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Chapter 1

Introduction

This chapter gives a brief overview on the concept of spintronics with its key
technology’s features. Typical spintronic memory devices and their working principles
will be explained, with emphasis on recent developments on spins-orbitronic devices.
Next, topological insulators and BiSb in particular will be presented as one of solutions
for ultralow power spintronic memory devices from the material view point. From these

backgrounds, the motivation and thesis outline will be presented.

1.1. Spintronics

Just two decades ago, “desktop computer” was still a very strange term in
electronics. Nowadays it has been become very popular but nearly replaced by mobile
devices like smartphones or laptops thank to the dazzling speed of technology
development. In order to make these devices more powerful, shrinking the size with
denser storage capacity and high speed operation have become the main topic of
electronic industry and academic researchers. The early progress of computing
technology that leads to the Digital Revolution can be traced back to the introduction of
the transistor invented in 1947 by J. Barden, W. Shockley and W. Brattain [1]. Because
of its huge impact in development of the semiconductor industry, they received the Nobel
Prize in Physics in 1956. Since then, the number of transistors that would be able to fit on
a dense integrated circuit has doubled every 18 months, and it is known as the Moore’s
law [2, 3]. However, continuous progress that pushed the electrical circuits to the nano-
scale regime has resulted in huge electric energy leakage. The concept of electron’s

transportation has begun to pose serious problems and simply packing additional features
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into the same area to improve performance of circuits has become more and more difficult.
To further decrease the size of the devices and continuously enhance their performance
while suppressing the energy leakage problem, spintronics comes into play [4].

The spintronics or spin electronics can be known as combination between electric
charge and its intrinsic form of angular momentum called spin. In Figure 1.1, the concept
of spintronics is described as overlap between electronic engineering (electric charge) and
magnetic engineering (spin). Instead of using the “existence’ or “absence” of the electric
charge, the bit “0” and “1” of the binary data can be expressed by up-spin (T) or down-
spin (¥). Because of the unchanged state of spin under the loss of supplied power and
additional functionality that can be controlled by external magnetic field, spintronics
exhibit unique advantages expected for low power consumption, non-volatility and high

speed’s applications [5, 6].

Electronics Spintronics Magnetics
(electronic charge) P (spin)
Signal amplification S Magnetic recording
Logic operation Non-volatile
Volatile

Figure 1.1: The concept of spintronics.

The pioneering work in spintronics can be considered starting from understanding
of spin-polarized transport at low temperature in ferromagnetic metals investigated by
Nevill Francis Mott [7, 8]. They observed an unusual behavior of resistance due to the
un-mixing scattering process of the majority and minority spin, which was further

explained as two different spin projections in the two-current model proposed by I. A.
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Campbell and A. Fert [9]. Then, the giant magnetoresistance (GMR) effect from the
electrical transport measurements of Fe/Cr multilayers system was discovered by P.
Grunberg and A. Fert [10]. In multilayers consisting of two or more ferromagnetic (FM)
layers separated by a non-magnetic (NM) layer, the GMR arises from spin-dependent
scattering of conduction electrons at the interface of FM/NM multilayers and in the bulk
of FM that results in the difference between low and high resistance, when the FM layer
magnetization’s direction of the two FM layers are parallel and antiparallel to each other,
respectively. Shortly after, it was realized that GMR can be enhanced by driving the

current perpendicular to the film plane, as shown in Fig. 1.2.

(a)  Parallel state (P) (b) Anti-parallel state (AP)

FM NM FM . FM NM FM
Spin

I
|

Rp is small R,p is large

Spin

I
1

Figure 1.2: Schematic illustrates of (a) Parallel state (P) and (b) Anti-parallel state in

GMR effect.

The GMR effect has not only highlighted the critical role of electron spins in
electrical transport but also impressively boosted the sensitivity of GMR based magnetic
field sensors. Thanks to its high performance in magnetic field’s detection, P. Grunberg
and A. Fert were honored with a Nobel Prize in Physics in 2007, and there has been a
huge effort to deeply understand the GMR effect in order to further enhance its magnitude

[11, 12, 13, 14].
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(a)  Parallel state (P) (b) Anti-parallel state (AP)

| FM

NN, Ny Ny

Figure 1.3: Schematic illustrates of (a) Parallel state (P) and (b) Anti-parallel state in

TMR effect. Reproduced with permission [15].

In 1975, Julliere experimentally discovered the tunneling magnetoresistance
(TMR) effect in a three-layer structure where an insulator layer is used for separating two
ferromagnetic layers instead of a NM layer as in the case of GMR. This structure is called
magnetic tunnel junction (MTJ), and the TMR effect is the result of a spin polarized
current tunneling through the insulator layer, as shown in Fig. 1.3. The electron spins in
one electrode can only tunnel to the electronic states with same spin orientation in the
opposite electrode. Depending on the magnetization configuration (parallel state or anti-
parallel state), the MTJ resistance can be changed as the consequence of spin polarized
tunneling. However, because of its small magnitude at the time when spintronics is
immature, TMR effect needs over 15 year to get attention and finally matures with
realization of a giant TMR ratio over 400% at room temperature in Co/MgO/Co multiple
layers in 2006 [15].

Because of the great potential and impact of GMR and TMR, over three decades,

huge efforts have been spent to apply them to memory applications [16-28].
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1.2. Spintronic memory devices

1.2.1. Magnetic read heads for hard disk drive (HDD)

Since 2006, the TMR effect has played a major role in implementation of the spin
degree of freedom to spintronic devices, and the read head of hard disk drives is an
example of great success. Figure 1.4 illustrates the MTJ read head in an HDD. The read
head structure includes a pinned layer, whose magnetic direction is constrained by an
exchange bias field arising from the interface with an antiferromagnetic layer. By
choosing a particular metallic interlayer of adequate thickness, the magnetic moment of
the free layer is always antiferromagnetically coupled with that of the pinned layer. Under
influence of magnetic fields associated with the magnetic domains in the recording media,
the free layer of the MTJ can change its magnetization and results in the change of the
device resistance due to the TMR effect.

Since the magnetic domain of a single bit in HDD can become very small, at present
the density of surface recording is reaching 1 Thit/inch? for the area per bit of 25x25nm?
[29]. On the other hand, because of extremely small magnetic flux leaking from a small
domain in high density HDD, magnetic read heads with higher sensitivity need to be
developed, when HDD with a surface recording density exceeding 1 Thit/cm? is
considered. There have been a lot of investigations in material engineering with high spin
polarization ferromagnets such as Fe, Co and CoFeB in order to increase the sensitivity
when influenced by a small magnetic flux [15]. However, TMR poses the problem with
its too high resistivity which increases Johnson and shot noise as well as limits the data
rate [15]. Recently, MgO-based MTJ as shown in Fig. 1.4(b) has become a great solution
for HDD read head, because it can achieve very high TMR ratio comparing with other
kind of barrier layers, while device resistance can be controlled by optimizing the barrier

thickness.
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€) hias , 400 |- (b) SN
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Figure 1.4: (a) MTJ read head in an HDD. The free layer of MTJ can freely rotate its
magnetization to response to the stray fields associated with magnetic domains in the
recording media. (b) Reported room-temperature TMR ratios over the past decade for AlOx-

based MTJ and MgO-based MTJ. Reproduced with permission [15].

1.2.2.  Magnetic random access memory (MRAM) and Spin-transfer
torque (STT) - MRAM

Magnetic random access memory (MRAM), a type of memory with non-volatility,
high speed and high durability is another well-known application of the TMR effect.
Comparing with volatile memories, such as the static random access memory (SRAM)
and dynamic random access memory (DRAM), MRAM inherits the unique characteristic
of non-volatile memories that they do not need the power to maintain the data bits. Figure
1.4(a) visualizes the mechanism of MRAM. Instead of using magnetic domains to store
the information like HDD, MRAM uses the free layer to record each data bit with two
states (parallel or anti-parallel) depending on the relative direction between its
magnetization and that of the reference layer. The reading process is achieved by
measuring the device resistance. In the first generation of MRAM (toggle MRAM), the
writing process utilizes the Oersted field generated by a nearby current. However, this
writing method requires a large current that does not scale with the MTJ size, limiting the

bit density of toggle MRAM.
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In 1996, Slonczewski and Berger independently predicted that a spin polarized
current can induce a torque on the magnetization of the ferromagnetic layer of MTJ [20,
21] that can be used for magnetization switching. This phenomena is named as the spin-
transfer torque (STT) with very promising implications. Three years after the theoretical
prediction, STT effect has been experimentally demonstrated by Tsoi et al., Myers et al.
and Wegrowe et al for the first time [30, 31, 32]. With this discovery, MRAM was pushed
to the next generation where the magnetization of the recording layer can be manipulated
by a spin polarized current, instead of an Oersted field. As illustrated in Fig. 1.4(b), when
a charge current is passed through the MTJ, it will be polarized by the fixed layer to
become the spin-polarized current and injected into the free layer to switch the

magnetization of the free layer. STT-MRAM has evolved as the second generation

MRAM.
(b) STT-MRAM
Bit line
Fixed layer )

Insulator layer Fixed layer

Insulator layer
Word Word :
line line

Magnetic field //\‘

Figure 1.4: Schematic illustrates of (a) toggle magnetoresistive random access memory

(MRAM) and (b) spin transfer torque (STT) - MRAM.

Although STT-MRAM shows the big advantage in higher bit density which can
reach gigabits per chip storage capacity with lower writing power than that of toggle

MRAM, the writing current and writing energy of MRAM is still worse than conventional



8|Page Chapter 1

volatile memory like SRAM or DRAM by one order of magnitude, as shown in Table 1.1.
The large current in the writing process can lead to the breakdown of the tunnel barrier
oxide. The read disturbance or accident switching of the magnetic states can also happen
as the result of the read and write current path’s coupling. In addition, high writing current
requires large driving transistors, which makes it difficult to further increase the bit
density of MRAM [23].

Table 1.1: Read latency (ns), write latency (ns), write energy (nJ) and device size (mm?)

of STT-MRAM, SRAM and DRAM.

STT-MRAM SRAM DRAM
Read latency (ns) 3.1 4.5 4.3
Write latency (ns) 11.2 4.5 4.3
Write Energy (nJ) 20.3 2.2 1.8
Size (mm?) 16.4 80.4 37.4

The reason of the high writing current in STT-MRAM is due to the limitation of the
spin-polarization P of the reference layer. As illustrated in Fig. 1.5(a), the spin current
generated by the injected charge current Ic is given by

I =(7/2e)PI_, (1.1)
where 7 is the reduced Plank constant, and e is the elementary charge.

The fact that P < 1 limits the amount of spin current Is generated by a given Ic and
makes it difficult to reduce the writing current. For the next generation of magnetic
memory that can compete with commercial DRAM, MRAM must operate with shorter

write latency, lower power consumption and higher bit density.
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1.2.3. Spin-orbit torque (SOT)-MRAM

Recently, spin-orbit torque (SOT)-MRAM has emerged as an alternative magnetic
memory which can overcome the big disadvantages of STT-MRAM. In SOT-MRAM, a
spin Hall layer is in contact with the free magnetic layer. As illustrated in Fig. 1.5 (b), a
charge current flowing in the spin Hall layer can generate a pure spin current
perpendicular to the interface by the spin Hall effect. This pure spin current can exerts a
spin torque (so called spin-orbit torque) on the free layer and switch its magnetization
(this effect will be explained further in the chapter 2). The spin current generated by this
way is given by

le = (h/2e)(L/t)6y, 1 (1.2)

where L is the MTJ size, t the thickness of the spin source layer, and 6, is the spin Hall
angle.

Since L/t is about 10 in realistic MTJs, SOT switching may be more effective than

STT switching if 6 > 0.1.

(@) STT-MRAM (b) SOT - MRAM

Fixed layer Fixed layer '

Insulator layer Insulator layer

Free layer
L J

| z
Ereadavec Spin source layer

]S:PZIC IS=QSHZ£IC

L
P<1 Bsh;>1

Figure 1.5: Schematic illustrates switching mechanism in writing process of (a) STT-

MRAM and (b) SOT-MRAM.

The spin dynamics in STT-MRAM as well as SOT-MRAM is described by the Landau-
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Liftshitz-Gilbert equation [33]

am
ot
where m is free layer’s magnetization vector, Heff is the sum of the anisotropy field, the

=—ymxH +am><%n+ﬁ(mx(ax m)) (1.3)

demagnetizing field and the external field, « is the damping constant, S is the spin torque
coefficient and o is the spin polarization.

In the right hand side, the first term presents for precession of m under Hess, the
second term stand for the damping torque, the final term is the spin torque. In the case of
STT-MRAM, the spin current injected into the free layer has the spin polarization in the
same direction with the free layer’s magnetization (o || m). As the results, at the beginning
the spin torque is nearly zero, and the write speed is slow (~ 10 ns at acceptable current
densities). In contrast, in the case of SOT-MRAM, the spin polarization of the pure spin
current injected into the free layer is perpendicular to the magnetization. Thus, the spin
torgque gets maximum value, and the writing speed of SOT-RAM is at least 20 time larger
than that of STT-MRAM (200-500 ps). Inheriting both the low write current and high
speed, SOT-MRAM can significantly decrease the writing energy.

Moreover, SOT-MRAM has separated reading path and writing path as shown in
Fig. 1.6. The writing current does not flow through the MTJ in the writing process, and
this scheme can drastically enhance the MTJ’s reliability. Moreover, because of the
reduced charge current in the writing process, SOT-MRAM requires much smaller
driving transistor and can increase the bit density. With these advantages, SOT-MRAM
has become very attractive as the promising candidate for the third generation MRAM

with fast writing, low writing energy and high bit density.
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(a) STT - MRAM (b)  SOT- MRAM

Top contact Top contact

; FM2 FM2
I Oxide ' Oxide
, FM1 | FM1

NM/Bottom contact
Lrite

Bottom contact

Figure 1.6: Schematic describing the read and write path in (a) STT-MRAM and (b)

SOT-MRAM. Reproduced with permission [23].

1.2.4. Racetrack memory

In 2008, Parkin et al. proposed a new design of magnetic memory where
information can be stored in magnetic domains of U-shaped nanowires, as shown in Fig.
1.7. This memory is called racetrack memory. The position of magnetic domains in
racetrack memory is controlled by a pulse current injected from one terminal of the U-
shaped nanowire. These magnetic domains can be read out by a MTJ device, while the
writing process can be achieved by using STT or SOT in a similar way to STT-MRAM
or SOT-MRAM, respectively. Its write and read latency can be less than a nano-second.
Comparing with HDD, racetrack memory shows higher performance and greater
reliability, since it does not rely on the mechanical mechanism.

One unique characteristic of racetrack memory is its 3D structure. A racetrack
memory can use hundreds of millions of U-shaped nanowires arranged vertically like a
forest in a very small area size [27]. This characteristic allows racetrack memory to store
a vast amounts of data, and makes racetrack memory become a very attractive memory.
As for today, intensive research studies are being carry out to further improve the device’s

operating speed.
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Figure 1.7: Schematic of racetrack memory in an array of U-shaped magnetic

nanowires. Reproduced with permission [28].
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1.3. Recent evolution of spintronics: Spin-orbitronics

Figure 1.8 summarizes the major achievements in thin film magnetism and
spintronics researches in the last decades. Once can see that spintronics is not restricted
to the GMR or TMR’s concept discovered by previous pioneers, but this field has been
steadily evolving in a new road thank to innovation in spin-orbit interaction (SOI) related
phenomena. These phenomena can change direction of spintronics to a new line called
spin-orbitronics. Instead of using the exchange interaction between conduction electron
spin and local spin in magnetic material to create spin polarization, the spin-orbitronics
exploits SOI in paramagnetic materials to generate or even detect the spin-polarized
current. This idea has expanded spintronics to much broader spectra where spin devices
employ not only magnetic materials but also nonmagnetic materials with strong SOI.

The Rashba effect, the spin Hall effect (SHE) or the helical surface states in
topological insulators (TIs) is typical examples of SOI. In 1960, the Rashba effect was
discovered in materials with broken inversion symmetry and uncompensated electric
fields at the interface between two different materials. This leaded to new ideas of spin
current generation by Edelstein [34] (thus called Rashba-Edelstein effect or REE for
short) and experimentally confirmed in GaMnAs [35] by observing a field-like torque.
Similarly, an antidamping-like torque in Pt/Co thin films [36] was reported as an evidence
of a pure spin current generated by SHE. Comparing with P < 1 as the limitation of STT,
both REE and SHE can generate spin currents more efficiently and can be directly applied
to SOT-MRAM [36]. Because of these advantages, intense efforts from different groups
have been carried out to understand SOl-related phenomena in various materials.
Historically, SHE was first observed in 2004 by Y. K. Kato in a GaAs semiconductor

layer [37]. Since then, numerous researches on SHE and related phenomena have been



1l4|Page Chapter 1

published for different kind of materials, such as heavy metal (Pt [36], Ta [38] or W [39]),
anti-ferromagnet (PtMn [40] or IrMn [41]) and even oxidized material like W(O) [42].

SOT generated by REE or SHE can also play a central role in domain wall motion
in racetrack memory by combining the magnetic layer with another material showing
strong SOI. This can enhance the operating speed and further reduce the driving current
density of the racetrack memory. There have been many experiments demonstrating this
plausible structure in different kind of bilayers [43, 44, 45].

The chiral domain walls from Dzyaloshinskii-Moriya interaction (DMI) or the
magnetic skyrmions [46] is another example of SOI. Because skyrmions (whose concept
will be presented in more details in the chapter 2) have small size and ultra-low driven
current density, they have become extremely popular recently for the next generation of

racetrack memory [47].
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Figure 1.8: Summary of major achievements in the evolution of the thin film

magnetism and spintronics research in the last decades. Reproduced with permission

[48].

1.4. Topological insulator

Recently, topological insulator (TIs) have emerged as exotic materials possessing

huge SOI. Tls are quantum materials with a band gap just like normal insulators but with

topological protected conducting surface/edge states. Because their electrons in the

valence band and conducting band are under a strong SOI, the conduction band bottom

may become lower than the valence band top. This is called invert band structure.

Although the inside of T1 materials is similar to normal insulators, states related to the



16|Page

Chapter 1

invert band structure are formed on the edges/surfaces for 2D/3D Tls. These states permit

the emergence of a pair of electrical currents flowing with reverse direction and spin. This

is called helicity and can be imaged as two-way highway where each spin flows in one

direction and back scattering is prohibited, as illustrated in Fig. 1.9(b) and Fig. 1.9(c).

The helical spin polarization of topological surface states on the surface Brillouin zone of

3D TlIs with the electron spin orthogonal to direction of their motion is called spin-

momentum locking, as shown in Fig. 1.9(d).

(c)

: (b)
 Bulk
i Conduction Band VacuuAm
i Aup spin < & Yupspin ~
"N\ Dirac point down spin¥
4 t Bulk 2D Topological Insulator
 Valence Band .
k=0 k
3D Topological Insulator (d) E

-, Helical spin
‘polarization

2D Dirac cone

{3l I ,
/ Ky
\Surface
koo . . Brillouin zone

Figure 1.9: (a) Energy dispersion of the spin non-degenerate edge state of a 2D TI

forming a 1D Dirac cone. (b) Schematic real-space picture of the 1D helical edge sate

of a 2D TI. (c) Schematic real-space picture of the 2D helical surface state of 3D TI.

(d) 2D Dirac cone. Reproduced with permission [49].

In 2007, the spin polarized topological edge states in 2D TIs was first observed in

HgTe-based quantum wells by M. Kénig [50]. 2D surface states of 3D TI were then
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observed directly using angle resolve photoemission spectroscopy (ARPES). Importantly,
3D TIs feature very large SHE. Giant spin Hall angle in Tls was observed in BizSes [51]
and (BiosShos)2Tes [52]. Their spin Hall angle is at least one order of magnitude larger
than that of heavy metals, anti-ferromagnets or oxidized materials. That means Tls can
provide much higher charge-to-spin conversion efficient than regular spin source
materials due to their strong SOI. Figure 1.10(a) compares the power consumption of
SOT switching by using TI and heavy metal as the spin source. SOT switching based on
Tls can reduce the power consumption down to less than 25%. These results make TI
become a very hot topic for spintronic applications.

Unfortunately, in spintronics application, Tls have a problem relating to their
insulating nature. Because of their large band-gap and low carrier mobility, the
conductivity ¢ of those Tls is limited to ~ 10* Q*m™, which is much lower than that of
typical metallic ferromagnets (~ 6x10° Q*m™) used in MRAM. This causes a serious
problem for Tls as spin Hall materials. As illustrated in Figure 1.10(b), when attached to
a metallic ferromagnet, most of the charge current is shunted through the recoding layer
and does not contribute to generation of pure spin current in the spin Hall layer. Exploring

new Tl materials with both high conductivity and large spin Hall angle has been required.

