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Chapter 1

Introduction

This chaptergives a brief overview on the conceptof spintronics with its key
t echnol og ylypikal dpistarticonemergdevices and theworking principles
will be explaired with emphasis on recent developmentsspinsorbitronic devices
Next, topological insulat@and BiSb in particulawill be presenteés one of solutian
for ultralow powerspintronc memory devices from thmaterialview point From these

backgrounds, the motivation and thesis outline will be presented.

1.1. Spintronics

Just two decades agddesktop computérwas still a very strange term in
electronic. Nowadays it hadeenbecomevery popularbut nearly replaced by mobile
devices like smartphong or laptos thank to the dazzling speed of technology
development. In order to make these devices rporeerful, shrinking the size with
denser storage capacity ahégh speedoperdion have become the main topic of
electronic industry andacademicresearchex The early progress of computing
technology that leads the Digital Revolution can bé&aced back to thmtroduction of
thetransistorinventedin 1947 by J. Barden, W. Shidey and W Brattain[1]. Because
of its huge impact in development of the semiconductor industry, they receivediibake
Prize in Physicen 1956. Since then, the number of transistors that would be ableto fit
a dense integrated circuit hdsublal every18 monthsandit is known assheMo or e 6 s
law [2, 3]. However, continuous progredgt pushed thelectrical circuits tdhe nane
scale regimenas resultedn huge el ectric energy | eakage.

transportation hasegun to posseriougproblens and simply packing additional features
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into the same area to improperformance ofircuits has become more and more difficult
To further decrease the size of the devices and continuously enhance their performance
while suppressing thenergy leakage problenspintronics comginto play[4].

The spintronic®or spin electronicsan be knowras combination between electric
charge and itgtrinsic form of angular momentuoalled spinin Figure 11, the concept
of spintronia is describeds overlagpetween electronic engineering (electric charge) and
magnetic engineering (spinfp st ead of usi ng t hefthéiekotricst en c ¢
charge, the bit A00 and A1l0 -epin(-jondownbi nary
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, spicgroni
exhibit unique advantagexpected for low power consumption, reolatility and high

s p e epplicationds, 6].

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

Figure 1.1 The oncept of spintronics.

The pioneering workn spintronicscan be considered staifirom understanding
of spinpolarized transporat low temperaturen 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 fuaker

explained as two different spin projectiansthe twacurrent modeproposedoy I. A.
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Campbell andA. Fert [9]. Then,the giant magnetoresistance (GMR) effect from the
electrical transportmeasuremestof Fe/Cr multilayers systerwas discoveredy P.
Grunberg and A. FeftLQ]. In multilayers consisting afivo or more ferromagnetic (FM)
layers separated byynonrmagnetic(NM) layer, the GMR arises fromspindependent
scattering of conduction electr®at the interface of FM/NM multilayers and in the bulk

of FM thatresults inthe difference between low and high resistance, when the FM layer
magnetizatiof s eatian of the two FM layerareparallel and antiparallel to each other
respectively.Shortly after, itwas realized thaGMR can be enhanced by driving the

current perpendicular to tHigm plang as shown in Figl.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)-pantillel state ir

GMR effect.

The GMR effect has not only highlightethe critical role of electron spnn
electricaltransport but also impressively boostedgbasitivity of GMR basednagnetic
field sensos. Thanksto its highper f or mance i n ma,®PnGunbery f i el
and A.Fert werehonored wih a Nobel Prizein Physics in2007, and there hdseena
huge efforto deeply understartie GMR effectn orderto further enhace its magnitude

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

1 2

| FM

Ny— TN, Ny Ny

Figure 1.3 Schematic illustrates of (a) Parallel state (P) and (b)-pantallel state ir

TMR effect.Reproduced with permissiot§).

In 1975, Julliere experimentally discovered the tunnelmggnetoresistance
(TMR) effectin a threelayer structure where an insulator layer is usedepaatingtwo
ferromagnetic layersistead of a NM layer as in the case of GMRis structure is called
magnetic tunnel junction (MTJand the TMReffectis the result of a spin polarized
current tunneling througte insulator layeras shown in Figl.3. The electron sp#in
one electrodean only tunnel to thelectronic stees withsame spin orientation ithe
opposite electrodé®ependhg on the magnetization configuration (parallel state or anti
parallelstate), the MTJ resistancanbe changed as the consequencspaf polarized
tunneling However, lecause of itsmall magnitudeat the timewhen spintronics is
immature TMR effect neesd over 15 year taget attentionand finally matureswith
realization of ggiant TMR ratio over 400% at room temperature in Co/MgQf@dtiple
layersin 2006[15].

