTJ with improved
resistance against thermal and external magnetic field disturbance for further

device size scaling.
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Normalized anomalous Hall resistance RNym of Mo (2

nm)/CoigFes6Bos (tcores = 0.7 ~ 1.6 nm)/MgAl,O4 (4 nm)/Ta (1 nm) mul-
tilayers subjected to annealing at 300°C for 30 minutes (sample A) and those
with an additional 400°C annealing for 30 minutes (sample B).
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with an out of plane magnetic field H,.
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Figure 5.2:

Normalized anomalous Hall resistance RNym of Mo (2

nm)/CoigFes6Bos (tcores = 1.3 ~ 2.0 nm)/MgAl,O4 (4 nm)/Ta (1 nm) mul-
tilayers subjected to annealing at 300°C for 30 minutes (sample A) and those
with an additional 400°C annealing for 30 minutes (sample B).



R\ (€2)

(a) Samples A2 (tcopep = 0.8 nm) measured with

2.0
1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0

T, =300°C
Sample A2

IEEEE NN NN N NN NN NN

-20-15-10 -5 0 S 10 15 20

H_ (kOe)

an in-plane magnetic field Hy.

(b)

Rug ()

(b) Samples B2 (tcoren = 0.8 nm) measured with

2.0
1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0

T TN

T., = 400°C
\\# Sample B2

-20-15-10 -5 0 S5 10 15 20

H,_ (kOe)

an in-plane magnetic field Hy.

104

Figure 5.3: Anomalous Hall resistance Rapg of Mo (2 nm)/CojgFessBos
(tcores = 0.8 nm)/MgAl,O4 (4 nm)/Ta (1 nm) multilayers subjected to an-
nealing at 300°C for 30 minutes (sample A2) and that with an additional 400°C
annealing for 30 minutes (sample B) measured with an in-plane magnetic field
in the range of -14.5 kOe to 4 14.5 kOe. The red curves are fitting curves to
precisely estimate Hy.
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Figure 5.4: Linear fitting calculation for magnetic properties.
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Figure 5.5: Normalized AES intensity depth profile for samples A2 and B2.
The arrows sharing same color with the AES intensity signals correspond to
the central position of each element.
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(b) Normalized anomalous Hall resistance of a Hall bar device of sample
C3, measured with an in-plane magnetic field. No giant PMA was

observed.

Figure 5.7: AES result and normalized anomalous Hall resistance result of
sample C3 consisting of Mo (12 nm)/ CogFessBgs (1 nm) / MgO (2.5 nm) /
Ta (1 nm) deposited on a Si/SiO, substrate.
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Figure 5.8: Schematic stacking structure of our double CoFeB layers.
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Figure 5.9: (a),(b) Anomalous Hall resistance of a Hall bar of stack with
double CoFeB layers, measured with an out-of-plane and in-plane magnetic
field, respectively. The red line in (b) is a fitting curve that reveals a giant Hy
= 17 kOe in this stack.
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Figure 5.10: Anomalous Hall resistance Ragg of Mo (2 nm)/CojgFesBos
(tcores = 0.8 nm)/MgAl,O4 (4 nm)/Ta (1 nm) multilayers subjected to an-
nealing at 300°C for 30 minutes (sample A2) and those with an additional
400°C annealing for 30 minutes (sample B2).
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Chapter 6
Conclusions

In this dissertation, we have demonstrated 2 researches around the prereq-
uisite technology of SOT-MRAM:

1. Integrate high performance BiSb topological insulator and perpendicu-
larly magnetized CoFeB/MgO heterostructure to realize ultralow power
SOT-MRAM in the future.

2. Improving PMA of CoFeB after 400°C annealing for further scaling be-
yond the 16 nm CMOS process.

Basing on the two results from this study, it is possible to realize the
thermal-robust SOT-MRAM with low switching current and scalability in the
future.

In Chapter 1, we overviewed the evolution of computing technology along-
side the advent of memory technologies. We then discussed why STT-MRAM
is insufficient to reduce the switching current and switching time. Then, we
introduce the potential of SOT-MRAM as the next-generation ultralow power,
ultrafast MRAM technology.

In Chapter 2, to comprehensively understand all the physical aspects in
a SOT-MRAM cell, we overviewed important magnetic properties with focus
on magnetic anisotropies. Then, we introduce the spin Hall effect, topological
insulator, and BiSh as a conductive topological insulator with a giant spin Hall
angle.

In Chapter 3, we introduced the sputtering technique and the Hall bar

patterning process for device fabrication in this dissertation. We also explained
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the second harmonic measurement for evaluating the 6. Then we explained
the SQUID, XRR and AES measurements that were used to characterize the
samples.

In Chapter 4, we studied the PMA and SOT characteristics in Bigg5Sbg 15
(001) (10 nm)/Ru(Ti) (1~4 nm)/Ta (0.8 nm)/CogoFegoBag (1 nm)/MgO (2.5
nm)/Ta (1 nm) deposited by magnetron sputtering on c-plane sapphire sub-
strates. We found that the highest 6& is obtained when Ru(Ti) buffer layer
thickness is 3 nm. Furthermore, by depositing BiSb with a low power, we
achieved 0% = 6.0+0.1, which is higher than that of MBE-grown (BiSb)sTes.
We then demonstrated the full SOT magnetization switching with a small zero
Kelvin threshold switching current density of 1.5 x 106 A - em™2. Our bench-
marking shows that the SOT magnetization power consumption in our stack is
2~3 orders smaller than that in HMs or other TIs. Our results show that sput-
tered BiSb has the potential for ultrafast and ultralow power SOT-MRAM.

In Chapter 5, by using B-rich CojgFessBos in Mo/CoFeB/MgAl,O,4, we
realized giant PMA with Hy of 17.5 ~ 19.5 kOe, and K¢ of 6.9 x 10° ~
9.4 x 105 erg - cm~3. The giant PMA originates from the low demagnetization
energy owing to the small M, of B-rich CojgFessBo5 exposed to 300 °C and
400 °C annealing. The MDL in our samples is negligible (< 0.1 nm). AES
measurements show that the Mo underlayer effectively blocks Boron diffusion
and has clean and sharp interface with CoFeB, while MgAl,O4 provides a
reasonable sink for Boron. The good balance between the Boron-blocking Mo
layer and the Boron-sink MgAl,O,4 layer results in about 20% of the origin
Boron remaining in CoFeB, leading to a small Mg and giant PMA. We also
demonstrated double CoFeB layers with giant PMA for use in more advanced
CMOS process. Our results provide a recipe for designing MTJ with improved
resistance against thermal and external magnetic field disturbance for further

device size scaling.
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