Ll (b)
% = Recording layer —
g5 3
S5 ‘2 Iem
g E 2 Topological
g g ) » surface states
g ° ] _ Bulk

N | "

0.0
Pt Ta

(BiSb),Tes  BiySeq
Figure 1.10: Normalized power consumption (with Ta set to be unity) for SOT
switching using (BiSbh).Tes, Bi>Ses, Pt and Ta. Reproduced with permission [53]. (b)

The shunting effect due to low electrical conductivity of TIs.
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BiSb, a conductive TI

Bi1xShx (0.07 < x <£0.22) is a very narrow-gap TI [54]. Thanks to its high carrier
mobility (=10* cmV-s?), its bulk conductivity is as high as 4x10°~6.4x10° Q*mY,
compatible to other metallic materials used in realistic MRAM, as shown in Fig. 1.11(a).
Recently, | and co-workers have developed epitaxial growth technique for high quality
BiSb thin films using molecular beam epitaxy (MBE) [55] and obtained o = 4x10°~6x10°
Q!'mifor BiSb thin films thicker than 80 nm, and o=1x10°~4x10° Q'm
(averageo ~ 2.5x10° Q*m™) for BiSb thin films thinner than 25 nm in the Tl region (0.07
<x<0.22).

On the other hand, BiSb shows strong SOI with topologically protected surface
states as confirmed by ARPES [56, 57, 58] and shown in Fig. 1.11(b). These surface
states were also confirmed by magneto-transport measurements [59, 60]. This promises
the high charge-to-spin conversion efficient. From these reasons, BiSb emerges as the

very promising candidate for spintronic applications.

~16
E I () L(b) -
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= ® 25-60nm —
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Figure 1.11: (a) Electrical conductivity at 270 K of various Bii.xSbx samples with
different Sb concentration and thickness. (b) Spin-integrated ARPES intensity map of
the surface state of Bio.o1Sbo.os at Er. Arrows point in the measured direction of the spin.

Reproduced with permission [55, 56].
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1.5. Motivation

Because of the great interest of SOI-related effects in BiSb, it is my motivation to
study various spin-related phenomena, including the SHE, the DMI and the unidirectional
magnetoresistance (UMR), in BiSh-ferromagnet bilayers, as shown in Fig. 1. 12. These
researches will not only provide useful information to deeply understand SOIl-related
effects in Tls but also open the pathway to improve the efficiency of spintronic memory
and devices.

Spin Hall effect Dzyaloshinskii-Moriya

interaction

Reference layer
Barrier layer

Recording layer

®
Spin Hall layer

SOT - MRAM

Racetrack memory

Unidirectional
magnetoresistance

Recording layer

Spin Hall layer
Read & write-|
current path

Two-terminal device

Figure 1.12: Spin-related phenomena in BiSb-ferromagnet bilayers and their

applications to mainstream spintronic devices.

1.6. Thesis outline

My thesis is divided to 8 chapters.
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Chapter 1 introduces the thesis background on spintronics in general, spintronic
memory devices, recent evolution in spin-orbitronics, and topological insulators with
emphasis on BiSb in particular. Based on these backgrounds, the motivation and thesis
outline are described.

Chapter 2 presents the fundamental physics behind SOI-related phenomena, which
are the main topic in this study.

Chapter 3 describes in details the experimental techniques used for sample
preparation and characterization.

Chapter 4 focuses on the growth and characterization of MnGa thin films with
perpendicular magnetic anisotropy on BiSb.

Chapter 5 describes the experiment results of the SHE in BiSb/MnGa bilayers.

Chapter 6 focuses on field-free ground-state skyrmions in BiSb/MnGa bilayers at
room temperature revealed by the topological Hall effect (THE).

Chapter 7 presents the large UMR and its mechanism in GaMnAs/BiSb bilayers.

Chapter 8 summarizes the main results of this thesis and outlooks for future

spintronic applications.

1.7. Summary

As the results of recent rapid developments in spintronics memory devices, spin-
orbitronics appears as a novel concept that utilizes the SOI in spintronic memory devices.
This makes spintronics not be restricted to conventional concepts of GMR, TMR or STT,
and expand spintronics to much broader spectra where spin devices employ not only
magnetic materials but also nonmagnetic materials with large SOI. Thus, efficient
generation of pure spin current can be easily achieved by employing suitable spin source

materials. As a consequence, spintronics researches have been shifted toward exploring
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the new materials with strong SOI and understanding their SOI-related effects. Tls and
BiSb in particular appear as one of promising candidates for high efficient pure spin
current source. Toward novel spintronic applications, further understanding of spin-
related phenomena in bilayers of BiSb/ ferromagnetic material is the main purpose of this

study.
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Chapter 2

Fundamental Physics of Spin-Orbit Interaction

In this chapter, overview of spin-orbit interaction will be presented as the key
concept of many interesting phenomena observed in spintronics. As consequences of
spin-orbit interaction, the spin Hall effect, the Dzyaloshinskii-Moriya interaction and the

unidirectional magnetoresistance will be explained.

2.1. Spin-orbit interaction (SOI)

Spin-orbit interaction (SOI), also called as spin-orbit effect or spin-orbit coupling,
is the concept describing the interaction between a particle’s intrinsic angular momentum
(spin) and its orbital degree of freedom. In the atomic regime, SOI is described in the
picture of an electron motion around nucleus and its self-rotation. The orbiting of an
electron around nucleus in the laboratory frame can be transferred to the orbiting of
nucleus around the electron in the electron rest frame. As the results, the magnetic field

B appearing in the rest frame of the electron can be expressed as

B /ZoZeZV (2.1)
r

where 1 is the permeability of free space, Ze and v are the charge and velocity of nucleus,
respectively and r is the radius of nucleus motion. In the Lorentz transformation, the
equation (2.1) is reformed as [1]

B—l Exv
2 ¢2\1-v?/c?

where E is electric field, c is light velocity in free space.

(2.2)

Because the electron has a spin magnetic moment g, it can interact with the

magnetic field rising in the electron rest frame, and its energy Einter is Written as
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Eier =—14.B (2.3)
This type of interaction is named as SOI. In the quantum mechanical description for the
orbital angular momentum (L) and spin angular momentum (S) of the electron, SOI can
be described by the following Pauli spin-orbit coupling term [2]

Hy, =ALS, (2.4)
where A is the SOC energy, L and $ are the dimensionless operators of orbital angular
momentum and spin angular momentum of the electron, respectively. As the consequence

of SOI, the orbital degree of freedom can couple with the electron spin.

(a) Laboratory frame (b) Electron rest frame

Figure 2.1: Schematic illustrations of (a) an electron orbiting around nucleus in the
nucleus rest frame and (b) the nucleus orbiting around the electron in the electron rest
frame. The electron in the rest frame of the electron feels the magnetic field B due to
cyclic motion of the nucleus, while its spin is locked. This gives rise to the spin-orbit

interaction.

2.2. Spin-orbit torque (SOT)

2.2.1. Spin current
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Figure 2.2 illustrates one of the basic concepts of spintronics, the spin current. The
flow of electrons will be merely a charge current, if their different directions of spins are
mixed up and cannot be distinguished (Fig. 2.2(a)). However, there are situations that one
spin population is larger than the other. The Figure 2.2(b) illustrates this kind of
circumstance that the density of spin-up electrons is higher than the density of spin-down
electrons. In this case, the charge current is accompanied by a spin current called “spin-
polarized current”. The net spin current will be the current of spin-up minus the current
of spin-down.

More interestingly, Figure 2.2(c) shows a special case of spin current that the spin-
up current flows to the right, while the spin-down current flows to the left. This situation
makes the charge current, which is the total current of spin-up and spin-down in opposite
direction, zero. In contrast, the net spin current is the sum of spin-up and spin-down
current. This is called “pure spin current” [3] and poses new ideas about creating a spin

current without a charge current.

(a) Charge current (b) Spin-polarized current (c) Pure spin current
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Figure 2.2: Schematic illustrations of (a) charge current, (b) spin-polarized current and

(c) pure spin current.

So far, spin injection is a particular example of spin-polarized current generated by
passing a charge current through a ferromagnetic layer, and can be directly applied to

STT-MRAM. However, spin injection is limited by the maximum spin polarization P =
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1 of the ferromagnetic layer. Recently, the Rashba-Edelstein effect or the spin Hall effect
emerge as new ways to generate pure spin current with improved charge-to-spin
conversion efficiency.

2.2.2. The Rashba-Edelstein effect

Under a broken inversion symmetry at the interface of NM/FM as shown in Fig.
2.3(a), an uncompensated electric field E appears along the z axis, and a conducting
electron travelling with velocity v will experience an effective magnetic field B in the

direction Exv.
B=y(vxE)/c? (2.9)
where y =1/+1-v?/c? is the Lorentz factor. This field will couple to the electron spin,

and its interaction can be expressed by the following Hamiltonian

Hy 2%(E>< p)o (2.6)
where «, is the Rashba parameter, p and & are the momentum operator and electron
spin operator, respectively. This type of interaction is named as the Rashba effect [4]
originating from an interfacial SOI [5, 6, 7]. Under this situation, an in-plane current will

be spin-polarized with the spin-polarization perpendicular to the current direction. This

is called Rashba-Edelstein effect (REE) (Fig. 2.4).
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(a) Rashba-Edelstein effect (b) Spin Hall effect
i ~
ATy e S ALEE
t z L — AM ’::::::—’ Js MM
y Je ‘1 -~ o
it P

Figure 2.3: Schematic illustrations of (a) the Rashba-Edelstein effect and (b) the spin

Hall effect. Reproduced with permission [8].

Figure 2.4 shows the spin redistribution under (a) the Rashba effect and (b) the
Rashba-Edelstein effect with an electric current. The Rashba-Edelstein effect gives a non-
equilibrium k-dependent spin polarization as the results of the electric field and scattering
that leads to redistribution of carriers on the Fermi surface. The in-plane spin polarization

is perpendicular to the direction of the charge current [9].

(a) Rashba effect (b) Rashba-Edelstein effect

Ky Ky

—_—

Figure 2.4: Schematic illustrates the microscopic picture of (a) the Rashba effect and

(b) the Rashba-Edelstein effect. Reproduced with permission [9]
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2.2.3.  The spin Hall effect (SHE)

While the Rashba-Edelstein effect mainly exploits the interface SOI, a pure spin
current can also arises inside NM thank to the bulk SOI. This effect is known as the spin
Hall effect (SHE) with two main mechanisms: extrinsic mechanism (skew and side-jump
scattering) and intrinsic mechanism (Berry phase of the band structure) [10, 11, 12].
Figure 2.3(b) illustrates the spin current generated from the spin Hall effect of NM. The
direction of the spin polarization is perpendicular to the direction of the charge current.

The extrinsic contribution of SHE is from impurity SOI that leads to many spin-
dependent scattering events. This SOI arises from the interaction between electrons with
the electrostatic potential of the scatters V(r) similar to the interaction between electrons
with the Coulomb potential of nucleus in the atomic SOI. Therefore, this interaction can
be expressed by the Hamiltonian

H.... =nlkxV (r)]lo (2.7)
where 7 is the modified SOI parameter. The extrinsic contribution can be classified into
skew-scattering or side-jump scattering. However, although the side-jump is classified as
an extrinsic contribution, when addressing materials with strong SOI, the side-jump
scattering is separated into two dependent sub-mechanisms: extrinsic side jump and
intrinsic side jump. In the heavy metal such as Pt or Ta, intrinsic side jump is believed as
the main contribution of SHE.

The contribution of SHE can also come from the Berry phase effect of the band
structure (intrinsic contribution). This effect is first confirmed by observing polarized spin
of GaAs though Kerr microscopy in 2004 [12, 13]. SHE from the bulk band structure due
to strong SOl in Tls is also an example for the intrinsic contribution [14, 15,16].

In order to evaluate the intrinsic strength of SHE, the spin Hall angle 6,,, is defined

as
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6, =%Js /3, (2.8)

where J¢ is the charge current density, Js is the spin current density. The magnitude of

6,,, gives the spin current generation efficiency in NM, and its sign defines the direction

of spin accumulating at the in NM/FM interface.

If a pure spin current is created by a charge current by SHE, the reverse process can
also happen and is called the inverse spin Hall effect (ISHE); that is, a charge current is
generated by a spin current (Fig. 2.5). In general, the SHE can be considered as the
concept borrowing from the well-established anomalous Hall effect (AHE) in
ferromagnets. While a polarized transverse charge current is generated by a charge current
in the case of AHE, a transverse pure spin current is generated in the case of SHE, and
both of them arise from the same SOI mechanisms (Fig. 2.5). However, in contrast to
AHE whose signal can be detected electrically in ferromagnet due to the difference
between majority and minority spin population, the SHE required another ferromagnetic

layer on which the spin current exerts a spin-orbit torque (SOT) that can be measured.

AHE
magnetic
B, - |
PR
Tty
SHE ) ISHE
non-magnetic non-magnetic

.

Figure 2.5: The schematic illustrates the connection between the anomalous Hall

effect, the spin Hall effect and the inverse spin Hall effect. Reproduced with permission

[9].
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2.2.4. Spin orbit torque (SOT)
In NM/FM bilayers, spins can accumulate at the NM/FM interface and can exert an
SOT on FM thanks to the REE or SHE. Depending on spin accumulation’s mechanism,
SOT (per unit moment) can be decomposed into two components, as shown in Fig. 2.6
[17, 18]:
(1) The field-like torque (FL) associated to Rashba-Edelstein effect can be written as
T, =-MmMxHg (2.9)
where HrL is the field-like effective field (HrL//c), and m is unit vector of FM
magnetization.
(2) The antidamping-like torque (AD) associated to the SHE can be expressed by an
antidamping-like effective field (Hap) as following
Tpo =—MxH g (2.10)

The antidamping-like effective field (Hap) is given by

/)
H, =- J.(oxm (2.11)
P 2eMit :( )

where o is the spin polarization unit vector of the spin current, Ms and t are the
saturation magnetization and thickness of FM, respectively.

Since both effects can generate SOT, classifying the contribution of these effects
therefore, is necessary. There are many different techniques, such as spin torque
ferromagnetic resonance (ST-FMR) [19, 20], differential planar Hall effect [21, 22] and
harmonic voltage measurement [ 23, 24] that can be employed to evaluate their

magnitudes.
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Figure 2.6: Schematic illustrates the field-like torque (FL) and antidamping-like torque

(AD) with their respective effective field. Reproduced with permission [24].

2.3. The Dzyaloshinskii-Moriya interaction (DMI)

2.3.1. The Dzyaloshinskii-Moriya interaction (DMI)

In magnetic systems which lack inversion symmetry, SOl can combine with the
exchange interaction to create the Dzyaloshinskii-Moriya interaction or antisymmetric
exchange interaction which can be expressed by the following Hamiltonian

How =-Dy, (S, %S,) (2.12)
where D,, is the DMI characteristic vector, S1 and S, are two neighboring atomic spins.

This type of interaction was discovered by 1. Dzyaloshinskii in 1958 [25], and its
mechanism based on SOI was completed by T. Moriya in 1960 [26]. The DMI can be
classified into two types, as illustrated in Fig. 2.7: the bulk DMI and the interfacial DMI.

B20-type ferromagnets, such as MnSi, are examples of materials with bulk DMI.
In these materials, the inversion symmetry is broken at each unit cell. This leads to the

interplay of two atomic spins with a neighboring atom having strong SOI, and the DMI
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vector D1, as a result, will point out of the film’s plane. Comparing with the Heisenberg
exchange interaction which prefers the parallel or antiparallel configuration, DMI energy
is minimized when neighboring spins are perpendicular to each other. As a consequence,
a finite angle between each atomic spin arises and plays as the origin of non-collinear
spin textures, such as spin spirals, chiral magnetic domain walls, and skyrmions.

The domain wall energy with DMI can be expressed as [27]

o =4JAK —zD (2.13)
where A is the exchange constant, K is the anisotropy constant, and D is the DMI energy
constant. In the normal case when D is small, the domain wall energy o is positive.
However, when D is large enough, o can be negative and chiral domain walls emerge. If
those chiral domain walls are rounded in space, they form skyrmions. However,
skyrmions due to bulk DMI usually exist at low temperatures and need an external
magnetic field to be stable.

The situation is little different for the interfacial DMI. Although the inversion
symmetry can be maintained in each layer (FM or NM), it is broken at the interface of
NM/FM. This makes two atomic spins in the FM layer exchange with a neighboring atom
having strong SOI in the NM layer resulting in the interfacial DMI. The strength of DMI
can be drastically enhanced by utilizing multilayers of NM/FM. DMI in these cases thus,
can be strong and can compete with other exchange interactions even at room temperature.
The domain wall energy will become zero or even negative leading to the turbulence of

spin geometry mainly governed by the interfacial DMI.
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Figure 2.7: The schematic illustrations of (a) DMI generated by indirect exchange in a
triangle composed of two atomic spins and an atom with strong SOC (bulk DMI) and
(b) DMI generated by indirect exchange in a triangle composed of two atomic spins in
ferromagnetic layer and an atom with strong SOC in the non-ferromagnetic layer

(interfacial DMI). Reproduced with permission [28].

2.3.2.  Skyrmion
Skyrmion or topologically protected spin texture is a key results of spin
reconfiguration to minimize the system energy under strong DMI. The easiest way to

evaluate skyrmion state is based on the skyrmion number S which can be written as

oy

:E OX

where m is normalized magnetic vector. In one dimension, this function can be simplified

as

-1 99, (2.15)
277 OX

where @is the angle between adjacent moments.
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Figure 2.8: Skyrmion number in one-dimension (left side) and in two-dimension (right
side) of (a-b) the ferromagnetic system, (c-d) the ferromagnetic system with two
opposite domain walls and (e-f) the skyrmion system. Reproduced with permission

[29].

Figure 2.8 illustrates the spin profile of three different magnetic sates in the one-
dimension (left figure) and in two-dimension (right figure). In the ferromagnetic system,
magnetization is homogeneous as illustrated by the gray line in the below graph, and the
skyrmion number S is zero. The situation is same in the case of the ferromagnetic system
with two opposite domain walls that cancels each other. However, the circumstance is
completely different in the skyrmion state with two chiral domain walls, whose skyrmion
number is non-zero (S = 1). Its inner domain can be shrunk but it is very hard to annihilate
even by applying a magnetic field. This is known as topological protection, which means

a small deformation of the system cannot change its spin structure. Moreover, skyrmions
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have small size (~5-80 nm [30, 31]) and can be moved with an ultra-low driving current
density (~102 A/cm? [32]). Thus, skyrmions can enable the manipulation of information
with high bit density and low power consumption. As a consequence, it has become very
attractive candidate for the next generation magnetic memory, especially in racetrack
memory.

2.3.3. Topological Hall effect (THE)

The non-collinear topological spin texture of skyrmions gives rise to an extra
fictitious field. Interestingly, conduction electrons can also “feel” this fictitious field. In
the Hall effect measurement, besides the ordinary Hall effect due to the Lorentz force and
the anomalous Hall effect (AHE) driven by magnetization, there is an additional
analogous component known as the topological Hall effect (THE) [33].

The THE resistivity can be phenomenologically expressed as

Prve = PRHy (2.16)

where P is the spin polarization, R, is the normal Hall coefficient, and H,. is the

fic
fictitious magnetic field.

Comparing with other techniques of probing skyrmion, such as Lorentz
transmission electron microscopy (TEM) [34] or X-ray microscopy [35], the THE has
received a lot of attention due to its simplicity. The fictitious field is theoretically

estimated around 1000 kOe for a 10-nm size skyrmion [36] and experimentally confirmed

to be approximately 600 kOe [37].
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2.4. The unidirectional magnetoresistance (UMR)

2.4.1. Magnetoresistance

In a perfect crystal at zero temperature, electrons move in the periodic potential of
lattices and experience no collision. However, at temperature above zero with
imperfection of crystal, electrons often collisions with other carriers or atoms and as the
results, give rise to non-zero resistivity. The resistance of material also can be changed
by applying a magnetic field (Lorentz force) or by spin-disorder scattering that originates
from the s, p-d exchange interactions in magnetic materials. Magnetoresistance (MR) is
named as a result of the dependence of resistance on the external magnetic field.