Because othe great potential and impact of GMR and TMRer three decades,

huge effors havebeen spent tapply them tanemory applicatios[16-28].
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1.2. Spintronic memory devices

1.2.1. Magnetic readheads for hard diskdrive (HDD)

Since 2006,He TMR effect has playeaimajor role in implementation d@he spin
degree of freedonto spintronic devicesandthe read headf hard disk drive is an
exampe of great succesbigure 1.4 illustrates the MTJ read head irHdD. Theread
headstructure includes pinned layer, whose magnetic direction is caistgd by an
exchange bias field @&ing from the interface with aantiferromagnetidayer. By
choosing a particular metallic interlayer of adequate thickness, the magnetic moment of
thefreelayer is always antiferromagnetically coupieith that of the pined layer. Under
influence of magnetic fields associated with the magnetic danmiine recording medja
the free layer othe MTJ can change its magnetization aldults inthe change ofhe
device resistance duetlee TMR effect.

Since the magnetic domaina$ingle bit in HDD can become very small, at present
the density of surface recording is reaching 1 ThitArichthe area per bit of 225nn?

[29]. On the other hand, because of extremely small magnetic flux leaking fsomalh
domainin high density HDD magnetic read hda with higher sensitivity neet be
developed, when HDD with a surface recording density exceeding 1 Thitkcm
consideredThere 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 flub5]. However, TMR poses the problenith

its too high resistivitywhich increass Johnsa and shot noise as well lgits the data

rate [L5]. RecentlyMgO-based MTJ as shown in Fith4(b) has becomegreat solution

for HDD read head, because it can achieve very high TMR ratio comparing with other
kind of barrier layes, while device resistance can be controlled by optimittiedparrier

thickness
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(a) o - (b) >
> ;\; CoFeB/MgO/CoFeB o Co/MgO/Co
2
£ 300 | MgO Barrier
o
o
= 200
=
£ L
2 AIOX Barri
S 400 x Barrier
=
l_
™ Ru interlayer 0 .

1994 1996 1998 2000 2002 2004 2006
Year

Perpendicular thin film medium

Figure 1.4 (a) MTJ read head in an HDD. The frizrer of MTJ can freely rotatas
magnetization to responde the strayfields associated wittmagnetic domam in the
recording media(b) Reported roortemperature TMR ratios over the past decade fosA

based MTJ and Mgbased MTJReproduced witlpermission 15].

1.2.2. Magnetic random access memory (MRAM) and Spistransfer
torque (STT) T MRAM

Magnetic random access memory (MRAM), a type of memory mathvolatility,
high speed antiigh durabilityis another welknown application othe 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 nonvolatile memories thaheydo not need the pow&r maintain the data bitsigure
1.4(a) visualizes the mechanism of MRAM. Instead of using magnetic detoasiore
the information like HDD, MRAM uses the free layerrexord each data bit with two
states (parallel or arparallel) depending on theelative direction between its
magnetization andhat of thereference layerThe reading process is achieved by
measuring the device resistance. In the first generation of MRAM (toggle MRAM), t
writing processutilizes the Oersted fieldjenerated by a nearby curreHowever this
writing method requirealarge currenthatdoes not scale with the MTJ size, limiting the

bit densityof toggle MRAM
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In 1996, Slonczewski and Berger independently predictedatisgin polarized
current can induce a torque on the magnetizatiaghedfierromagnetic layeof MTJ[20,
21] that can be used for magnetization switchifigis phenomena is named as the spin
transfer torque (STT) kh very promising implications. Three years after theotietical
prediction STT effect has been experimentally demonstrated by Tsoi et al., Myers et al.
and Wegrowe et dbr the first timg 30, 31, 32]. With this discovery, MRAM was pushed
to thenext generation whetbe magnetization dherecording layer aabe manipulated
by a spin polarized current, insteadaofOersted fieldAs 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 spipolarized current andnjected into the fiee layer to switchthe

magnetization of the free layeBTT-MRAM has evolved as thesecond 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) toggtegnetoresistiveandom access memo

(MRAM) and (b) spin transfer torque (STTMRAM.