The Lorentz force mechanism occurs in both ferromagnetic and paramagnetic
materials because of the electron’s cyclotron motion under external magnetic field. On
the other hand, the spin-disorder MR arises from suppression of the electron-magnon
scattering at high external magnetic field. This mechanism therefore, occurs only in
ferromagnets. In addition, there is another MR effect, whose magnitude depends on the
relative orientation between the magnetization direction and the current called anisotropic
magnetoresistance (AMR). Figure 2.9 illustrates the microscopic origin of AMR. Its
origin can be simply considered as a results of SOI and reorientation of the atomic orbitals.
The AMR resistivity p,, can be expressed as

P = P1+(p— p,)sin® Gcos” p (2.17)
where p, and p, are the resistivity when magnetization M is perpendicular and parallel
with current direction, respectively, 8 and ¢ are the polar and azimuthal angle of

magnetization direction.
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Figure 2.9: Schematic illustrates the microscopic of anisotropic magnetoresistance

(AMR). The changing of atomic orbital’s shape changes the number of scattering

between electron and atom. Reproduced with permission [38].

2.4.2. The spin Hall magnetoresistance (SMR)

The MR effect becomes much more interesting in bilayers of a paramagnetic
material with strong SOI and a ferromagnetic material. One example is the spin Hall
magnetoresistance (SMR), as shown in Fig. 2.10. The spin current created by SHE in the
NM layer accumulates at the interface of NM/FM. Depending on the relative direction
between the polarization direction of spins at interface and the magnetization direction in
the FM layer, the spin current is partly absorbed in the FM layer, and the rest of spin
current will be reflected back to NM layer. This backflow of spin current generates an
electric current by the inverse spin Hall effect (ISHE), which contributes to the
longitudinal current and gives rise to the SMR. Since the SMR effect originates from the
backflow of spins, its magnitude can be enhanced by using insulator ferromagnets, such

as the yttrium iron garnet (YI1G) [39].
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Figure 2.10: Hlustration of spin Hall magnetoresistance as the result of the backflow
of the spin current and the inverse spin Hall effect when (a) magnetization aligns with
polarization of spin current, (b) magnetization is perpendicular with the polarization of

spin current. Reproduced with permission [39].

2.4.3. The unidirectional magnetoresistance (UMR)

Recently, there is a new effect relating to an unusual behavior of MR occurring in
FM/NM system such as Co/Pt or Co/Ta [40] named as unidirectional magnetoresistance
(UMR). This effect poses the features of the GMR effect that the spin accumulation at the
interface of FM/NM can be considered as an FM layer. However, unlike the GMR effect
and the SMR effect, the dependence of resistance on the charge current in UMR is
nonlinear. In the metallic bilayers, such as Co/Pt, UMR is classified into two types [41]:
spin-dependent scattering and magnon scattering mechanism as shown in the Fig. 2.11.
In the first mechanism, a pure spin current generated from the SHE or REE is injected to
FM layer and accumulates at the near interface. A GMR-like UMR signal is generated as
the result of the spin transmission and reflection depending on direction of the spin
polarization o and magnetization M. The second mechanism on the other hand, comes
from the spin-disorder scattering generated from absorption or emission of magnon, a

quantized spin wave in ferromagnets as illustrated in Fig. 2.12.



42 |Page Chapter 2

(a) Spin-dependent scattering (b) Magnon scattering
(o} ® ——
—
-

J
®
NM
Y

Figure 2.11: The schematic illustrates (a) the spin-dependent scattering mechanism

——
—
—_—
—_—
—
<=
f——
—
R ——
—

and (b) the magnon scattering mechanism. Reproduced with permission [41].

[\

(a)

Figure 2.12: The schematic illustrates the simple picture of magnon in (a) side view

and (b) top view.

UMR not only provides useful information that shed light on the SOI properties but
also plays as a new method to detect the magnetization direction. By utilizing UMR for
readout, the reference layer and the tunnel barrier in SOT-MRAM can be completely

omitted. Thus, UMR can greatly simplify the structure of SOT-MRAM.
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2.5. Summary

In this chapter, the concept of SOI and related effects, such as the Rashba-Edelstein
effect, the spin Hall effect, etc. were introduced. Each of them gives spintronics (spin-
orbitronics in particular) novel ideas that can improve or even completely change
spintronic device technologies. For example, the SHE can improve the power
consumption, the writing speed, and the bit density in STT-MRAM. The THE can help
detect skyrmions for the racetrack memory, and UMR can be employed to greatly simply
the structure of SOT-MRAM devices. Further study to fully understand their
characteristics as well as enhance their performances, especially in new materials, play a
vital role. For this reason, study of spin-related phenomena in BiSb-ferromagnet bilayers

is the main topic in the rest parts of this thesis.
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Chapter 3

Sample Preparation and Characterization

Techniques

In this chapter, fabrication and characterization techniques of BiSh-ferromagnet
bilayers will be described in details. Section 3.1 gives details of sample preparation’s
procedure, and the characterization as well as experimental setup will be shown in Section

3.2.

3.1. Sample preparation

3.1.1. Molecular beam epitaxy (MBE)

In order to fabricate high quality BiSb-ferromagnet bilayers, the molecular beam
epitaxy (MBE) was employed in this study for sample preparation. MBE is a crystal
growth technique that can grow atomic layer by atomic layer in an ultra-high vacuum
(UHV) condition and based on reaction of molecular (or atomic beam) with a heated
substrate [1]. Here, the term “epitaxy” describes the ordered growth of crystalline layers.
Unlike other crystal-growth methods, MBE allows to fabricate samples with precise
composition, high purity and real-time monitoring. As a consequence, MBE can produce
samples with extremely high crystal quality, and is employed to grow metals, insulators
or semiconductors with sharp interfaces and precise composition.

Figure 3.1 shows the schematic illustration of the growth chamber of a MBE system (Fig.
3.1(a)) and the real image of the Anelva MBE-620 system used in my study (Fig. 3.1(b)).
The UHV (~107 Pa) in this MBE was achieved by employing an ion pump, an Ti-

sublimation pump and a liquid nitrogen shroud to prevent atom’s re-evaporation. The
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samples, mounted to molybdenum holders by indium, were loaded to the growth chamber
by a transfer rod. The samples were heated by a resistance-type heater and their
temperature was controlled by thermal couple feedback. The grown materials (Ga, As,
Bi, Sb and Mn) were stored in Knudsen cells (or K-cells) and deposited on sample’s
substrate by heating the materials to given temperatures.

Reflection high-energy electron diffraction (RHEED)

The layer-by-layer growth also permits real-time in situ surface observation by
RHEED [2, 3]. The electrons emitted from a heated tungsten filament are accelerated to
high speed and energy (~20 — 23 keV), strike and diffract on the sample’s surface at a
grazing angle of less than a few degree, and form the RHEED patterns on a fluorescent
screen. From the position and shape of the streaks in the RHEED patterns, the information
of surface crystallography such as the surface orientation and the surface roughness can
be observed in real-time. RHEED as the results, has become an indispensable tool in MBE

systems.
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Figure 3.1: (a) Schematic illustration of the growth chamber of a MBE system

(b) Photograph of the Anelva MBE-620 system used in this work.
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GaAs buffer layer’s preparation
Because the surface condition of the starting crystal (substrate) plays a vital role in
epitaxial growth by MBE, preparing the substrate surface with high crystal quality is
necessary in my experiments. The GaAs substrates were used for all fabricated samples,
and the substrate preparation is described as follows
(1) Heat the GaAs substrates from 150°C to 580°C at a ramping rate of 20°C/min to
remove the oxidized layer (GaAsOs and GaAsOx4 [4]) (Fig. 3.2(a) and Fig. 3.2(d)).
(2) Keep GaAs at 580°C under As exposure to completely remove oxidized layer and
compensate the lost As atoms from the substrate (Fig. 3.2(b) and Fig. 3.2(e)).

(3) Grow a thick GaAs film (~ 80 — 100 nm) until high quality of GaAs surface was

confirmed (Fig. 3.2(c) and Fig. 3.2(f)).

(d) (e)

Figure 3.2: RHEED patterns of a GaAs(001) substrate taken along [i’LO] azimuth (a)
before deoxidation, (b) after deoxidation, and after growing a thick buffer GaAs layer.

(d-f) same as (a-c) but for a GaAs(111)A substrate.
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3.1.2. Hall bar device fabrication
For the electrical measurement, Hall bar devices were fabricated with the process
shown in Fig. 3.3.

(1) In the first step, the Hall bar pattern, made from a positive photoresist (OFPR)
mask was formed on the sample’s surface by conventional photolithography
process. After milling process (Ar* ion), the photoresist mask was removed by
gentle ultrasonic cleaning in warm acetone. The Hall bars with size of 100 um x
50 um or 100 um x 25 um were fabricated as shown in Fig. 3.4(a).

(2) In the second step, the electrode mask, made from OFPR was formed on the
sample’s surface by the same photolithography process. After that, Cr (5 nm)/Au
(50~150 nm) bilayers were deposited on the sample by electron-beam evaporation.

Finally, the electrode was obtained by lift off as shown in Fig. 3.4(b).

(a) Hall bar preparation (b) Electrode preparation
Photoresist Photoresist
I I

BiSb/FM BiSb/FM
GaAs GaAs

lon milling

[ |

BiSb/FM BiSb/FM
GaAs GaAs
BiSb/FM tBiSb/FN‘

GaAs GaAs

Figure 3.3: Schematic illustrates (a) Hall bar preparation and (b) electrode preparation

for a Hall bar device.
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; j 50 um 100 um

Figure 3.4: (a) Micrograph of a 100 um x 50 um Hall bar after the milling process. (b)

Final device after deposition of a Cr (5 nm)/Au (50 nm) pad for the contact electrodes.

3.2. Characterization techniques

3.2.1. X-ray diffraction (XRD) measurement

To evaluate the crystal characteristics, X-ray diffraction (XRD), a non-destructive
technique for analyzing material’s structure, was employed. As its name implies, XRD is
based on diffraction of X-rays that are irradiated toward the sample. The XRD peak
positions satisfy the Bragg’ law (Fig. 3.5(a)):

2dsin@ =kA (3.2)

where d is the distance between diffraction planes, 4 and @ are the wavelength (1 =
0.15406 nm for Kal of Cu) and its incident angle, respectively, and k is an integer (k =
1,2,3,...).

The 26 scanning (Fig. 3.5(a)) measures the dependence of the XRD intensity on &
and gives the basic information of the sample’s crystal characteristics. For the detailed
crystal characterization, ¢y scanning (Fig. 3.5(b)) is used. By measuring the XRD

intensity at each ¢ and y value, the crystallography of sample can be determined.
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(a) (b)
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Figure 3.5: (a) llustration of the Bragg equation. (b) Schematic of XRD measurement

setup (2@scanning and ¢-y scanning).

3.2.2.  Magnetotransport measurement

Sample characterization by magnetotransport measurement is an indispensable step
for all topics of spin-related phenomena in BiSb/FM bilayers. Fig. 3.6 (a) illustrated the
schematic setup of Hall measurement, and its actual experiment setup is shown in Fig.
3.6(b). In these measurements, the samples are biased with a DC current (or a pulse
current), and the Vx or Vyy signal are measured by voltmeters under a magnetic field.
Moreover, for the measurements at low temperatures, the samples were cooled down by
a cryogenic system. There are three types of magnetotransport measurement performed
in my study:

(1) Hall effect measurement

This measurement was employed in order to detect the normal Hall effect as well
as the anomalous Hall and the topological Hall effect. The DC current was applied in the

longitudinal direction, and the transverse Vyy voltage was detected as the output signal.
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The Hall resistivity p,, can be expressed as

Pu = Po + Pae = RoHe + RypeM (3.2)

where p, is the ordinary Hall resistivity, p,.. is the anomalous Hall resistivity, R,
and R, are the coefficient of the ordinary Hall and anomalous Hall effects,

respectively, Hes is the effective magnetic field, and M is the sample’s magnetization.
For the SOT switching in BiSb/MnGa bilayers, pulse currents (t = 100 ms) were
applied. The final state of the MnGa magnetization was confirmed by Hall
measurement with a small DC current.

There is a third term, the topological Hall effect, in the case of skyrmions. The Hall
resistivity therefore, can be rewritten as

P = Po + Pare + Prie (3.3)

where p;,.c is the topological Hall resistivity.

(2) UMR measurement

This measurement was used to evaluate the UMR ratio. The DC current was applied
in the longitudinal direction, while MR was measured by the longitudinal Vi voltage.
UMR was defined as the difference of MR between positive and negative current.

(3) Differential planar Hall effect measurement

This measurement was used in order to separate SOT and thermal effect’s
contribution. The external magnetic field Hext was rotated when a DC current was
applied, and the differential planar Hall effect was measured as the difference of

planar Hall resistivity between the positive and negative current.
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He flowing pipe

Figure 3.6: (a) Schematic illustration of the Hall effect measurement. (b) Photograph

of the Hall effect measurement system.
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3.2.3. Magneto-optical measurement

(1) Magnetic circular dichroism (MCD)

Figure 3.7 shows the schematic setup of the MCD measurement. The light
generated from a Xenon lamp is passed through a monochromator toward the surface of
sample. The light is modulated by a photoelastic modulator (PEM). The detector collects
the intensity of reflected light, and measures the difference in optical reflectivity between
right and left circular polarization. This measurement gives information of spin splitting
of the band structure under an external magnetic field applied perpendicular to the film
plane, and its intensity is written as

MCD ~ @d—EAE (34)

T

where R is the optical reflectivity, E is the photon energy and AE is the spin-splitting
energy by the Zeeman effect [5]. Because the MCD intensity is proportional to sample’s
perpendicular magnetization (AE o« M), MCD measurement is used to evaluate the

magnetization of samples.

Monochromator ~ Polarized light

&— Savy

Light source PEM

- Cryostat
Lock-in amp

Detector

Figure 3.7: Schematic illustration of MCD measurement
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3) Longitudinal magneto-optic Kerr effect (in-plane MOKE)

To confirm the titling magnetization of Mno.4sGao.ss thin film in chapter 5, in-plane
MOKE, a unique tool for the determination of the in-plane magnetization is employed
[6]. A linearly polarized light is focused on the sample’s magnetic domains by an
objective lens. This light is reflected off the sample surface, and its polarization direction
is rotated by the interaction with the sample’s magnetic domains. The detector will collect
the reflected light, and analyses the local magnetization by the magnitude of the polarized
light’s rotation.

3.2.4. Magnetization measurement

In order to evaluate the magnetization of samples, superconducting quantum
interface device (SQUID), a very sensitive device based on the Josephson effect was used
in my measurement. Figure 3.8 shows the schematic diagram of magnetic property
measurement system (MPMS-5S Quantum Design). The SQUID is located in the bottom
position of the MPMS system and detects the sample’s magnetization through
superconducting detection coils, which are connected to the SQUID. The current
generated by the magnetization of the sample flows in this detection coil, and as
consequence, an output voltage proportional to the detection coil’s current is evaluated
by SQUID [7].

3.2.5.  Atomic force microscopy (AFM) measurement

AFM was employed in my measurement to observe the surface morphology of
MnGa thin films. Figure 3.9 illustrates its operation mechanism. An oscillating cantilever
with a sharp tip in nanometer, is brought near the sample surface. According to Hooke’s
law, the cantilever is deflected due to the atomic force between the tip and sample. The

deflection of the cantilever is measured by a laser beam system. AFM can map the surface
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sample without using a conductive surface as in scanning tunneling microscope (STM).

AFM therefore, can image almost any type of surface and has been widely used.

Sample Space

Insulation 1=
S

sample transport—l

™. helium level
sensor
sample
sensing coils .
superconducting
wire
composite form

for selenoid
superconducting / |
selenoid =
sSQUID—T
capsule U

Figure 3.8: The schematic diagram of SQUID magnetometer MPMS XL-5S.
Reproduced with permission [8].

Qutput Input

Mechanical L.
oscillator

AFM

sample surface

Sample Probe tip -
t interaction

Figure 3.9: The schematic illustration of AFM measurement. Reproduced with

permission [9].
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3.3. Summary

In this chapter, the fabrication process of BiSb/FM bilayers and characterization
techniques were presented. Fabrication based on MBE and real-time RHEED observation
help us ensure the best crystal growth condition. Hall bar devices were fabricated for

magnetotransport measurement. To fully understand the characteristics of samples,

various kinds of measurements were used.
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Chapter 4

MnGa Thin Films with Perpendicular
Magnetic Anisotropy Grown on BiSb

Topological Insulator

In order to study spin-related phenomena in BiSb/FM bilayers, the first step in my
Ph.D. thesis is to grow a FM layer on BiSh. Here, MnGa was chosen as a candidate for
the FM layer, because of its unique characteristics. MnGa shows small magnetization (Ms
< 400 emu/cm?®) [1-12] and small damping factor (« < 0.008 ) [13], which are promising
for low-power magnetization switching. Furthermore, MnxGaix thin films also show
large PMA (K, > 10 Merg/cm?®) and high Tc [1], which are essential for long time thermal
stability. Recent studies have shown that Mn,Gai.x is a potential candidate not only for
conventional STT-MRAM [14] but also for SOT-MRAM with heavy metal (Pt or Ta) /
MnGa bilayers [15,16].

In this chapter, the crystal growth, structural and magnetic properties of Bio.gSho.2
topological insulator (T1) / MnxGaix bilayers grown on GaAs(111)A substrates by
molecular beam epitaxy (MBE) will be reported. By optimizing the growth condition and

Mn composition, | show that MnyGaix thin films can be grown on BiogSbho2 with

crystallographic orientation of Bio.sSbo.z(OOl)[lIO] /l MnGa (001)[100]. Using MCD
spectroscopy, both L1o phase ( x<0.6) and D02 phase ( x>0.6) of MnyGai.x was
detected. For 0.50<x<0.55 , ferromagnetic L1lo-MnGa thin films with clear
perpendicular magnetic anisotropy (PMA) were confirmed by MCD hysteresis,

anomalous Hall effect (AHE) as well as SQUID measurement.
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4.1. Growth of BiSb - MnxGaix bilayers by MBE

There are two main concerns about the growth of BiSh/MnxGai-x bilayers by MBE.
First, the crystal structure of BiSh and MnxGaix is completely different from each other.
BiSb has a three-fold symmetric crystal structure as shown in Figure 4.1(a) [17]. In
contrast, MnxGaix has two phases: the L1 ferromagnetic phase for 0.43< x < 0.66 (Mn,-
oGa) and the D02, ferrimagnetic phase for 0.66 < x <0.75(Mn2Ga, MnsGa), but both of
them have four-fold symmetric tetragonal crystal structure [1], as shown in Figure 4.1(b).
While there are several attempts for growth of MnGa thin films on various substrates,
such as GaAs(001) [2], GaN(0001) [18, 19], GaSh(111) or Al,03(0001) [20], MgO [1, 6],
and ScN [21], only a few of those thin films grown on four-fold symmetric GaAs(001)
and MgO(001) substrates show clear PMA.. In addition to difference in crystal symmetry,
the lattice mismatch between MnxGaix (amnca ~ 0.39 nm) [22, 23] and BiSb (asisp ~ 0.46
- 0.43 nm) [24] is larger than 10%. These pose a big challenge for growing MnyGai.x thin
film with high PMA on BiSh.

To overcome these problems, | employed a growth technique of the BiSb/MnGa
bilayers on GaAs(111)A substrates by the MBE method as shown in Fig. 4.2(a). After
removing the surface oxide layer of GaAs(111)A substrate at 570°C, a 40 nm-thick GaAs
buffer layer was grown to obtain an atomically smooth surface. Then, the substrate was
cooled to 150°C for growing a 20 nm-thick Bio.sSho2 layer at a rate of 8 nm/min. For
growing MnxGazux thin films on top of the Bio.sSbo. layer, the template method, originally
developed by M. Tanaka et. al [25] for growth of MnGa thin films on GaAs(001)
substrates, was employed. First, the substrate temperature Tsub Was reduced to 40°C, and
4 monolayers (MLs) of Mn-Ga-Mn-Ga were deposited on top of BiosSho2. Then, the 4
MLs were heated up to 230°C for crystallization so as a thin MnosGaos template was

formed on the surface of Bio.sSho.2. Finally, MnyGai thin films with the total thickness
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of 8 nm and the Mn composition between 0.45 and 0.74 were grown at a rate of 0.5

nm/min. The growth process was monitored in situ by RHEED. Figure 4.2(b) shows the

RHEED patterns observed along the GaAs[1 1 0] direction during the growth of
BiSb/Mn,Gaix bilayers on GaAs(111)A substrates for x = 0.74, 0.55 and 0.45. The
Bio.gSho.2 thin films show bright RHEED with Kikuchi lines, confirming that the Bio.gSho .
thin films were epitaxially grown on GaAs (111)A as reported in [26]. The RHEED
patterns of 4 MLs of Mn-Ga-Mn-Ga deposited on top of Bio.sSbo.» at 40°C were weak,
but becomes bright with mixing streaky and dotty patterns after annealing at 230°C. This
indicates that a crystallized template of MnosGaos was formed. The MnxGaix layers
grown on this template remain crystalline, but their RHEED patterns become dim with
increasing the MnyGay.x thickness. The RHEED pattern of the 8 nm-thick Mn,Gaix can

still be observed for x = 0.74 and 0.55, but disappears for x = 0.45.

DO,

0.66 < x<0.75
(Mn,Ga, Mn;Ga)

o 043<x<066
BiSb (an_GGa)

Cpbo,,

' § »

apo,,

a 1
0
aD022 -~ 039 nm

agisp = 0.43 - 0.46 nm a|_10 ~0.39 nm

Cgisp = 1.13-1.19 nm CL1O ~0.37 nm CD022~ 0.36 nm

Figure 4.1: (a) Crystal structure of BiSb. (b) Crystal structures of L1o ferromagnetic
phase (left) and DO02> ferrimagnetic phase (right) of MnGa. The red and blue arrows

represent the direction of Mn atoms’ magnetic moments.
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( ) Tsub =150°C Tsub = 230°C
Rate = 8 nm/min Tsup = 40°C Heat up to 230°C  Rate = 0.5 nm/min

Mn,Ga;, ~ 8 nm
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Figure 4.2: (a) Growth condition of BiosSho2/MnxGaix bilayers on GaAs(111)A

x=0.55

x=0.45

substrates. (b) RHEED patterns observed along GaAs[lIO] direction during the

growth of Bio.sSho.2/MnxGai« bilayers.
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4.2. Crystal structure analysis

4.2.1. Crystal orientation of MnxGaix on BiSb thin films

After the growth, the crystal orientation of MnxGai thin films was evaluated by
XRD measurements. Figure 4.3(a) shows the 6-26 XRD spectra of BiogSho2/MnxGai-x
bilayers with different Mn composition x ranging from 0.45 to 0.74. Here, the hexagonal
coordinate indexing was used for BiSb, and cubic coordinate indexing was used for GaAs
and MnGa. Besides the Bio.sSbo.2(003), Bio.sSbo2 (006), and (009) peaks, clear MnxGaz-
x(001) and MnxGa1.x(002) peaks for all x was observed. A MnxGa1x(200) peak was also
observed for high Mn composition (x > 0.6), but gradually decreases to the noise level
for low Mn composition (x < 0.6). This indicates that it is possible to grow MnGa(001)

on top of Bio.sSho.2(001) despite their differences in crystal symmetry and lattice constant.
4.2.2. In-plane crystallographic relationships
In order to investigate the in-plane crystallographic relationship between
MnGa(001) and BiSb(001), I measured the ¢-scan XRD pattern of the MnosGaos thin
film at y=43.7° and 26 = 36.6° (Fig. 4.3(b)), and compare it to that of GaAs(111) at

w=70.3° and 26 = 27.3° (Fig. 4.3(c)). As shown in Fig. 4.3(b), three equivalent sets of
four-fold symmetric MnosGaos(011), (101), (OI 1) and (101) peaks were observed with
each set shifted by 60° from each other. Comparing these peaks with those of GaAs(lI
1), GaAs(11 I), and GaAs(I 11), and taking into account the fact that BiSb[1 1
0](001)//GaAs[1 1 0](111) [26], the in-plane crystallographic relationships between

MnGa and BiSb as MnGa[100]//BiSb [110] can be identified.

This relationships is reasonable because the lattice constant of BiSb along the

BiSb[lIO] direction (d ~ 7.8A) is exactly twice of amnca ~ 3.9A, as shown in Fig. 4.3(d).

Note that there are also two other equivalent MnGa in-plane crystallographic orientation,
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shifted by +60° from that illustrated in Fig. 4.3(d), reflecting the three-fold symmetry of
the hexagonal BiSb(001) surface. Figure 4.3(e) shows the measured lattice constant c of
MnyGai-x grown on Bio.gSho.2 as a function of x, compared with those of bulk [27, 28] and
MnyGaix thin films grown on MgO(001) [1] and GaAs(001) substrates [29]. At high x, ¢
of MnxGai-x grown on Bio.sSho. is close to those of bulk or thin films grown on MgO and
GaAs. However, at low x, ¢ of MnyGaix grown on Bio.gSho 2 is significantly smaller than
the others. This suggests that MnyGai-x grown on Bio.sSho.2 at low x may be under tensile-

stress, i.e. the relationships 2amnca = d was kept even for low x.
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Figure 4.3: (a) 6 - 20 XRD spectra of BiogShoo/MnyGaix bilayers with Mn
composition x ranging from 0.45 to 0.74. The XRD spectrum of a single Big.sSho.2 layer
(bottom) is shown for reference. (b), (c) ¢-scan XRD pattern of the MnosGaos thin
film and GaAs(111) substrate, respectively. (d) In-plane crystallographic orientation of
MnGa (blue) on BiSb (green). (e) c lattice constant of MnyGai.x grown on BiogSho.
thin films as a function of x (this work), compared with those of bulk [22, 23], and

Mn,Gai thin films grown on MgO(001) [11] and GaAs(001) substrate [29].
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4.3. Magnetic properties

4.3.1. Magneto-optical properties

Next, the magnetic properties of MnxGaix thin films grown on BiogSho2 were
investigated. It is known that there is a magnetic phase transition from the DO>»
ferrimagnetic phase (x > 0.66) to the L1o ferromagnetic phase (x < 0.66). In this study,
the MCD spectroscopy technigue was used to investigate such a magnetic phase transition.

Here, MCD measures the difference between the reflectivity for right (R,+) and left (R,-)

R.(E)-R _(E . .
circular polarizations: MCD(E)=%( = (Z)R(E)U( )) , Where R is the optical

reflectivity, and E is the photon energy. Here, R +(E) is determined by the optical
transitions from the occupied spin-down band to the unoccupied spin-up band, while
Rs-(E) is determined by the optical transitions from the occupied spin-up band to the
unoccupied spin-down band. That means the MCD spectrum reflects the spin-polarized
band structure, and each specific magnetic material has its own MCD signature. Thus, it
is possible to distinguish the DO, ferrimagnetic phase (x > 0.66) and the Llo
ferromagnetic phase (x < 0.66) of MnGa, even when their crystal structure and lattice
constant are very similar. Furthermore, since the MCD intensity is proportional to z-
direction magnetization M, it is also possible to measure the magnetization hysteresis by
investigating the magnetic field dependence of the MCD intensity. Note that the MCD
spectrum of the D022 and L1, phase of MnGa have never been reported so far.

Figures 4.4(a) and 4.4(b) show the normalized MCD spectra of various MnyGaix
thin films with x = 0.74 and 0.65, and x = 0.59, 0.55, 0.50, and 0.45, respectively. Here,
the spectra were measured at 300 K with a magnetic field of 1 T applied perpendicular to

the film plane. Two different spectral shapes were confirmed. The spectra of thin films
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with x = 0.74 and 0.65 show a broad plateaus at 3.5 ~ 5 eV, while those with x = 0.59,
0.55, 0.50, and 0.45 show a peak around 3.2-3.5 eV. The transition of the MCD spectral
shape at about x ~ 0.6 agrees well with that of magnetic phase transition between the D02,
and L1, phase of MnGa. These indicate that the spectral shape of thin films with x = 0.65,
0.74 reflects the D022 phase, while that of thin films with x = 0.59, 0.55, 0.50, and 0.45
reflects the L1o phase. Here, once can see that the spectral shapes in Figs. 4.4(a) and 4.4(b)
are consistent with the band structures of D022 and L1o-MnGa. Figures 4.4(c) and 4.4(d)
show the spin-resolved density of states (DOS) of D022 and L1o-MnGa, respectively,
calculated by first principles [6]. The arrows in those figures indicate the optical
transitions from the occupied spin-down band to the unoccupied spin-up band under
irradiation of right circular polarized photons (c*). (For clarity, the optical transitions
from the occupied spin-up band to the unoccupied spin-down band under irradiation of
left circular polarized photons (c7) are omitted). For the D022-MnGa phase, the spin-down
DOS under the Fermi energy spread over a broad band from -1 eV to -4 eV, while the
spin-up DOS above the Fermi energy spread over a small band centering at about 1.5 eV.
Therefore, the corresponding spectra of the optical transitions between them are broad,
which explains the observed broad plateaus at 3.5 ~ 5 eV in Fig. 4.4(a). In contrast, the
spin-down DOS of the L1o-MnGa phase is localized around -1.3 eV, which explains the
observed peaks around 3.2-3.5 eV in Fig. 4.4(b). These results show that MCD is a

powerful tool to distinguish the L1 and the D022 phase of MnGa.
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Figure 4.4: Normalized MCD spectra of BiSb/MnxGaix bilayers for (a) x = 0.74 and
0.65, and (b) x = 0.59, 0.55, 0.50, and 0.45. Spin-resolved density of states (DOS) of

(c) D022 and (d) L1o-MnGa, calculated by first principles.
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4.3.2. Magnetization properties

Next, the MCD intensity-magnetic field (MCD-H) characteristics were investigated,
which reflects the hysteresis of perpendicular magnetizations M,. Figure 4.5(a) shows the
normalized MCD-H hysteresis for various MnyGaix thin films. Poor squareness of the
hysteresis of DO22-MnyxGai thin films (x = 0.65, 0.74) was observed. In contrast, good
squareness of the hysteresis of L1o-MnyGaix thin films was obtained. In particular, the
MnyGaix thin films with x = 0.50 and 0.55 exhibit good PMA characteristics with 100%
of remanence factor. We also evaluated the hysteresis of these two samples by using
SQUID and AHE measurements. Figures 4.5(b) and 4.5(c) compare the normalized
hysteresis obtained by MCD, SQUID, and AHE measurements for sample with x = 0.50
and 0.55, respectively. The hysteresis curves obtained by different methods agree well
with each other. The coercive force is about 0.6 T for x = 0.50, and 0.5 T for x = 0.55,
which are close to those reported for Pt/MnGa or Ta/MnGa bilayers [30, 16].
Figure 4.6(a) and 4.6(b) show the out-of-plane and in-plane M-H curves up to 70 kOe of
two BiSb/MnyGaix bilayers with x = 0.50 and 0.55. From these data, the uniaxial
magnetic anisotropy constant (Ky) of the MnxGaix layers was calculated to be around 2.2
Merg/cc and 2.3 Merg/cc for x = 0.50 and 0.55, respectively. Those values of K, are small
compared with those of stand-alone MnGa layers grown on MgO(001). Note that
reduction of Ky is due to the small saturation magnetization Ms of the MnGa layers (87
emu/cc and 78 emu/cc for x = 0.50 and 0.55, respectively), rather than by reduction of the
uniaxial anisotropy magnetic field. Indeed, the in-plane saturation magnetic field is as
high as 55 ~ 60 kOe, which is similar to those of high-quality stand-alone MnGa thin

films grown on MgO(001).
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Figure 4.5: (a) Normalized MCD hysteresis of BiSb/MnyGaix bilayers. (b) and (c)
Normalized hysteresis obtained by MCD, SQUID, and AHE measurements for

BiSh/MnyGai.x bilayer with x = 0.50 and 0.55, respectively.
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Figure 4.6: Out-of-plane (blue) and in-plane (red) M-H curves of BiSh/MnxGai

bilayers with (a) x= 0.50 and (b) x = 0.55 at room temperature.

4.3.3. Discussion

There are two reasons for the small Ms observed in BiSb/MnxGaix bilayer system.
First, it is known that high substrate temperature of 450-500°C is needed for obtaining
high-quality MnGa thin films with high Ms [13]. However, the melting temperature of
BiSb is low (280°C for Bio.oSho.1), thus low substrate temperature of 230°C had to be used
to grow MnGa layers on top of BiSb, resulting in low chemical ordering of MnGa as
indicated by the dim RHEED patterns in Fig. 4.2(b). One solution of this problem is to
grow a high-quality MnGa layer first on suitable substrates, such as GaAs(001) or
MgO(001), and then grow the BiShb layer on top of the high-quality MnGa layer. Another
problem is the existence of the three equivalent in-plane crystallographic domains of
MnGa on BiSh, each shifted by 60° from each other, as indicated by the g-scan XRD
pattern in Fig. 4.3(b). Because MnGa has a tetragonal crystal structure, a large amount of
crystal defects would exist at the interfaces between neighboring MnGa domains to
absorb this 60° shift. Such crystal defects at various MnGa domain boundaries would

significantly reduce the crystal quality and the Ms of the overall MnGa layer. To solve
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this problem, it is necessary to break the in-plane three-fold symmetry of the BiSb(001)
surface. This may be done by applying an in-plane uniaxial stress to the substrates, or
using substrates with lower crystal symmetry, such as those with orthorhombic crystal

structures.

4.4, Summary

In conclusion, crystalline MnyGai.x thin films was grown on Bio.sSho.2 layer despite

their differences in crystal symmetry and lattice constant. XRD analysis indicates that

MnyGai-x grows on BiogSho2 with the crystallographic orientation of Bio,sSbo,z(OOl)[lI
0]//MnGa(001)[100]. In addition, L1o (x <0.6) and D02 phase (x >0.6) of Mn,Gaix
were distinguished by using MCD spectroscopy. For 0.50<x<0.55, MnGa thin films
showed large PMA characteristics confirmed by MCD, AHE, and SQUID measurements.
These results show that BiSb/MnyGaix bilayer system is promising for perpendicular
magnetization switching using giant spin Hall effect in Tls. This technique can possibly
be applied to growth of other ferromagnetic materials with a similar crystal structure and

high PMA, such as FePt, FePd, MnGe, and MnAl, on other Tls, such as Bi>Sez and Bi>Tes.
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Chapter 5

Spin Hall Effect in BiSb Topological Insulator

SOT using the SHE in heavy metal and topological insulators has great potential
for ultra-low power SOT-MRAM. To be competitive with conventional STT-MRAM, a
pure spin current source with large spin Hall angle (éu > 1) and high electrical
conductivity (o> 10° Q*m™) is required. However, this requirement cannot be satisfied
in heavy metals (such as Pt, Ta, and W) with high o but small sy (~ 0.1) [1, 17, 23], and
Tls with large #s1 but low o [2, 3]. There is no spin Hall material so far that can satisfy
both conditions simultaneously.

This chapter will focus on evaluation of the SHE in the topological insulator Bij-
xShy (0.07 < x < 0.22) with strong spin orbit coupling [4]. Thanks to its high carrier
mobility (~10* cmV-1s), our previous work showed that the average conductivity of BiSb
thin films is as large as 2.5x10° Q*m [5], which is compatible to other metallic materials
used in realistic MRAM. On the other hand, its non-trivial topologically protected surface
states have been confirmed by the angle-resolved photoemission spectroscopy (ARPES)
[6, 7, 8] and magneto-transport measurements [9, 10]. Thus, BiSb promises large SHE.
In this work, the performance of thin BiSb films as a pure spin current source in various
BiSb / MnGa bilayers will be investigated. The large spin Hall angle in BiSb will be
evaluated and compared with other spin Hall materials. Finally, prospective applications

of SOT-MRAM based on BiSb will be discussed.
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5.1. Thin film growth and crystal structure characterizations

The BiSb / MnGa bilayer thin films were grown on semi-insulating GaAs(001)
substrates by using ultrahigh vacuum MBE system. After removing the surface oxide
layer of the GaAs substrate at 580°C, a 100 nm-thick GaAs buffer layer was grown to
obtain an atomically smooth surface. The substrate was cooled down to room temperature
for deposition of a 4 monolayer Mn-Ga-Mn-Ga template. Then, the substrate was heated
up to 250°C for deposition of a MnGa thin film with the total thickness of 3 nm. A
Bio.1Sho.g layer was grown on top of the MnGa layer at 200°C with the rate of 1 nm/min.
Finally, the samples were cooled down again to room temperature for deposition of an As
thin cap layer. The growth process was monitored in situ by reflection high energy
electron diffraction.

By optimizing the growth condition, high quality BiSb / MnGa bi-layers with
smooth interface can be obtained, despite the large lattice mismatch between MnGa(001)
and BiSb(012). Figure 5.1 shows the RHEED patterns during growth of the BiSb / MnGa
bi-layers. The RHEED patterns of both MnGa (3) and BiSb (10) are streaky (the numbers
in parentheses present layer’s thickness in nanometers), indicating good crystal quality.
To check the crystallographic orientation of the BiSb / MnGa bilayers, a thick BiSb (20)
/ MnGa (10) bilayer was grown in the same condition and checked by X-ray diffraction
measurements. Figure 5.2 shows the 8-260 XRD spectrum of the BiSb (20) / MnGa (10)
bi-layer. The XRD spectrum indicates that the crystallographic orientation is

BiSb(012)//MnGa(001)//GaAs(001).
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Figure 5.1: RHEED patterns during growth of the BiSb / MnGa bilayers (a) after
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deposition of the 4 monolayer Mn-Ga-Mn-Ga template, (b) after annealing the template
at 250°C, (c) after growth of the 3 nm-thick MnGa layer, (d) after growth of a 1 nm-

thick BiSb layer at 200°C, and (e) after growth of the 10 nm-thick BiSb layer.
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Figure 5.2: 6260 XRD spectrum of a BiSb (20) / MnGa (10) bilayer. The
crystallographic orientation is BiSb(012)//MnGa(001)//GaAs(001).
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5.2. Magnetic properties and SOT effect in BiogSho.i-

Mno.sGao.4 bilayers

5.2.1. Magnetic properties

MnGa was employed as a model ferromagnet because its large perpendicular
magnetic anisotropy (> 10 Merg/cc), large uniaxial anisotropy field (> 40 kOe), large
coercive force (> 1.5 kOe), and high conductivity (5x10° Q*m) represent well those
would be used in futuristic ultra-high density SOT-MRAM [11]. Furthermore, by
adjusting the Mn composition, | can grow MnoeGao.4 layers with perfect perpendicular
magnetization and Mno 4sGao 55 layers with titling magnetization which are convenient for
evaluation of the spin-orbit field generated by the BiSb layer.

Figure 5.3 (a) shows the schematic Big.9Sho.1 (10) / MnosGao.4 (3) (thickness in nm)
bi-layer and the coordinate system used in this work. An electric current was applied
along the x direction, while an external magnetic field Hex: was applied in the z-x plane at
an angle @ with respect to the z axis. Figure 5.3 (c) shows the out-of-plane magnetization
curve of the bilayer measured at various temperatures. The magnetization of the 3 nm-
thick MnoeGao.s layer in this bi-layer is the same as that of high quality stand-alone
Mno.6Gao 4 thin films grown on GaAs(001), indicating that there is no interfacial magnetic
dead layer.

5.2.2. SOT effect

The bi-layers are then patterned into 100 um-long and 50 um-wide Hall bars for
transport measurements, as one shown in Fig. 5.3(b). The Hall bars are mounted inside a
liquid nitrogen cryostat which acts as a heat sink to minimize the effect of Joule heating.

Figure 5.3 (d) shows the Hall resistance Ry of a Hall bar under a perpendicular magnetic
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field (6= 0) at 150 K, measured with various current density J = 0.2 — 15.4x10° A/lcm?.
Here, J is the nominal current density of the Hall bar, defined as
J=1/[W(tgg, +tynca)] (5.1)

where 1 is the applied current (10 mA maximum), w =50 um is the width of the Hall bar,
teiso = 10 nm and tmnca = 3 nm are the thickness of the BiSb and MnGa layer, respectively.