Although STFMRAM shows the big advantage in higher bit density which can
reach gigabits per chip storage capacity with lowdting power than that of toggle

MRAM, the writing current and writing energy of MRAMSsSIl worse than conventional
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volatile memory like SRAM or DRAMby one order of magnitugas shown in Table 1.1

The large current ithe writing process can lead to the breakdownhef tunnel barrier

oxide. The read disturbance or accident switching of the magnetic states daapaiso

as the result of the r e&mddditon,tighwritingcerretur r e n
requires large driving transistors, which makes it difficultfucther increase the bit

density of MRAM[23].

Table 1.1 Read latency (ns), write latency (ns), write energy (nJ) and device siz® (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(mny) 16.4 80.4 37.4

The reason ahe high writing current iISTT-MRAM is due to the limitation othe
spinpolarizationP of the referencdayer. As illustrated in Figl.5(a), thespin current
generatedby the injected charge currektis given by

s =(Z/2e)PIl, 1.1)
where 7 is the reduced Plank constant, and the elementary charge

The fact thaP ¢ 1 limits the amount of spin currehg generated by a givdia and
makes it difficultto reduce the writing current. For the next generation of magnetic
memorythat cancompeé with commercial DRAM MRAM must operate with shaat

write latency, lover power consumption and highbitdensity.



9|Page Chapter 1

1.2.3. Spin-orbit torque (SOT)-MRAM

Recently, spirorbit torque (SOTMRAM has emerged as an alternative magnetic
memory which can overcome the big disadvantages oflSRAM. In SOT-MRAM, a
spin Hall layer is in contact witthe freemagnetic layerAs illustrated in Figl.5 (b), a
charge current flowing in the spinHall layer can generate a pure spin current
perpendiculato the interface by the spin Hall effect. This pure spin currenegarts a
spin torque(so called spirorbit torque)on thefree layer and switch its magnetizan
(this effect will be explained further in the chapter®e spin current generated by this
way is given by

ls =(Z/2€)(L/t) gl 1.2

whereL is the MTJ sizet the thrkness of the spin sourtaeyer, andgy,, is the spin Hall
angle.

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

STT switching ifgsn > 0.1

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

Fixed layer Fixed layer

Insulator layer Insulator layer

Free layer
L J

Free layer Spin source layer

h
]S:PZIC Is=95HZ£Ic

L
P<1 Bsh;>1

Figure 1.5 Schematic illustrates switching mechanism in writing process of (&)

MRAM and (b) SOTMRAM.

The spindynamicsin STT-MRAM as well as SOIMRAM is describedby the Landau
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Liftshitz-Gilbert equation 33]

LT e e B e () 13
wheremi s free | ayer 0 sHemmsalge suntotheaaigotropyrfieldthe ct or
demagnetizing field anthe external field,a is the damping constar,is the spintorque
coefficient ands is the spin polarization.

In theright hand sidethe first term presents for precessiomofinderHes, the
seconderm stand for the damping torque, the final term is the spin torque. In the case of
STT-MRAM, the spin curreninjectedinto the free layer has the spin polarizationhe t
same direction with the free lages ma g n (& {|nn).Aatheiresutis, dhe beginning
the spin torque is nearly zero, and the write speed is §lo0 ns at acceptable current
densities) In contrastjn the case of SOMRAM, thespin polarization of the purgpin
currentinjectedinto the free layer is perpendicul@rthe magietization.Thus,the spin
torque gets maximum valuandthe writing speed of SO'RAM is at leas®0 time larger
than that of STIMRAM (200500 ps) Inheriting both the low write current and high
speed, SOMRAM cansignificantlydecrease the writingnergy.

Moreover,SOT-MRAM hasseparated reading path awdting path as shown in
Fig. 1.6. The writing current doesot flow throughthe MTJ in the writing process, and
this scheme can drastically enhance KMEJ6 seliability. Moreover, because dhe
reducedcharge current irthe writing process, SOMRAM requires much smaller
driving transistor andanincrease th®it density. With these adntages, SOMRAM
hasbecome very attractive as the promising candidatéhfoithird generation MRAM

with fastwriting, 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 U FM1

NM/Bottom contact
Lrite

Bottom contact

Figure 1.6 Schematic describing the read and write path in (a}8MRRM and (b)

SOT-MRAM. Reproduced with permissioa3].