The Hall resistance is dominated by the anomalous Hall effect which reveals the
perpendicular magnetization component of the MnosGao.4 layer. A systematic reduction
of the coercive force Hc of the MnosGaos layer was observed with increasing J. The
reduction AHc is as large as 2 kOe at a modest J =15.4x10° A/cm?. To make sure that this
reduction of Hc is not the result of Joule heating of the MnosGao.4 layer, a Hall bar from
a stand-alone MnoeGao4 (3) layer was prepared, and its Hall resistance was measured
under various J. As seen in Fig. 5.3(e), no clear change of Hc up to J = 46.7x10° A/lcm?
was confirmed, which is 3 time higher than the highest current density applied in Fig.
1(d). This indicates that the reduction of Hc shown in Fig. 5.3(d) is not the result of Joule
heating. Indeed, for the Joule heating to be the origin of the large AH: = 2 kOe, the
Mno.sGao.4 layer temperature had to increase from 150 K to 250 K (see Fig. 5.3(c)), which
is unlikely given the very small J used in our experiments, comparing with J ~ 107 - 108
Alcm? used in previous studies using heavy metals as the spin Hall layer. Furthermore, a
significant reduction of the remanent Ry at J =15.4x10% A/cm? was observed. This was
not observed in the magnetization curve at 250 K. Therefore, the large reduction of Hc is
the result of an in-plane spin-orbit field generated by spin current injection from the BiSh
layer. Figure 5.3(f) shows AHc as a function of the current density Jgisp in the BiSb layer.
Here, Jgisp is calculated using osisb =2.5%10° Q'm™and omnca =5x10° Q*m™. The
gradient AHc/AJgisp is as large as 3700 Oe/(MA/cm?) at high Jgiss (dashed line in Fig.

5.3()).
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Figure 5.3: (a) Schematic structure of the Bio.oSbo.1 (10) / Mno.sGao.4 (3) (thickness in
nm) bi-layer and the coordinate system used in this work. (b) Micrograph of a 100 um
x 50 um Hall bar device. (c) Out-of-plane magnetization curves of the bilayer at
different temperatures. (d) Hall resistance Ry of a Hall bar under a perpendicular
magnetic field Hext (6= 0) at 150 K, measured with various current density J = 0.2 —
15.4x10° Alcm?. (e) Ry of a Hall bar of a stand-alone MnGa (3) layer. (f) Reduction of
the coercive force AH. of the bi-layer as a function of the current density Jgisp in the

BiSb layer.
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5.3. Magnetic properties and SOT effect in Bio.gSho.i-

Mno.4sGaoss bilayers

5.3.1. Magnetic properties

In order to quantitatively evaluate the spin Hall angle of BiSb, another bilayer
Bio.oSbo.1 (10) / Mno.4sGaoss (3) with tilting magnetization was prepared. The blue and
the red curves in Fig. 5.4(a) show the in-plane and out-of-plane magnetization curve of
Bio.oSbho.1 (10) / Mno.4sGaoss (3) bilayers. Because of the tilting magnetization, the out-
of-plain magnetization does not saturate until a perpendicular Hext ~ 20 kOe is applied.
The in-plane magnetization shows small remanence, but rapidly increases up to an in-
plane Hext ~ 4 kOe, then slowly increases and saturates at an in-plane Hex: ~ 50 kOe.

The magnetic domains of the Mno4sGaoss layer was investigated by an in-plane
magneto-optical Kerr effect (MOKE) microscope. Unfortunately, the MOKE effect of
MnGa is weaker than the resolution of the MOKE microscope, thus individual magnetic
domains of the Mno4sGaoss layer could not be distinguished. Indeed, the magnetic
circular dichroism (MCD) intensity (equivalent to MOKE ellipticity) of the Mng 45Gao ss
is only 20 mdeg, while the MOKE microscope requires at least 100 mdeg for working.

However, the horizontal component of the stray field from the Mno.4sGaoss layer
can be detected, indicating the existence of tilting domains. The experiment setup is as
follows. First, a MOKE sensor with large MOKE effect was prepared, so that individual
domains of the sensor are visible under our in-plane MOKE microscope. The in-plane
magnetization of the sensor is known to saturate at about 400 Oe, and the sensor is used
to visualize magnetic fields larger than 400 Oe. Then, the domains of the sensor was
observed with and without contact with the Mno4sGaoss layer under in-plane magnetic
fields. Figure 5.4(b) show the MOKE images of the sensor in contact with the Mng 45Gao 55

layer, while Figure 5.4(c) show those of the sensor without contact with the Mno.4sGao s5
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layer. In Fig. 5.4(b), the sensor is saturated (i.e. all domains disappear and the MOKE
image becomes dark) when an in-plane magnetic field of +300 Oe is applied. In contrast,
in Figs. 5.4(c), the sensor is saturated at +400 Oe. This indicates that there is an in-plane
component of the stray field from Mno.4sGao.ss Wwhen an external Hext = 300 Oe is applied,
which gives evidence that the tilting domains in the Mng.4sGag ss layer rapidly reorientate

toward the magnetic field direction.
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Figure 5.4: (a) In-plane (blue) and out-of-plane (red) magnetization curve of Bio.9eSho.1
(10) / Mno4sGaoss (3) bilayers. Inset shows the tilting magnetic domains of the
Mno4sGaoss layer. (b) In-plane MOKE images of the sensor in contact with the
Mno.45Gaoss layer. (c) In-plane MOKE images of the sensor without contact with the

Mno.45Gao ss layer. Here, the magnetic field is applied in-plane.
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5.3.2. Magnetic anisotropy of the tilting magnetic domains in
Mno.4sGao 55

In order to see the detail picture of the tilting magnetization in the Mng 45Gao 55 (3)
layer, the anisotropy magnetic energy density of a single domain is studied. It can be

expressed by

E,.= —%cos 2¢+%cos4¢ (5.2)

ant

where ¢ is the angle between the magnetization vector of the domain and the z axis, Ky is
the anisotropy constant (including the shape anisotropy) representing the uniaxial easy
axis along the z axis, and K4 is the anisotropy constant representing the biaxial easy axes
at ¢ = +45°, respectively.

Ky and K4 can be estimated as follows. When the magnetic field is applied in-plane (H//x),

the total magnetic energy density is given by
K K, :
E:—?“cosz¢+7cos4¢—MH sing (5.3)

At a given H, ¢is determined by solving the equation

3—Z=Kusin2¢—K4sin4¢—MH cos¢p=0 (5.4)
or 2K, sing—4K, cos2¢4sing—MH =0 (5.9)

which is further simplified to
H,sing—H, cos2¢sing—H =0 (5.6)
where Hy the uniaxial anisotropy field and Hs the biaxial anisotropy field defined by

K =1 H,M, K, =%H4M . When H approaches the in-plane saturation magnetic field

Hs-x, ¢ reaches 90°, thus
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Hu + H4 = Hs-x (57)
Similarly, when the magnetic field is applied out-of-plane (H//z), the total magnetic

energy density is given by

E:—%cosz¢+%cos4¢—MH CoS ¢ (5.8)
. dE .
Solvmgw =0, Eq. 5.8 can be rewritten as

2K, cosgp—4K, cos2¢gcosg+MH =0 (5.9)
or H, cos¢g—H,cos2¢cosg+M =0 (5.10)
When H approaches the out-of-plane saturation magnetic field Hs.;, ¢ reaches 0°,
thus
-H,+H,=H,,. (5.12)
Hu = 10 kOe and Hs = 30 kOe were obtained by solving Eq. 5.7 and Eq. 5.11 using Hsx
=40 kOe, and Hs.; = 20 kOe (see Fig. 5.4(a)).
This magnetic energy density function captures most of the important features of
the magnetization curves in Fig. 5.4(a). Figure 5.5(a-d) plot the E/M of the domain as a
function of ¢ when (a) no magnetic field is applied, (b) an in-plane magnetic field of 4
kOe is applied, (c) an in-plane magnetic field of 40 kOe is applied, and (d) an out-of-
plane magnetic field of 20 kOe is applied. In Fig. 5.5(a), the magnetization vector has 4
equivalent stable positions at ¢ = +35° and +145°. The potential barrier between +35°/ -
35° domains is much smaller than that between 35°/145° domains. This suggests the
coexistence of £35° domains as schematically shown in the inset of Fig. 5.4(a). Figure
5.5(b) shows that when an in-plane magnetic field of 4 kOe is applied, the barrier between
+35°/ -35° domains disappears. Thus, Figs. 5.5(a) and 5.5(b) explain the observation that

the in-plane magnetization shows small remanence, but rapidly increases up to an in-
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plane magnetic field of 4 kOe. When a large in-plane magnetic field of 40 kOe is applied,
the magnetization vector approaches 90° as shown in Fig. 5.5(c). Similarly, when a large
out-of-plane magnetic field of 20 kOe is applied, the magnetization vector approaches 0°

as shown in Fig. 5.5(d).
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Figure 5.5: E/M of a single domain of the Mno.4sGaoss layer as a function of ¢, when
(a) no magnetic field is applied, (b) an in-plane magnetic field of 4 kOe is applied, (c)
an in-plane magnetic field of 40 kOe is applied, and (d) an out-of-plane magnetic field

of 20 kOe is applied.
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Figures 5.6(a) and 5.6(b) compare the magnetization hysteresis curves of the
Mno.45Gaoss layer in Fig. 5.4(a), measured by SQUID (circles) and theoretical calculation
results using the single domain model (solid lines), when the magnetic field was applied
in-plane and out-of-plane, respectively. One can see that the theoretical curves reproduce
the experiment results when the magnetic field is higher than 4 kOe (in-plane) or 12 kOe
(out of plane). However, at low magnetic fields, clear deviation from the single domain
model is observed. Particularly, the remanences and the coercive forces are smaller than
those predicted by the single domain model. These indicates that the sample should be in
the multi domain structure at low magnetic fields so that the static magnetic energy can
be reduced, and the magnetization reversal process occurs through domain wall

movement rather than single domain coherent rotation.
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Figure 5.6: Magnetization hysteresis curves of the Mno4sGaoss layer measured by
SQUID (circles) and theoretical calculation results (solid lines) using the single domain
model, when the magnetic field is applied (a) in-plane and (b) out-of-plane,

respectively.
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5.3.3. SOT effect in Bio.gSbo1 - MnossGaoss bilayers under a titling

external magnetic field

The initial rise of the in-plane magnetization at the small in-plane Hex: indicates
reorientation of the magnetic domains toward the in-plane Hex: direction, while the slow
increase at the in-plane Hext > 4 kOe reflects their tilting toward the horizontal direction.
This unique magnetic behaviors of the Mno.45Gao ss layer allow us to directly evaluate Hso.
Figure 5.7(a) shows the Ry of a 100 um x 50 wm Hall bar made from the bilayer in Fig.
5.4(a) under nearly perpendicular Hex: at room temperature. Before the measurements, an
in-plane magnetic field of +8 kOe is applied to induce a small remanent in-plane My
component of the Mno.4sGaoss layer (see Fig. 5.3(a) and the inset in Fig. 5.4(a)), then 6
was reduced to ~ 2° and the magnetic field was swept from +8 kOe to — 8 kOe and vice-
verse. Since the direction of the damping-like spin-orbit field Hso is given by —oxm,
where o is the spin polarization unit vector of the spin current along the y direction and
m is the unit vector of the magnetization direction, there is an out-of-plane component
Hso-z Of the spin-orbit field associating with M.

The existence of such Hso-; component can be seen in Fig. 5.7(a); the remanence
and coercive force of the Ry hysteresis systematically increase with increasing positive J.
This clearly cannot be explained by Joule heating which can only reduce but not enhance
the remanent Ry and coercive force. On the other hand, the Ry hysteresis was reduced
remanence and coercive force at a negative J = -7.7x10° A/lcm?.

In addition to the damping-like spin-orbit field Hso, there is possibly a field-like
spin-orbit field HrL generated by BiSh. However, HrL can be neglected by analyzing the
magnitude of the Ry loops of the Bio.gSbo.1 (10) / Mno.4sGao.ss (3) Hall bar under a slightly
tilting perpendicular magnetic field (6 = 2° toward the x direction). Here, a situation was

considered when Hri was comparable with Hso, 1.€. its strength was ~ 1 kOe at the highest
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J = 13.8x10° A/cm?. Since Hr. is along the y direction, it can generate a non-zero My
component for the Mno 4sGao 55 (3) layer. Therefore, there would be contribution from the
planar Hall resistance Rene in addition to the anomalous Hall resistance Rane to the total
Hall resistance Rn. Unlike Hso, however, the direction of HrL depends only on the
direction of J, but not M. Figures 5.7(c) and 5.7(d) show the direction of My, My, and M;
at a perpendicular Hext = 8 KG and -8 kG, respectively. In Fig. 5.7(c), Mx> 0, My >0, and
M: > 0, thus

R, (B kOe) =R, Sin2¢+R, ¢ (5.12)
where ¢=tan}(My/My). In Fig. 5.7(d), Mx < 0, My > 0, and M, < 0, thus

R, (-8 kOe) =R, SIN[2(7 — )] - Rpye = —Rope SIN20— Ry e (5.13)

That means the magnitude of the Ru loop is given by R,z sin2¢+ R,z , and would

be enhanced by the amount of R,.Sin2¢. As a result, one would expect that the
magnitude of the Ry loops would systematically increase with increasing J. However, as
seen in Fig. 5.7(a), the magnitude of the Ry loops does not change when J is increased
from 0.2x10° A/cm? to 13.8x10° A/lcm?. This indicates that He. is negligible, and that R

has only contribution from Rane.
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Figure 5.7: (a) Rn of a 100 um x 50 um Hall bar of the bilayer under a slightly tilting
perpendicular magnetic field (6= 2°), measured with various current density J = -7.7
— 13.8x10° A/cm? at 300 K. Inset shows the perpendicular spin-orbit field Hso acting
on the magnetization vector M at Hext = -Hc (coercive force) in the macrospin picture.
(b) Coercive force Hc and its change AHc as functions of the current density Jgiss in the
Bi0.9Sbo.1(10)/Mno 4sGaoss5(3) bilayer. (c), (d) Direction of Mx, My, and M, under a
slightly tilting perpendicular magnetic field Hex (6 = 2° toward the x direction),
assuming a non-zero field-like spin-orbit field HrL at Hex = 8 kOe and Hexi = -8 kOe,

respectively.
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5.3.4. SOT effect in Bio.sSbo.1 - Mno.4sGaoss bilayers under an in-plane

external magnetic field

To further confirm the effect of Hso-z, Rn was measured under an in-plane Hext
(6=90°). Figures 5.8(a) and 5.8(b) show the Ru-Hex (6=90°) hysteresis at J = 13.8x10°
Alcm?and J = -13.8x10° x10° A/cm?, respectively. One can see that Ry rapidly increases
up to Hext ~ 4 kOe, and then gradually decreases at Hext > 4 kOe. This behavior is
consistent with the in-plane magnetization curve shown in Fig. 5.4(a); at Hext = 0~4 kOe,
the magnetic domains are rapidly reoriented toward the x-directions, so that Hso-; and Rn
reach their maximum value at 4 kOe. At Hext > 4 kOe, the whole MnGa layer becomes a
single domain, while the magnetization begins tilting toward the x direction and Rn
decreases.

Furthermore, Hso-z and Rx switch its directions when direction of My or J is changed.
As shown in Fig. 5.8(c), the Hs direction can be switched between 4 different
configurations by changing the direction of My (by sweeping the in-plane external field
from positive to negative and vice-verse), or by changing the direction of the spin-
polarization of the spin Hall current (changing the charge current direction from positive
to negative). These results definitely demonstrate that the symmetry of Hs, follows that
of Mxg, consistent with the symmetry of SOT.

Note that the polarity switching of Ry when direction of My or J is changed was
observed not only in the low field range of |Hext| <4 kOe (multi-domain state), but also in
the high field range of |Hex{ > 4 kOe (single domain state). This eliminates the possibility
of artifacts due to the topological Hall effect [12, 13, 14] or the tunneling planar Hall
effect [15], since those effects require inhomogeneous magnetization to occur in our

device, either in the form of spatially varying magnetic domains or skyrmions.
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Figure 5.8: (a), (b) Ru as a function of an in-plane Hext (0= 90°) at J = +13.8x10°
Alcm? and -13.8x10°% Alcm?, respectively. (c) Symmetry of Hy, ~ M x o confirmed

by switching the in-plane magnetic field direction or the current direction.
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5.3.5. Spin Hall angle evaluation

Next, the spin Hall angle was evaluated from data in Fig. 5.7(a). For the sake of
simplicity, a macrospin model with coherent magnetization rotation was first assumed.
At Hext = -Hc(J) (the coercive force at a given J), the net perpendicular magnetization
component is zero, so there is only the in-plane magnetization component. The situation
at Hexx = -Hc(J) is shown in the inset of Fig. 5.7(a). At this point, Hso points to the z
direction and counters Hext. Thus, the macrospin model predicts that the shift of the
coercive AHc is equal to Hso. In reality, however, the Mno4sGaoss layer is in a multi-
domain state at low magnetic fields, and magnetization reversal occurs through domain
wall movement rather than coherent magnetization rotation. Nevertheless, full
micromagnetic simulations have shown that the relation Hs, = AH¢ gives a good
estimation for Hso with less than 5% of uncertainty in a Pt/BaM ferrite bi-layer [16].
Furthermore, the macroscopic model has been used to remarkably reproduce the
experimental switching phase diagram due to SOT effect in Pt/Co bilayers [17]. This
confirms the validity of this relation even though it is derived from a simple macrospin
coherent rotation model.

Hso can also be estimated from the Ru-Hex data in Figs. 5.8(a)-2(b) in the high in-
plane field range (|Hext| > 4 kOe), when the Mno.4sGaoss layer becomes a single domain
and the macrospin model is applicable. The obtained average value of |Hso| = 2.9 — 3.4
kOe for J = +13.8 x10° A/cm? are within 10% of uncertainty from that obtained by
assuming Hso = AHc = 3.1 kOe for J =13.8 x10° A/cm? in Fig. 5.7(a) (see appendix A).
Thus, in the following, the relation Hso = AH¢ was used to estimate the spin Hall angle.
Figure 5.7(b) plots AH. obtained in Fig. 5.7(a) as a function of Jgis». The slope Hso/Jgish
= 2.3 kOe/(MA/cm?) was obtained at room temperature. This value is much larger than

those of heavy metals and Tls reported before, such as Ta ~ 6.8 Oe/(MA/cm?) in Fe (1.1)
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/| Ta (7.2), Pt ~ 2.9 Oe/(MA/cm?) in Fe (0.5) / Pt (2.3) [18], and BixSeix ~100
Oe/(MA/cm?) in CoFeB (5) / BixSe1x (4) [3]. The room-temperature spin Hall angle 6, ,

calculated by

2e H
95H = ? M MnGatMnGa ‘]i (514)

BiSh

where M,, c,and t,,c, are the magnetization and thickness of Mno.4sGao.ss, respectively,
Jaisp 1S the current density flowing in BiSb layer. The estimated spin Hall angle is 52,

which is the highest value reported so far. Our data also show that &y of BiSb has the

same sign as those of (BiosShos)2Tes [19], Bi2Ses [2] and Pt [17].
5.4. Magnetization switching by ultra-low current density

In order to demonstrate magnetization switching by ultra-low current density using
the large spin Hal effect of BiSh, a 100 um x 50 um Hall bar of a Bio.sSbo1 (5) /
MnosGaoss (3) bilayer was prepared. Figure 3(a) and 3(b) demonstrate the SOT
switching of the MnGa layer when applying 100 ms pulse currents to the Hall bar and an
in-plane Hext = + 3.5 kOe and -3.5 kOe, respectively. One can see that clear switching at
an average critical current density of J = 1.5x10% A/cm? (Jgisp = 1.1x108 A/cm?). Here,
the critical current density is defined at which the Hall resistance changes sign. Note that
the switching of Ry between +1 Q corresponds to full magnetization switching.
Furthermore, the switching direction is reversed when the in-plane Hex: direction is
reversed, consistent with the behavior of SOT switching. The observed critical current
density is much smaller than those of Ta (5) / MnGa (3) (J = 1.1x10% A/cm?) [20], IrMn
(4) / MnGa (3) (J = 1.5x10% A/cm?) [21] and Pt (2) / MnGa (2.5) (J = 5.0x10” A/lcm?)

[22].
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Figure 5.9: (a), (b) Rx of a 100 um x 50 um Hall bar of the Bio.aSbo.1 (5) / Mng.4sGaoss
(3) bilayer under 100 ms pulse currents and an in-plane Hex: of +3.5 kOe and -3.5 kOe,

respectively.

Table 5.1: Room-temperature spin Hall angle 6&sn, conductivity o, and spin Hall

conductivity osu of several heavy metals and Tls.

o OSH
GSH h
(Q-lm-l) (_Q-lm-l)
2e
B-Ta[1] 0.15 5.3x10° 0.8x10°
B-W [23] 0.4 4.7x10° 1.9x10°
Pt [17] 0.08 4.2x106 3.4x10°
BizSes [2] 2-3.5 5.7x10* 1.1-2.0x10°
BixSe1x [3] 18.8 7.8x10° 1.47x10°

Bio.oSho. (this work) 52 2.5x10° 1.3x107
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5.5. Comparisons with other spin Hall materials

BiSb has many characteristics that make it the best candidate for the pure spin
current source in SOT-MRAM. Its conductivity is comparable to typical ferromagnetic
and non-magnetic metals used in MRAM, while its spin Hall angle is as large as 52 at
room temperature. It can be grown well on ferromagnetic metals without creating a
magnetic dead layer. Table 5.1 summarizes o, 1, and osH of several heavy metals and
Tls at room temperature. In term of osn, which is considered as the figure of merit for
spin Hall materials, BiSb outperforms other Tls by a factor of 100 and the nearest
competitor (Pt) by a factor of 30. Although there are reports of room-temperature SOT
switching by other Tls in Bi.Se3/CoTb [24], Bi.Ses/NiFe [25], and BixSe1-x/CoFeB [3],
the ferromagnets used in those works have a low coercive force of only a few 10 Oe ~ a
few 100 Oe, which is much smaller than that (a few kOe) in realistic MRAM. Using BiSh,
both very large spin-orbit field of 2.3 kOe/(MA/cm?) and SOT switching at a low critical
current density of 1.5x10% A/cm? have been demonstrated by using the MnGa as
ferromagnetic layer with much higher PMA (40 ~ 50 kOe) and coercive force ( > 1.6
kOe) than those used in previous experiments. These double check the very large spin
Hall effect of BiSh.

The observation of the very large spin Hall effect in BiSb leaves many open
questions about the physics of the spin Hall effect in TlIs. Even though stronger spin-orbit

interaction and larger spin Hall effect are expected for BiSb than BisSez or (Bi,Sb)sTe>
thanks to its very small band gap, the observation of osn = 1.3x10’ Z—f;Q'lm‘1 is unexpected.

Because of the very small band gap, the electric current flows in both the surface and the
bulk of BiSb, thus contribution of both surface and bulk spin Hall effect should be

considered. However, first-principle calculation of the bulk intrinsic spin Hall effect of
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BiSb yields a maximum value of 9.8x10* %Q‘lm‘1 when the Fermi level is in the band

gap, which can account for only 0.74% of the observed value (although very large bulk

intrinsic 6, :%% is possible from the calculation since the bulk o ~ 0 at zero
(o}

temperature) [26]. Furthermore, the bulk extrinsic mechanism such as side-jump or skew-
scattering is unlikely the main mechanism given the high carrier mobility and low
scattering rate in BiSb alloys. Therefore, this suggests that the topological surface states
of BiSb(012) are mainly responsible for the observed very large spin Hall effect in BiSb.
It was theoretically predicted [27] and later experimentally confirmed by ARPES
measurement [28] that the BiSb(012) surface has three Dirac cones at theT", X, and M
point, while there is only one Dirac cone at the T point on the BiSb(001), Bi,Se3(001),
and Bi>Se3(012) surface. This unique “valley degree of freedom” of the BiSb(012) surface
may be related to the origin of the observed SHE. Detailed observation of the BiSb(012)
surface states by spin-resolved ARPES is needed for unlocking the secret of the very large

spin Hall effect in BiSb(012).

(@ (oo1) (b) (oo01)
r(T)=-8(T)8()=-1

n()=8(Z)d(I")=-1 (M=-50X)8(L)=
(IN)=8Z)d(I') M, 7(M)=8(F )3(L)=1 n(M)=-8(X)d(L)=1
M, (M)=-8(X)8(X)=-1
M, =(M)=3(F)(F)=1

Z, 8(2)=1

(012)
Our work

Figure 5.10: (a), (b) Topological prediction for the surface electronic structure of

Bi>Ses and Bi1xShyx (0.09 < x < 0.22), respectively. Reproduced with permission [28].
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5.6. Summary

In this chapter, the huge spin Hall angle in BiSb thin films with &n ~ 52, and spin
Hall conductivity osn ~ 1.3x107 %Q‘lm'l at room temperature was observed. BiSh not

only has large o ~ 2.5x10° Q'm™ but also can generate a very large spin-orbit field of
2.3 kOe/(MA/cm?) in Bio.eSho1/ MnGa bi-layers. These results underline the potential of
BiSb as good spin Hall material in SOT-MRAM. As over ten years have passed from the
proposals [29, 30] and the realization of Tls [31], BiSb emerges as a promising candidate

for SOT-MRAM based on Tls.
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Chapter 6

Topological Hall Effect and Skyrmions iIn

BiSb - MnGa Bilayers

Besides SOT-MRAM, racetrack memory is a very promising candidate for high-
density and low-cost magnetic memory. One of innovative types of race track memory
utilizes the topological magnetic objects knows as skyrmions. Thanks to their small size
(~5-80 nm [1, 2]) and low driving current density (~10> A/cm? [3]), skyrmions can enable
manipulation of information with ultra-low power consumption.

Dzyaloshinskii-Moriya-Interaction (DMI) is the key ingredient to stabilize chiral
domains wall of skyrmions, which can give to rise a fictitious magnetic field and can be
detected by the topological Hall effect (THE) [4]. Recently, skyrmion-driven THE was
observed in B20 compounds [5 - 8] and SrRuOz-SrlrOs bilayers [9]. Since then, the THE
has become an important tool for probing skyrmions. However, although skyrmions
generated by bulk DMI have been found in different B20 compounds, they exist only at
low temperature. Interfacial DMI in multilayers such as Pt/CoFeB, Pt/Co/Ni/Co and
Pt/Co can generate skyrmions even at room temperature [10-14]. Unfortunately, these
skyrmions are still meta-stable at zero magnetic field. For realistic application of
skyrmions to racetrack memory, stable skyrmions at room temperature under absence of
an external magnetic field are required.

This chapter will study the topological Hall effect (THE) in BiSb topological
insulator / MnGa bilayers. The interfacial DMI is modulated by controlling the annealing

temperature of the MnGa template. The THE observed at room temperature even under
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absence of an external magnetic field is the strong evidence for the existence of
thermodynamically stable skyrmions in MnGa/BiShb bilayers. These results shed light on
the role of the interfacial DMI tailored by suitable material choice and growth technique

for generation of skyrmions at room temperature.
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6.1. Sample preparation

The BiSb/MnGa bilayers were grown by MBE on semi-insulating GaAs(001)
substrate with orientation of BiSb(012) // MnGa(001) // GaAs(001). In order to modulate
the interfacial DMI, an additional annealing step was added into the growth process as
shown in Fig. 6.1. The whole growth process was described as follows. After a thick
GaAs buffer layer was grown at 550°C, the substrate was cooled down to 50°C to grown
alternative monolayers of Mn-Ga-Mn-Ga. Then, the template of MnGa bilayer was
formed by annealing for in 1 min at two different annealing temperatures: ta, = 350°C
(sample A), and tan = 400°C (sample B). The samples were cooled down again to grow a
thick MnGa with a total thickness of 5 nm at 250°C. Finally, a 10-nm BiSb thin film was
grown under the substrate temperature of 200°C. The growth of the BiSb/MnGa bilayers
was monitored in situ by RHEED, and the thickness of BiSb(10)/MnGa(5) (the numbers
in parentheses present layer’s thickness in nanometers) thin films were controlled by their
fluxes and the growing time. To further understand the role of interface between BiSb
and MnGa thin film, samples of MnGa(5) thin film without BiSb layer and

BiSb(10)/MnGa(5) bilayer without annealing step were also prepared.

t=50°C 1 1, =300°C | t, =250°C
I —

Mn-Ga-Mn-Ga , L = 400°C

1
|
|
1
Y ey |
. GaAs (o'o": GaAs (omo ' GaAs (001
\ / )

‘GaAs (001)

Figure 6.1: Schematic illustration of the growth process. An additional annealing step

of the MnGa template layer was employed to tailor the DMI strength.
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6.2. Topological Hall effect (THE)
The Hall resistivity can be expressed as

Pu =RoH + e + 05 (6.1)
where the first, second and third terms are the ordinary Hall effect, the anomalous Hall
effect (AHE) and the THE, respectively. o1 of the BiSb/MnGa bilayers was measured by
using 50x50 um? Hall bars fabricated by convention ultraviolet photolithography and Ar
ion milling. Since the THE coexists with the ordinary Hall effect and the AHE, it is
necessary to estimate the AHE by measuring the magnetic circular dichroism (MCD)
intensity-magnetic field (MCD-H) characteristics. The sample’s magnetization was also
measured by a superconducting quantum interface device (SQUID).

Figure 6.2(a-b) show the Hall resistivity (blue line), the AHE (red line) estimated
by MCD, and the THE (green line) of the MnGa/ BiSb bilayers annealed at 350°C (Fig.
6.2a) and 400°C (Fig. 6.2b) at room temperature. In the Hall resistivity curve, two humps
which can be attributed to the THE were clearly observed. While the sample A shows two
humps between 0 and 3.5 kOe, the sample B shows two humps between -3 kOe and 3
kOe. This characteristic can be further confirmed in the THE curves. While the peak in
the THE curve of the sample A appears at around 1.5 kOe, that of the sample B appears
at zero external magnetic field. The existence of the THE in sample B under zero external
magnetic field was observed at different temperatures. The magnetic phase diagram of
sample B as a function of the external magnetic field (H) and temperature (T) is shown in
Fig. 6.2(c). The full Hall resistivity data at each temperature are shown in Fig. 6.3(a-i).
The THE amplitude of sample B decreases with decreasing temperature and disappeared

at about 125 K as showed in Fig. 6.3(g).
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Figure 6.2: (a-b) Room-temperature topological Hall effect (THE) (green lines)
extracted from the total Hall effect resistivity (blue lines) and the anomalous Hall effect
(AHE) resistivity derived from magnetic circular dichroism intensity-magnetic field
measurement (red lines) of MnGa(5 nm)/BiSb(10 nm) bilayers with different MnGa
template annealing temperature fan of 350°C (sample A) and 400°C (sample B),
respectively. (c) Magnetic phase diagram of sample B as a function of the external
magnetic field (H) and temperature (T). (d) The topological Hall resistivity or of

sample B as a function of temperature.
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Figure 6.3: (a-i) The Hall resistivity (blue line) and magnetic circular dichroism

intensity-magnetic field measurement (red line) of sample B at different temperatures.
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Figure 6.4(a) sketches the zero-field magnetic potential in sample A and B. The
topological magnetic states can be described by the skyrmion number (S). In the sample
A, the energetically lower state is ferromagnet (S = 0), and the higher state is skyrmion
(S=1). As the results, for the skyrmions to be observed, the skyrmion state potential must
be changed from the higher state to the lower state by applying an external magnetic field
(H). The meta-stable skyrmion state under zero magnetic field can also be realized by
heating or applying a bi-polar pulse magnetic field, or by “blowing” through a wire [15]
at room temperature [16]. However, such meta-stable skyrmions are easily erased by
applying a large magnetic field. In contrast, the situation in the sample B is quite different.
The energetically lower state is skyrmion (S = 1), while the higher state is ferromagnet (S
= 0). As the results, the skyrmions can be stable at zero external magnetic field (H =0
kOe) at room temperature. The stable skyrmions cannot be erased by just applying a large
magnetic field; as long as the field is reduced to zero, the skyrmions emerge again.

To prove that the observed THE is due to skyrmions generated by the interfacial
DMI of BiSb and MnGa, | measured the Hall resistivity of a reference MnGa(5) single
layer annealed at 400°C and a BiSb(10)/MnGa(5) bilayer (sample C) without the
annealing step, which are shown in Fig. 6.4(b) and Fig. 6.4(c), respectively. No THE is
detected in both samples, confirming that the THE observed in Fig. 6.2(a-b) is due to the
interfacial DMI between BiSb and MnGa thin film, not by the bulk DMI in the MnGa
thin film, and that strength of their interfacial DMI depends on the annealing condition.
Moreover, the critical DMI constant for skyrmion generation D¢ can be modulated by
changing the thickness of MnGa thin film. The Hall resistivity of a BiSb(10)/MnGa(10)
bilayer annealed at 400°C (sample D) is shown in Fig. 6.4(d) and compared with its MCD-

H characteristics (as shown Fig. 6.5(a-i)). Only AHE was observed, and there is no THE
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detected because of the larger D as discussed later. All of these observation are consistent

with the existence of skyrmions generated by the interfacial DMI.
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Figure 6.4: (a) Sketch of the zero-field potential for (1) sample A and (2) sample B.
(b-d) Hall resistivity of a MnGa(5) single layer annealed at 400°C, a BiSb(10)/MnGa(5)
bilayer without the annealing step (sample C) and a BiSb(10)/MnGa(10) bilayer

annealed at 400°C (sample D).
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Figure 6.5: The Hall resistivity (blue line) and magnetic circular dichroism intensity-
magnetic field measurement (red line) of the BiSb(10)/MnGa(10) bilayer (sample D)

annealed at 400°C under different temperatures. No THE was observed.
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The domain wall energy with DMI is expressed as
Oow =4 JAK, —7D (6.2)
where D is the effective DMI constant, A is the exchange constant, and Ky is anisotropy
constant. When o, comes to zero, skyrmions can emerge. The critical DMI energy

constant can be estimated as
D, =4JAK / z (6.3)
The exchange constant A is calculated from [17]

A=@T,xM)/(209x 1) (6.4)
where Tc, Ms, g and s is Curie temperature, saturation magnetization, Landé factor and
Bohr magneton constant, respectively. Figures 6.7(a-h) show both the out-of-plane and
in-plane magnetization of the reference MnGa(5) single layer annealed at 400°C (Fig.
6.6(a-b)), the BiSb(10)/MnGa(5-10) bilayers annealed at 400°C (sample B and sample D)
(Fig. 6.6(c-d) and Fig. 6.6(g-h), respectively) and the MnGa(10)/BiSh(10) bilayer without
the annealing step (sample C) (Fig. 6.6(e-f)). For annealed samples, the exchange constant
A and anisotropy constant K, are estimated to be about 5.4 pJ/m and 1.2x10° J/m?,
respectively, and the critical DMI constant D is 1 mJ/m?.

Table 6.1 summarizes the THE, the exchange constant A, the anisotropy constant
Ky, and the critical DMI energy constant D for the reference MnGa(5) and the sample B-
D. By comparing sample B with sample C, one can see that the critical DMI energy
constant was reduced over 2 times by the annealing step. For the sample D with thicker
MnGa(10) thin film grown at the same condition, D¢ ~ 7.0 mJ/m? which is nearly 7 times
higher than that of sample B due to much larger Ms, and THE cannot be detected.

In multilayers, a critical interfacial DMI parameter Ds can be expressed as [13]
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D, =D, xtyca (6.5)
The interfacial DMI constant is estimated Ds = 5.1 pJ/m for the sample B. For the
sample C, Ds = 12.1 pJ/m (D¢ = 2.43 mJ/m?) which is two times larger than that of sample
B. The vanishing of THE in sample C demonstrates the role of the annealing step on

control of the critical DMI strength.

The domain wall width A =+A/K of sample B is estimated to be 5.4 nm and its

fictitious magnetic field is estimated from
Her = o1 [ (PxR)) (6.6)

where P denotes the spin polarization of MnGa (P = 42%), and Ro is the normal Hall
coefficient (Ro = 0.6x107° pQcm/Oe). Hence, Hess ~ 5.7 kOe is estimated.

Table 6.2 compares D¢, and the critical interfacial DMI constant Ds of the sample
B with previous works. A much larger Ds of 5.1 pJ/m was achieved in sample B. These
results confirm that BiSb topological insulator is a promising candidate with large spin-

orbit-torque [*®] and huge interfacial DMI for generation and manipulation of skyrmion.
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Figure 6.6: (a), (b) The out-of-plane and in-plane magnetization of a reference
MnGa(5) single layer annealed at 400°C. (c), (d) for sample B BiSh(10)/ MnGa(5)
bilayers annealed at 400°C. (e), (f) for sample C BiSh(10)/ MnGa(5) bilayers without

annealing step. (g), (h) for sample D BiSb(10)/MnGa(10) bilayers annealed at 400°C.



118 | Page Chapter 6

Table 6.1: The THE effect, the exchange constant A, the anisotropy constant K, and
the critical DMI energy constant D¢ in the 400°C annealed reference MnGa(5) sample

and sample B-D.

Sample Stack Annealed THE (03/m) (105lzulm3) (m\l])/(;n2)
Ref. MnGa(5) o) X 10.89 1.29 -
B BiSb(10)/MnGa(5) 0 o) 5.40 1.19 1.02
C BiSh(10)/MnGa(5) X X 11.72 3.11 2.43
D  BiSb(10)/MnGa(10) o) X 19.60  15.20 6.95

Table 6.2: Comparison of D¢ and the critical interfacial DMI constant Ds observed

in this work and other bilayers reported sofar.

D¢ (MmJ/m?) Ds (pJd/m)

Co/Pt 1.30-2.05 1.37-2.17
CoFeB/Pt 1.0 0.8

MnGa/Pt or Ta 0.65-1.08 2.60-4.32
MnGa/BiSbh Loo -

(this work)
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For the sample A, the critical DMI energy constant D¢ of 1.08 mJ/m? is only slightly
larger than that of sample B, and this cannot explain the difference in their potential
landscape (Fig. 6.4 (a)). Here, | think that the surface roughness of the MnGa layer at
different annealing temperatures plays an important role. Indeed, as shown in Fig. 6.7(a-
c), the RHEED patterns are improved with annealing. To evaluate the surface roughness
of MnGa, AFM was employed, and the measurement results are shown in Fig. 6.7(d-f).
One can see that the root mean square value of the surface roughness Rq of MnGa was

improved by annealing at higher temperatures.

As grown t,, = 350°C t,n = 400°C
(a) (b) ©)

'

RHEED
patterns

10 nm

0 nm

100 nm

Figure 6.7: (a-c) RHEED patterns observed along the GaAs[ 1 10] direction of MnGa
thin films for as grown and with annealing at 350°C and 400°C, respectively. (d-f)
Surface of MnGa thin films measured by atomic force microscopy (AFM). The root
mean square value of the surface roughness Rq of each film is 1.7 nm, 1.4 nm and 1.2

nm, respectively.
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6.3. Condition of DMI constant D and anisotropy constant Ky

for generation of skyrmions

The existence of skyrmions is influenced not only by the DMI constant D but also
by the anisotropy constant K as reported in previous work. Indeed, the typical value of
Ky of MnGa thin film is estimated from 1.0x10° J/m® to 2.0x108 J/m?[19, 20], but our
samples only show THE for K, = 1.2x10° J/m?3. Therefore, in order to further understand
the condition of K, and D for generation of skyrmions, the finite difference time domain
micromagnetic simulation by MuMax3 was employed [21]. The simulation follows steps
proposed by M. Mruczkiewicz et al [22]. Bloch skyrmion is assumed in the initial state,

and the final state is evaluated after relaxation to the ground state under zero magnetic

field. The topological number is calculated as S =i”m- 8_mxa_m dxdy [23]. The S
4 ox oy

value of uniform state, vortex state and skyrmion state are 0, 0.5, 1, respectively (see
appendix B). The simulation parameters are the disk radius R = 64 nm, thicknesst =5
nm, saturation magnetization Ms = 108.6 emu/cc, exchange constant A = 5.4 pJ/m,
damping factor & = 0.008, DMI constant D = 1.0 - 2.2 mJ/m? and magnetic anisotropy
constant Ky = 1.0x10° - 5.0x10° J/m® which are similar to that of the 400°C annealed
samples. The results of simulation are showed in Fig. 6.9. The white squares present
unconverged simulation, and the white line presents the Dc position where the THE was
observed. One can see that the maximum Ky for generation of skyrmions is around
3.2x10° J/m3. For K, above this value, the disk changes to uniform state (S = 0). These
results is consistent with my experiment results (Ky = 1.2x10° J/m? for sample B) and
interestingly, consistent with K. K. Meng et al [24] who show the largest value of Ky for
observing THE in MnGa/heavy metal bilayers is approximately 3.0x10° J/m3. Thus, my

experimental results are consistent with the micromagnetic simulation results.



121 | Page Chapter 6

S
1.0
—
0.8
e 15 0.6
=
E 0.4
1.0 gKJ '
0.2
Uniform
0.5 0.0

1 2

3 4 5
K, (10° J/m®)

Figure 6.8: The skyrmion number S as a function of magnetic anisotropy constant Ky

and DMI constant D. The white squares indicate unconverged simulator.

6.4. Summary

In this chapter, by combining the strong spin-orbit-interaction of BiSb and the small
magnetization of MnGa, a large interfacial Dzyaloshinskii-Moriya-Interaction (DMI) (Ds
= 5.1 pJ/m) was tailored by controlling the annealing temperature tan of the MnGa
template. Moreover, THE can be observed at room temperature even under absence of an
external magnetic field, demonstrating field-free ground-state skyrmions. A large critical
interfacial DMI constant of 5.1 pJ/m was obtained. These results confirm that BiSh
topological insulator can generate not only colossal spin-orbit-torque, but also huge

interfacial DMI for generation and manipulation of skyrmions.
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Chapter 7

Unidirectional Magnetoresistance in

GaMnA:s - BiSb Bilayers

Besides the SHE and the THE, UMR is another attractive spin-related phenomenon,
which can be used for determination of the magnetization direction of a single magnetic
layer, making it possible to design novel SOT-MRAM with an extremely simple stacking
structure and small foot print. Unfortunately, while UMR has been studied extensively in
recent years as an attractive candidate for two-terminal magnetic memories and spin logic
devices, improving its magnitude, which is still far below the practical value, and
adequate understanding of the underlying microscopic origins are still required.

This chapter will study the UMR effect in a heterostructure of BiSb topological
insulator — GaMnAs ferromagnetic semiconductor. | observed a large UMR ratio of 1.1%
and found that this large UMR is not governed by the giant magnetoresistance (GMR)-
like spin-dependent scattering, but by magnon emission/absorption and strong spin-
disorder scattering in the GaMnAs layer. These results provide new insight into the
complex physics of UMR, as well as a strategy for enhancing its magnitude for device

applications.
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7.1. Background

Figure 7.1(a) shows the schematic structure of a two-terminal planar MRAM device
consisting of only a ferromagnetic layer and a spin Hall layer. For data writing, a bipolar
pulse current is applied in plane for magnetization switching by the spin-orbit torque
induced by SHE in the spin Hall layer. For data reading, a small bias current can be
applied, and a sensing amplifier is used to determine the magnetization direction of the
ferromagnetic layer by mean of the UMR effect. Such planar two-terminal memory
devices are much simpler than the vertical magnetic tunnel junctions (MTJs) used in
conventional MRAM, which involves over ten layers including a synthetic
antiferromagnetic superlattice and a CoFeB layer for the reference layer, a MgO tunnel
barrier, a CoFeB/Ta/CoFeB tri-layer for the free layer, a second MgO layer, and other
supporting layers. Furthermore, there is a great degree of freedom in material choice for
UMR-MRAM, since there is no restriction to the CoFeB/MgO/CoFeB combination as in
the case of MTJs.

However, for the UMR effect to be used in such memory devices, its magnitude has
to be at least a few % (earliest anisotropy magnetoresistance (AMR)-based MRAMs [1]
have a typical AMR ratio of 2% for the Co permalloy as the magnetic layer). Previous
studies of UMR in metallic bilayers, such as Ta or Pt/Co [2, °] reports UMR ratios of
about 0.005%, which are too small for practical applications. Recent interests have moved
to topological insulator (T1)-based heterostructures, such as Crx(Bi,Sh).xTes/(Bi,Sb)2Tes
[4] (Bi,Sb).Tes/CoFeB and Bi,Ses/CoFeB [5]. Because of the large spin Hall angle in Tls
[6,7,8,9, 10], spin accumulation at the interface of those heterostructures can be
enhanced, resulting in larger UMR ratios.

The physical origins of UMR are explained as combination of spin-dependent

scattering (SS) and magnon scattering (MS) mechanisms at the interface or in the bulk of
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the ferromagnetic layer [11, 12]. Figure 7.1(b) illustrates the SS mechanism in a TI/FM
heterostructure. The SHE or REE in the TI layer generates a pure spin current that is
injected to the FM layer, resulting in spin accumulation near the surface. The transmission
and reflection of spin at the interface depend on direction of the spin polarization o and
magnetization M, generating a GMR-like UMR signal. Furthermore, since the spin
accumulation penetrates to bulk of the FM layer, the bulk spin-dependent scattering
(denoted as bulk SS mechanism) of the FM layer also gives rise to a bulk UMR [13]. Note
that this bulk UMR can have opposite polarity to the interfacial GMR-like UMR,
depending on the mobility of majority/minority-spin electrons. Meanwhile, the MS
mechanism involves magnon absorption or stimulated magnon emission in the FM layer
when an accumulated spin flips its orientation (Fig. 7.1(c)). The change of the magnon
temperature as the result of the MS process leads to the change of longitudinal resistance
via the spin-disorder scattering of free carriers in the FM layer. All of these different
mechanisms have recently been observed experimentally [11], but their magnitude varies
with the material combination, and it is not clear how to optimize them to obtain a large
enough UMR ratio for device applications. Recently, a large UMR ratio of 0.5% in
Cry(Bi,Sh)2xTes/(Bi,Sb)Tes heterostructures was observed and explained as the
manifestation of the enhanced asymmetric magnon scattering in the ferromagnetic TI
Crx(Bi,Sh).xTes layer [4]. However, such asymmetric magnon scattering is limited to
ferromagnetic TIs, whose Curie temperature is much lower than room temperature.
Meanwhile, the GMR-like SS is the main mechanism in the (Bi,Sh),Tes/CoFeB and
Bi>Ses/CoFeB heterostructures [5], but the their UMR ratio is much smaller. Thus, a clear
strategy for reaching over 1% of UMR ratio and a comprehensive understanding of the
underlying microscopic mechanism of UMR in Tl-based heterostructures are strongly

required for device applications.
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In this chapter, the UMR effect and their underling physical mechanisms will be
investigated in GaMnAs ferromagnetic semiconductor / BiSb topological insulator
heterostructures. Here, GaMnAs is a prototype ferromagnetic semiconductor with strong
spin-disorder scattering [14], and BiSb is a topological insulator with a giant spin Hall
effect [9, 10]. By varying the conductivity of the BiSb layer, | can change the current
distribution flowing in the GaMnAs layer and the BiSb layer, and selectively study the
mechanism of UMR in each case. The experiment results confirm that the MS mechanism
is dominant in the GaMnAs layer with a maximum UMR of 1.1%, breaking the 1% barrier
for the first time. The bulk SS mechanism in the GaMnAs layer is also observed with the
corresponding maximum UMR of —0.009%. In addition, | found that other factors, such
as the anomalous Nernst effect (ANE) of the GaMnAs layer and the ordinary Nernst effect
(ONE) of the BiShb layer, can dominate the UMR-like signals, when the pure spin current
injection from the BiSb to the GaMnAs layer is suppressed by the conductivity mismatch.
These results provide a strategy to maximize the UMR ratio for practical device

applications.
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Figure 7.1: (a) Two-terminal planar MRAM device with an extremely simple stacking

structure, consisting of only a ferromagnetic layer and a spin Hall layer. Spin-orbit
torque and unidirectional magnetoresistance are utilized for data writing and reading,
respectively. (b-c) Schematic illustration of the spin-dependent scattering (SS) and
magnon scattering (MS) mechanism of UMR, respectively. (d) Optical image of a
Gao.91Mno.oAs (10 nm) / BiogSho: (10 nm) Hall bar and magnetoresistance

measurement configuration.
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7.2. Preparation of GaMnAs - BiSb bilayers

The 10 nm-thick Gaog1MnogeAs (bottom) / 10 nm-thick Bio.gsShois (top)
heterostructures were grown on insulating GaAs(001) substrates by MBE. After removal
of the surface oxide layer of GaAs substrate, a 20 nm-thick GaAs buffer was grown to
obtain an atomically smooth surface at 580°C. Then, a 10 nm-thick Gao.g1Mno.09As layer
was grown on the GaAs substrate at 300°C at the rate of 9 nm/min. The BiSb growth rate
is 3.5 nm/min for both two samples. Finally, these samples were cooled down to the room
temperature for deposition of an As thin cap layer. The growth process was monitored in
situ by reflection high electron diffraction.

The samples were patterned into 100 um x 25 um Hall bars by optical lithography
and Ar ion milling. A 60 nm-thick Au and a 6 nm-thick Cr adhesion layer were deposited
as electrodes by electron beam evaporation, which reduce the effective length of the Hall
bars to 50 um. Figure 7.1(d) shows a photograph of a Hall bar with contact electrodes and

the measurement configuration. UMR hysteresis curves were measured by sweeping an
in-plane magnetic field H along the GaAs[110] direction (the y direction) under various
current density J. To extract the UMR hysteresis and eliminate the large even-function
component of the conventional magnetoresistance Rx(H) of GaMnAs, the odd-function
component ARyx and UMR ratio were measured as follows

ARxx = Ryy(J) - Ryy(-J) (7.1)

UMR ratio = AR /Ry«(0) (7.2)
where AR and Rxx(0) are the extremum of ARx(H>0) and the Hall bar resistance at
zero magnetic field, respectively. In addition, to evaluate the contribution of the ANE and

the ONE in the UMR signal, ARx and the odd-function component ARxy of the planar
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Hall resistance Ryy were measured under a rotating in-plane magnetic field. Here, ARyy is
expressed as

ARxy = Ryy(J) - Rxy(-J) (7.3)

In order to change the current distribution in the heterostructures, | fabricated two
samples whose top BiSb layer has different crystal quality and electrical conductivity
while the Gao.91MnoosAs layer is kept the same. The first sample (denoted as sample A)

has a poly-crystalline BiSb layer with low electrical conductivity (o~ 1.5X10* Q*m™),

which is similar to that of GaMnAs [15]. Thus, roughly half of the bias current flows in
each layer of the sample A. Meanwhile, the second sample (denoted as sample B) has a
(001)-oriented BiSb layer [16] with much higher conductivity (o~ 2 10° Q*m™) [17],
so that most of the bias current flows in the BiSb layer, while less than 10% of the bias
current flows in the GaMnAs. In order to change the BiSb thin film’s crystal quality, the
BiSb layer was grown at different substrate temperature: 200°C for the sample A and
150°C for the sample B. This allows us to study the mechanism of UMR in each case
independently. Figure 7.2(a) and 7.2(b) show a cross-sectional transmission electron
microscope image of sample A and B, respectively, which confirm the contrasting crystal
quality of the BiSb layer between two samples. Figure 7.2(c) shows the temperature
dependence of the resistance R of the Hall bar of sample A. The resistance — temperature
characteristics of the sample A represents that of GaMnAs, with dR/dT singularity at the
Curie temperature (Tc ~ 85 K) [18]. Below Tc, R rapidly decreases as the result of
suppressed spin-disorder scattering in GaMnAs. Note the large difference between the
maximum and the minimum value of R is as large as 26%. The resistance change of
sample A is strongly governed the resistance change of the GaMnAs rather than by the
BiSb layer. In contrast, the resistance — temperature characteristics of the Hall bar of

sample B, shown in Fig. 7.2(d), represents that of BiSb, showing a plateau at low
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temperatures due to the dominant metallic conduction on the topological surface states of
BiSb [17]. The clear difference between the R-T curves of the two samples is consistent

with the different distribution of the bias current in the two samples.

Sample A Sample B
(a) 10 nm (b) 10 nm

R, (kQ)

6'5 n 1 n 1 " 1 n 1 n 1 A ] ’ " 1 " 1 i 1 " 1 L 1 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300

T(K) T(K)

Figure 7.2: (a-b) Cross-sectional transmission electron microscope image of sample A
and B, respectively. The top BiSb layer is polycrystalline with the electrical
conductivity of about 1.5 10* Q*m™ in sample A, while it is (001)-oriented with the
electrical conductivity of about 2 X 10° Q'min sample B. (a-b) Temperature

dependence of the resistance R of a Hall bar of sample A and B, respectively.
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7.3. UMR of sample A and its origin

Figure 7.3(a-h) show the UMR hysteresis curves ARy — Hex: for the sample A at
the base temperature Tpase Of 4 K and the current density J = 0.2 < 10° A/cm? — 1.6 X 10°

Alcm?. The UMR is negative and has small magnitude (maximum -0.009%) at small J <
6x10° A/cm?. However, at higher J > 8x10° A/cm?, the UMR becomes positive and
increases drastically, reaching 0.55% at J = 1.6x10° A/cm?. Such a switching of UMR
polarity as a function of current density has not been observed before, indicating that there
are several competing mechanisms of UMR. Considering that the spin Hall angle of BiSb
has the same sign as that of Pt [9, 10], the negative UMR observed at small J means that
the longitudinal resistance is larger when the spin polarization o is parallel to M, and
smaller when o is antiparallel to M. This cannot be explained by the interfacial GMR-
like SS and the MS mechanism, which should give an ordinary (positive) UMR effect.
The only plausible mechanism of this phenomenon is the bulk SS mechanism, which can
give rise to an inverse UMR when the mobility of the minority electrons is higher than
that of majority electrons [13]. Such an inverse UMR effect was recently observed in
CogoCr20 / Pt bi-layers, where the CogoCr2o is known to have higher mobility for minority
electrons and the MS mechanism was suppressed by applying a strong external magmatic
field [11]. In this case, the bulk SS mechanism in GaMnAs is dominant at low J and low
Thase, When the MS mechanism is neglectable. At elevating J, the sample temperature
increases due to Joule heating, and the MS mechanism began to take over, resulting in
ordinary UMR.

To further see the competing action between the bulk SS mechanism and the MS
mechanism, the UMR hysteresis at a higher Tpase 0f 30 K was measured as shown in Fig.

7.4(a-h). One can see that the inverse UMR exists only at J = 2x10° A/cm?, and switches
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to the ordinary UMR at J > 6x10° A/cm?, agreeing with the stronger MS mechanism at
higher temperature. Importantly, the UMR ratio reaches 1.1% at J = 1.6 X10° A/cm?,

breaking the 1% barrier for the first time. We concluded that the dominant mechanism in
GaMnAs is MS with the corresponding UMR ratio at the order of 1%, while the bulk SS

mechanism also exists but results in a much smaller UMR ratio at the order of -10%.
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Figure 7.3: (a-h) UMR hysteresis curves ARy — Hext for sample A at the base
temperature Tpase OF 4 K and the current density J = 0.2 X 10° A/lcm? — 1.6 X 105 A/cm?,
The magnetic field was applied along the y direction. The inverse (negative) UMR at
low J is governed by the bulk SS mechanism, while the ordinary (positive) UMR at

high J is due to the MS mechanism.
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Figure 7.4: (a-h) The inverse UMR exists only at J = 2x10° A/cm?, and switches to the
ordinary UMR at J > 6x10° A/cm? due to stronger MS mechanism at higher
temperature. The UMR ratio reaches 1.1% at J = 1.6X10° A/cm?, breaking the 1%

barrier for the first time.
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Figure 7.5(a) summarizes the UMR ratio as a function of J at various Tpase. One can
see that the UMR ratio rapidly increases with both J and Thase. Let the contribution of the
bulk SS mechanism, the interfacial GMR-like SS mechanism, and the MS mechanism to
the UMR ratio, to the UMR ratio as aJ (a < 0), bJ (b >0), and cJ+dJ3(c,d > 0), respectively.
The total UMR ratio can be fitted by od + 3%, where o= a + b + ¢ represents the linear
contribution from the bulk SS minus that of the interfacial GMR-like SS and the MS
mechanism, while g = d represents the non-linear contribution of the MS mechanism at
high J. The fitting shows reasonably good agreement with the experimental results, except

for those at Trase = 50 K and J > 1.4 X 10® A/cm?, where Joule heating makes the sample

temperature close to the Curie temperature. Figure 7.5(b) shows the values of «,f at
various Thase. « IS negative and nearly unchanged for a wide range of temperature,
indicating that the linear component of UMR is dominated by the bulk SS mechanism.
Meanwhile, g gradually increases up to 50 K. Since UMR due to the MS mechanism
depends on magnon absorption/emission, its magnitude is proportional to (dR/dT)ATm,
where ATm ~ J® at high J is the magnon temperature difference between two
magnetization directions. Thus, Zis proportional to dR/dT. This observed S-T dependence
is consistent with the increasing dR/dT at elevated temperature near the Curie temperature
of GaMnAs (Fig. 7.2(c)), reconfirming that the observed large UMR ratio at high J
originates from the MS mechanism. The fact that UMR due to the MS mechanism
increases with increasing temperature is quite attractive for device applications, because
other well-known magnetoresistance effects, such as GMR [19, 20] or tunneling
magnetoresistance (TMR) [21, 22] always decreases with increasing temperature. To
further see the MS mechanism in action, Fig. 7.5(c) shows the UMR ratio at the very
small J of 2x10° A/cm? as a function of Thase. At Thase < 30 K, the UMR ratio is still

negative since the bulk SS mechanism is dominant at this small current density and low
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temperatures. However, the UMR ratio becomes positive at Trase > 40 K, where the non-

linear component of the MS mechanism become strong enough.
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Figure 7.5: (a) UMR ratio as a function of J at various Thase. Dashed lines show the
fitting curves by o + B3°. (b) Values of « (blue) and £ (red) at various Thase. « is
negative and nearly unchanged for a wide range of temperature, indicating that the
linear component of UMR is dominated by the bulk SS mechanism. Meanwhile, S
gradually increases up to 50 K, consistent with the MS mechanism. (¢) UMR ratio at
the very small J of 2x10° A/cm? as a function of Trase in Fig. 5c, reflecting the

competition between the bulk SS and MS mechanism.
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There is another mechanism that can results in UMR-like behavior of ARx: the
anomalous Nernst effect (ANE) of the GaMnAs layer with Vane «« MxVT, where VT is
the temperature gradient in the GaMnAs layer. The corresponding thermal voltage is Vxx
o« MyVT,. However, the artifact ARxx due to this thermal effect should be proportional to
J (since VT, o« J?), thus it cannot be the origin of the observed J® dependence of UMR at
high J. Nevertheless, contribution from the thermal effect was quantitatively evaluated
by measuring ARxx and ARyy with an in-plane rotating magnetic field. Figure 7.6(a) and
7.6(b) show the magnetic field direction #-dependence of ARxx, measured at Tpase = 4 K,

J = 1.6X10° A/cm?, and Hex: = 2 kOe and 7.8 kOe, respectively. The amplitude of the

ARxx -0 curve (~ 20 Q) at Hext = 7.6 kOe is smaller than that (~ 40 Q) at Hext = 2 kOe due
to suppression of magnon population under a higher magnetic field, as expected from the
dominant MS mechanism. Figure 7.6(c-e) show the representative &-dependence of ARyy,
measured at Hext = 2 kOe, 4 kOe, and 7.8 kOe, respectively. The experimental ARyy-6
curves can be decomposed to the field-like torque’s contribution (green curves), which is
written as

RrL = Rpnex(HrL/Hext)x(5iN36 - siné) (7.4)
where Rphe is the planar Hall resistance and He is the field-like effective field, and the
antidamping-like torque and thermal effects’ contribution (blue curves), which is
expressed as

Rap + Rvt = (Cap/(Hext + Hdem) + Can + ConxHext)Sin@ (7.5)
where cap, can and con are the coefficient of antidamping-like torque, the ANE of the
GaMnA:s layer, the ONE of the BiSb layer, respectively, and Hgem is the demagnetization

field. By fitting to the experimental ARyy-6 curves, Rap + Ryt can be extracted. Figure
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7.6(f) shows its amplitude as a function of Hext, which yields can = 0.46 Q and con = 0.02
Q-kOe, respectively. Thus, ANE is the main thermal effect, and its contribution to ARx
i50.92 Q atJ = 1.6 X10°% Alcm?, estimated from the Hall bar’s size. The UMR ratio due
to the ANE effect in sample A is about 0.02% at Thase = 4 K and J = 1.6X10° Alcm?,

which is much smaller than the observed UMR ratio of 0.56%, and even smaller than the
estimated -0.056% from the bulk-SS mechanism. Therefore, while there are thermal

effects contribution to UMR, its magnitude is neglectable in sample A.
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Figure 7.6: (a-b) Magnetic field direction & —dependence of AR, measured at Thase =
4 K, J=16x10%° Alcm? and Hex = 2 kOe and 7.6 kOe. respectively. (c-€)
6 —dependence of ARyy under Hext = 2.0, 4.0, and 7.6 kOe, respectively. Blue circles:
experimental data, green lines: contribution from the field-like torque Rr., blue lines:
contribution from the antidamping-like torque and thermal effects Rap + Rvr, red lines:

cumulative fit curves. (f) Rap + Rvr amplitude as a function of Hex. Red line shows the

fitting curve by cap/(Hext + Hap) + Can + ConxHext.
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7.4. UMR of sample B and its origin

In contrast to sample A where the conductivity of the BiSb and the GaMnAs layer
is nearly the same, the conductivity of the BiSb is much higher than that of the GaMnAs
layer in sample B. Such a situation is suitable to study the role of the conductivity
matching in the UMR effect. Figure 7.7(a-h) show the UMR hysteresis curves ARyx — Hext

of sample B at Thase = 4 K and J = 0.2 X10% A/cm? — 1.6 X108 A/cm? for sample B. In

this sample, most of the bias current flows in the BiSb layer, thus the bulk SS and MS
mechanism in the GaMnAs are not detected. In contrast to sample A, the UMR ratio of

sample B increases slowly, reaching a maximum UMR ratio of 0.020% at J = 1.6 X 10°

Alcm?, which is an order of magnitude smaller than that of sample A measured at the
same condition. In addition, contribution of the ONE can be observed through a linear
dependence with a positive gradient of UMR on the external magnetic field Hex: at high

J.
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Figure 7.7: (a-h) UMR hysteresis curves ARxx — Hext Of sample B at Thase = 4 K and J

=0.2X 108 A/cm? — 1.6 X 108 A/cm? for sample B.
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Figure 7.8(a) summarizes the UMR ratio of sample B as a function of J at various
Thase. The UMR ratio increases linearly with J at all temperatures, and its maximum value
at J = 1.6 X 10% A/cm? is nearly temperature-independent. At the first look, this behavior
seems consistent with interfacial GMR-like SS mechanism. However, | found that this
UMR-like signal in the sample B is completely governed by the thermal effects. Figure

7.8(b) shows the & - dependence of ARy, for sample B at J = 1< 10° A/cm? with Hex =

1.0 and 7.6 kOe. One can see that ARyy is dominated by the (Rap + RvT)sind component
that increases with increasing of Hex, while the field-like torque RrL component is absent.
Figure 7.8(c) shows the extracted Rap + Rvr amplitude as a function of Hex at J = 1< 10°
and 2 10° A/cm?, which show that the antidampling-like torque Rap=cap/(Hext + Hab)
component is also absent, and the thermal component Rvt = can + ConxHext is dominant.
At J = 2X10° Alcm?, can = 0.075 Q and con = 0.016 Q-kOe? were obtained. The
corresponding contribution of ANE and ONE to AR« are 0.15 Q and 0.032 Q-kOe™ at J
= 2 X 10° A/lcm?. Thus, the thermal effects perfectly describe the UMR hysteresis in Fig.
7.7(a), which means there is no UMR related to the GMR-like SS mechanism. This is
consistent with the absence of the pure spin current injection from BiSb to the GaMnAs
layer, as evidenced by the zero field-like torque and antidamping-like torque effects in
the ARyy—@ curves. The absence of pure spin current injection in sample B, despite better
quality of the top BiSb layer, is the consequence of the well-known “conductivity
mismatch” problem [23], which is known to prevent spin injection in bilayers with
significantly different conductivity, such as metallic ferromagnet/semiconductor

heterostructures. In the sample B, the conductivity of BiSb is much larger than that of

GaMnAs, thus the spin injection efficiency is close to zero.
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Figure 7.8: () UMR ratio of sample B as a function of J at various Thase. (D)

6 —dependence of ARyy, measured at Tpase = 4 K, J = 2X10° A/cm?, and Hext = 1 kOe

(blue) and 7.6 kOe (red), respectively. Solid lines show the fitting curves by (Rap +

Rv7). (¢) Rap + Rvramplitude as a function of Hextat J = 1 X 10% A/cm? (blue) and 2 X

10° Alcm?(red).
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7.5. Discussion

These results demonstrate that it is possible to obtain a UMR ratio larger than 1%
in GaMnAs / poly crystalline BiSb heterostructures, which is larger than those in metallic
bilayers and TI / metallic ferromagnet systems by several orders of magnitude. In
particular, these results show that utilizing magnon scattering in ferromagnetic materials
with strong spin disorder scattering and conductivity matching are the key factors to
obtain a large UMR ratio for UMR-MRAM applications. Besides the required strong spin
disorder scattering, the ferromagnetic material should have high enough resistivity to
reduce the effect of parasitic resistance of electrical interconnection. Ferromagnetic
semiconductors, like the GaMnAs material used in this work, are promising. Although
the highest Curie temperature of GaMnAs thin film reported so far (~ 200 K) [24] is still
lower than room temperature, several Fe-doped narrow-gap ferromagnetic
semiconductors with room-temperature ferromagnetism, such as GaFeSb [25] or InFeSb
[26, 27], have been realized recently.

On the other hand, topological insulators, such as Bi.Ses [6], (BiSh).Tes [7],
sputtered BixSe1x [8], or poly-crystalline BiSb (this work), are promising as the spin Hall
layer, since they have large spin Hall angle and comparable electrical conductivity with
ferromagnetic semiconductors. In contrast to GMR or TMR effects for which material
combinations have been exhaustedly explored, those for UMR are largely unexplored and
open for development. Further material engineering may improve the UMR ratio to over
10%, which is essential for UMR-MRAM with extremely simple structure and fast
writing/reading. My demonstration of an UMR ratio over 1% is an important step toward

this goal.
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7.6. Summary

This chapter presented the UMR effect in Gao.91Mno.0eAs (10 nm)/Bio.gsSho.1s (10
nm) bilayers and clarified its origin. The large UMR ratio comes from the MS mechanism,
while the SS mechanism plays a very small role. Moreover, the UMR ratios are several
orders of magnitude larger than that in metallic bilayers and other TIs/FM systems. These
results provide helpful insight into spin transport in strong spin-orbit-couple systems and
can open the door to realistic applications such as two-terminal magnetic storage and

spintronic devices based on UMR.
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Chapter 8
Conclusions and Future Perspectives

8.1. Conclusions

In this study, various spin-related phenomena in BiSh-ferromagnet bilayers were
investigated for spintronic applications based on Tls. Here, the key results are highlighted
as follows.

In chapter 1, the thesis background was introduced. The primary concepts of spin
spintronics and its applications were reviewed. Spin-orbitronics was introduced as a novel
concept that aims to utilize the spin-orbit interaction (SOI) in spintronic devices and has
expanded spintronic materials to much broader spectra where spin devices utilize not only
magnetic materials but also nonmagnetic materials with strong SOI. Toward exploring
new materials with strong SOI, Tls and BiSb in particular appear as promising candidates.
The motivation and outline of this thesis were introduced.

In chapter 2, fundamental physics of SOI was introduced. SOl-related effects, such
as the Rashba-Edelstein effect, the SHE, THE, etc. were reviewed as new ideas that can
help improve or even completely change spintronic device technologies. These ideas
inspire my researches of spin-related phenomena in BiSb-ferromagnet bilayers as the
main topic in the rest parts of thesis.

In chapter 3, the fabrication process of BiSb/FM bilayer thin films and
characterization techniques were described in details. The thin film fabrication based on
MBE and real-time monitoring by RHEED played the main role in fabrication process.
For sample characterizations, different types of measurement, such as XRD measurement,
magnetotransport measurement, magneto-optical measurement, magnetization

measurement and AFM measurement were briefly introduced.
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In chapter 4, growth of MnGa thin layer with high PMA on BiSb thin film despite
their differences in the crystal symmetry and lattice constant were achieved. The high
PMA in BiSb/MnGa bilayers was confirmed by MCD, AHE and SQUID measurements.

In chapter 5, the large spin Hall effect in BiSb thin film was investigated in various
BiSb/MnGa bilayers. A huge spin-orbit field of 2.3 kOe/(MA/cm?) was observed at room
temperature. This value is much larger than those of heavy metals and other Tls by at
least an order of magnitude. The estimated #sy of 52 is the largest value as reported so
far. Comparing with other spin Hall material, BiSb shows the big advantage of large &sh

and high electrical conductivity. In term of spin Hall conductivity o, = (%/2e)6,, xo

which considered as the figure merit for spin Hall materials, BiSb outperforms the nearest
competitor (Pt) and other Tls by at least an order of magnitude. Finally, the ultra-low
current density of 1.5 MA/cm? for SOT magnetization switching was demonstrated in
BiSb/MnGa bilayers, even though the MnGa ferromagnet used in this work has higher
PMA energy by an order of magnitude than those used in previous room-temperature
SOT magnetization switching experiments.

In chapter 7, the THE in BiSb topological insulator / MnGa bilayers with an
additional annealing step was observed and provided a firm evidence for the existence of
skyrmions. By combining the strong spin-orbit-interaction of BiSb and the small
magnetization of MnGa, a large critical interfacial Dzyaloshinskii-Moriya-Interaction
(DMI) constant (Ds = 5.1 pJ/m) was achieved by controlling the annealing temperature of
the MnGa template. Moreover, field-free ground-state skyrmions were observed for the
first time at room temperature even under absence of an external magnetic field which is
also consistent with micromagnetic simulations. These results confirm that BiSb
topological insulator can generate not only large spin-orbit-torque, but also huge

interfacial DMI for generation and manipulation of skyrmions.
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In chapter 8, the large UMR in Gao.91Mno.09AS/Bio.9Sho.1 bi-layers was reported. The
observed UMR ratio is many orders of magnitude larger than those observed in metallic
bi-layers and other Tls/CoFeB heterostructures. In addition, | found that the large UMR
ratio comes from the MS mechanism, while the SD mechanism plays a very small role.
These results provide helpful insight into spin transport in strong spin-orbit-couple
systems and can open the door to realistic applications, such as two-terminal magnetic

storage and spintronic devices based on UMR.
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8.2. Future Perspectives

SOT-MRAM is the main application of BiSb studied in this thesis. Thanks to the
high conductivity [1] and huge spin Hall angle [2], BiSb is the most promising pure spin
current source for SOT-MRAM. From my results, the performance of BiSb-based SOT-
MRAM in nano size of 37 nm was estimated and compared with commercial STT-
MRAM at the same size (as shown in Fig. 8.1). The writing current can be reduced by at
least an order of magnitude, while the writing speed in SOT-MRAM is 20 times faster
than in STT-MRAM. The writing energy, therefore, can be reduced by at least two orders
of magnitude. Moreover, the low writing current will help scale down the size of driving
transistors which help increase the bit density of SOT-MRAM. This bench making
demonstrates that BiSb-based SOT-MRAM outperforms STT-MRAM and can be very

competitive with conventional volatile memory technologies.

100 BiSb-based SOT-MRAM 3
o P STT-MRAM 3
(@]
£ 10 m -
o :
g E
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o ]
o 0.1 .
E E

0.01 .

Writting  Writting  Writting Bit
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Figure 8.1: Benchmarking of SOT-MRAM based on BiSb as a spin source. The
estimations are referenced with the performance of STT-MRAM with the same size (~

37 nm).

Process integration of BiSb into a realistic MTJ stack remains the challenging

problem for the realization of BiSh-based SOT-MRAM. In particular, because the
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BiSb(012) surface is critical to obtain the very large spin Hall effect at room temperature,
controlling of the surface orientation is a very important issue. However, the potential
applications of BiSb(012) to realistic MRAM is very optimistic, because BiSb seems to
grow with the BiSb(012) orientation on underlying ferromagnetic layers with a cubic
crystal structure, and fortunately, most of the metallic layers used in MRAM has a cubic
crystal structure, just like the MnGa layer in this work.

Furthermore, it is necessary to investigate whether the performance of BiSb(012)
surface does not degrade when fabricated by the industry-friendly sputtering method,
rather than by the MBE method as in this work. This can be quite challenging since there
are big differences between the lab and industrial conditions. While thin film fabrication
process in my studies was done by MBE to ensure the high quality of BiSb and
ferromagnetic layers, conventional physical vapor deposition, such as sputtering will be
employed for the industrial mass production, and its final step requires annealing of SOT-
MRAM devices in 1 hour at 400°C, which is higher than BiSb’s melting temperature and
can may modify its intrinsic transport properties. Therefore, the spin Hall angle #s1 and
electrical conductivity ¢ of BiSb layer can be changed and directly affect the writing
energy of SOT-MRAM devices [3]. Fortunately, recent studies from our group show that
BiSb survives such condition by using a capping layer. Second, the spin Hall angle of Tl
seems not to degrade when deposited using the sputtering method. Recently, &n of a
sputtered 4 nm-thick BixSe1x layer was found to be about 18.8 [4], which is larger than
6 = 2~3 of the MBE-grown Bi»Sez layer [5]. On the other hand, while MnGa thin film
was used as the magnetic layer in my researches, industrial applications employ other
materials, such as CoFeB or Co-based multilayers. Therefore, it is important to study the

SHE effect in BiSbh/CoFeB or BiSh/Co-based multilayers.
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Race track memory based on skyrmions is another application of BiSbh. Confirming
the existence of skyrmions by the THE and demonstration of field-free ground state
skyrmions are promising for skyrmion-driven racetrack memory [6, 7]. Future study will
be direct observation of skyrmions and SOT-driven skyrmion motion.

Two terminal SOT-MRAM without a reference layer is another application of BiSh.
The novel UMR-based MRAM is very promising since they require only two layers [8]
and two terminals for both reading and writing. This unique advantage cannot be seen in
conventional SOT-MRAM and other kinds of MRAM. Observation of the large UMR
ratio up to 1.1% is a milestone toward realistic UMR-based MRAM. The next step will
be realization of the large UMR ratio (> 1%) at room temperature by the magnon-

scattering mechanism,
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Appendix A
Hso obtained by fitting data in Figs. 5.8(a)-5.8(b)

in the high in-plane field range (H > 4 kOe)

To further confirm the validity of the relationships Hso = AHc used to estimate Hso
from data in Fig. 5.7(a), fitting of the experimental Ry-H data in Figs. 5.8(a)-(b) was
performed in the high in-plane magnetic field range (|H| > 4 kOe). As dicussed before in
chapter section 5.3.1, when an in-plane |H| > 4 kOe is applied, all domains are oriented
toward the magnetic field direction, and the whole sample becomes a single domain
(macrospin). Therefore, it is possible to estimate Hso by fitting the Ry-H data at |H| > 4
kOe to the single domain model. Note that the field-like spin-orbit field is negligible, thus
the magnetization vector is in the x-z plane. Therefore, all torques acting on M are along
the y direction. The torque balance equation for M becomes a simple scalar equation

To+T,+T,=0 (AL)

where Tso = HsoM is the spin-orbit torque, Th = -HMcos¢ is the torque by the in-plane
: dE,. i i . .
external field H//X, Tani = T;m: K,sin2¢—K,sin4¢ is the torque by anisotropy
magnetic fields. Equation Al can be rewritten as
1 . 1 .
HSO+§Husm2¢—ZH4S|n4¢—Hcos¢=0 (A2)

Note that Equation A2 is same as that derived in the pioneering work of L. Liu et

al., Phys. Rev. Lett., 109 (2012) 096602, for the Pt/Co bi-layer, except for the term
- % H,sin4¢ from the bi-axial anisotropy field and the opposite direction of Hso (because

BiSb is deposited on top of MnGa, unlike Liu’s Pt/Co bi-layer where Pt is deposited under

Co.)
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Using Eqg. A2, one can find Hso using a single data point of ¢ (deduce from Ru) and
H, given that Hy and Hs are known. However, we found that the values Hy = 10 kOe, Hs
= 30 kOe obtained for the as-grown BiSb/MnGa bi-layer do not give a unique Hso for
different data points (R, H) of the Hall bar. This may be due to the fact that the
BiSb/MnGa bi-layer underwent additional stress and annealing during the
photolithography and ion-milling process for fabrication of the Hall bar, thus Hy and Ha
of the Hall bar may be different from that of the as-grown bi-layer. Indeed, the coercive
force of the Hall bar at small current densities (1.6 kOe) is smaller than that (4.5 kOe) of
the as-grown bi-layer. Here, Hy and Hs are treated as adjustable parameters and estimate
Hso using the following procedure.

First, Eq. A2 can be rewritten as
1 . 1 .
Heo =3 Husm2¢+z H, sin4¢+ H cos ¢ = const (A2)

At a given current density, Hso is unique and should not change with ¢ or H.
Hso is derived by the following algorithm.
(1) Assume a pair of Hy and Ha.

Calculate Hso from Eqg. S5 using the experiment data in Fig. 2(c) or 2(d) at |H| > 4
kG.

(2) Fitting the calculated |Hso| to a linear a|H| + b function.

(3) Adjust Hs so that a < 0.001 (i.e. nearly independent from H); thus, b gives the
average |Hso|.

(4) Adjust Hy so that the average deviation of Hso for all data points 6 =

(| H,, |-b)? /b becomes less than 5%.

Hu and Hs are adjusted, and the (1)-(5) loop is repeated until a < 0.001 and 6 < 5%.
If these conditions cannot be satisfied, the calculation loop is stoped and the data is

ignored.
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The calculation was performed using data of the forward sweep (H: -8 kOe — + 8
kOe) and backward sweep (H: +8 kOe — -8 kOe) in Fig. 5.8(a) and 5.8(b). There are
three sets of data that satisfied these conditions. Other data are too noisy and do not fit
well. The fitting results are summarized in Table. A1 and shown in Figs. Al.

The obtained average |Hso| are 2.9 — 3.4 kOe for J = £13.8 x10° A/cm?, which are
within 10% of uncertainty from that obtained by assuming Hso = AHc = 3.1 kOe for J

=13.8 x10° A/cm? in Fig. 5.7(a).
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Table Al. Fitting results for data in Figs. 5.8(a) and 5.8(b) to Eq. A3.

Data source a b o Ref.
Fig. 2(c) Backward sweep .
0.0009 | 2.9 kOe | 4.7% | Fig. Al(a)
J =13.8x10° Alcm? H <-4 kOe
Fig. 2(d) Forward sweep

0.0004 | 3.4 kOe | 4.9% | Fig. A1(b)
J =-13.8x10° Alcm? H < -4 kOe

Fig. 2(d) Forward sweep

0.0001 | 3.4 kOe | 4.8% | Fig. A1(c)
J =-13.8x105 Alcm? H > 4 kOe
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Figure Al: Fitting results using Eq. S5 for (a) data in Fig. 5.8(a) with J = 13.8x10°
Alcm?, backward sweep, H < -4 kOe, (b) data in Fig. 5.8(b) with J = -13.8x10° A/cm?,
forward sweep, H < -4 kOe, and (c) data in Fig. 5.8(b) with J = -13.8x10° A/cm?,

forward sweep, H > 4 kOe.
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Appendix B

MuMax3 script for micro magnetic simulation

MuMax3 is an open-source and finite-element micromagnetic simulation software.
MuMax3 is freely distributed under GPLv3 license on http://mumax.github.io.
Representative magnetization configurations in my simulations are shown in Fig. B1.
Results for Ky = 1.2x105 J/m3 and D = 1.0 mJ/m? are presented in Fig. B2. The MuMax3

code is shown as below.

setgridsize(128, 128, 1); I/ set number of domains

setcellsize(1e-9, 1e-9, 5e-9); I/ set domain size
SetGeom(Circle(1.28e-07)); // set a circular geometry

Msat = 108.64e3; /I saturation magnetization

Aex =5.4e-12; Il exchange stiffness

alpha = 0.008; /I Landau-Lifshitz damping constant of MnGa
AnisU = vector(0, 0, 1); /Il uniaxial anisotropy in z direction

Dbulk = 0; // no bulk Dzyaloshinskii-Moriya strength
B_ext = vector(0, 0, 0); /I no external magnetic field

tableadd(Dind);

tableadd(Kul);
tableadd(ext_topologicalcharge);
tableadd(LastErr);

tableadd(PeakErr);
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Dind = 0.5e-3; //set Interfacial Dzyaloshinskii-Moriya strength

for i:=1e5; i<=5e5; i+=0.2e5{
Kul =i;
m = BlochSkyrmion(1, 1);
relax();
save(m);
tablesave();

}

Dind = 0.6e-3;

for i:=1e5; i<=5e5; i+=0.2e5{
Kul =i;
m = BlochSkyrmion(1, 1);
relax();
save(m);

tablesave();

Dind = 2.5e-3;
for i:=1e5; i<=5e5; i+=0.2e5{
Kul =1i;
m = BlochSkyrmion(1, 1);
relax();
save(m);

tablesave();
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Figure B1: Three representative magnetization configurations. (a) uniform state (S =

0), (b) Vortex (S = 0.5), and (c) Néel-like skyrmion (S =1).
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Figure B2: (a) Néel-like skyrmion simulated by MuMax3 at Ky = 1.2x105 J/m3 and D
= 1.0 mJ/m?. (b) M; profile along the x direction for the Néel-like skyrmion in Fig. B2

at y = 64 nm. The size of the skyrmion is about 55 nm.
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