1.2.4. Racetrack memory

In 2008, Parkinet al. proposeda new design of magnetic memory where
information can b stored in magnetic domaiaf U-shged nanowirg, as shown in Fig.
1.7. This memorys called racetrack memory. The position of magnetic domiains
racetrack memory is controlled by a putserentinjected fromone terminal of the U
shaped nanowire. These magnetic doseaan beread out by a1TJ device, while the
writing process can be achieved by using STT or 80O& similar way t6STT-MRAM
or SOFMRAM, respectively. It write and read latency can be less than a 1s@cond.
Comparing with HDD, racetrack memory shows higher performance gaeater
reliability, since it doesat rely on the mechanical mechanism

Oneunique characteristic of racetrack memory is its 3D structure. A racetrack
memory can use hundreds of millions osblaped nanowires arranged vertically like a
forest inavery snall area sizeg7]. This charactestic allows racetrack memory store
a vast amounts of data, and makes racetrack memory beogeng attractive memory.
Asfortody, i ntensive research studies are bei

operating speed.
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=~
Positive -
current Bits of data Reading
pulse

move right

Information is

stored as a magnetic Bits niove

pattern on the nanowire left
Write Read ki
device device |
A Hﬂ
[T
/ Racetrack
storage
array

Figure 1.7: Schematic of racetrack memory in an array otHaped magneti

nanowiresReproduced with permissio2§).
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1.3. Recent &olution of spintronics. Spin-orbitronics

Figure 1.8 summarizes the major asl@ments in thinfilm magnetism and
spintronics researeisin the last decadefnce can see that spintronics is natnieted
totheGMR or TMRGO s c o n prevpuspiothees loubthisfield dhbedny
steadily evolvingn anew road thanko innovation in spirorbit interaction (SOljelated
phenomenaThese phenomena can change direction of spintromiasnew line called
spinorbitronics. Instead of using the exchange interaction between conduction electron
spin and local spin in magnetic matétia create spin polarizatiorhé spirorbitronics
expoits SOlin paramagnetic matermto generate orevendetect the sphpolarized
current This idea hagxpanded spintronics touch broader spectra where spin device
employ not onlynagnetic materials but also nonmagnetic matewd's strong SOl

The Rashba effectthe spin Hall effect(SHE) or the helical surfacestates in
topological insulators (TIs) ig/pical example®f SOL In 1960,the Rashbaeffect was
discoveredin materials with broken inversion symmetand uncompensated electric
fields at he interface between two different materials. Tealedto new idea of spin
current generatioty Edelstein 34] (thus called Rashb&delstein effecor REE for
shor) and experimetally confirmedin GaMnAs [B5] by observinga field-like torque.
Similarly, anantidampinglike torque in Pt/Co thin film§36] wasreported asn evidence
of a pure spin current generated®{E Comparing withP < 1 as the limitation of STT,
both REEand SHE cageneratspincurrentamore efficientlyand can be directly applied
to SOTFMRAM [ 36]. Because othese advantages, intense efforts from different groups
have been carried out to understand -Bfdted pheomena invarious materials.
Historically, SHE was first observerh 2004by Y. K. Kato in a GaAs semiconductor

layer [37]. Since then, nmerous researches on Sldkd related phenomena have been



l4|Page Chapter 1

published for different kind of materials, such as heavy niietgB6], Ta [38] or W [39)),
anti-ferromagnet (PtMn4Q] or IrMn [41]) and even oxidized material like W(®}J].

SOT generated by REE or SHEN alsglay a central role in domain wall motion
in racetrack memorpy combiningthe magnetic layer with ather material showing
strong SOIThis can enhance the operating speed and further rédgeidgving current
density oftheracetrack memorylherehavebeenmany experiments demonstrating this
plausible structure in different kind bflayers[43, 44, 45].

The chiral domain walls from Dzyaloshinskioriya interaction (DMI) or the
magnetic skyrmiong4fg] is another example of SOI. Because skyrmi@vhoseconcept
will be presergdin more details irthe chapter 2) have small size andadlow driven
current density, they hav®ecome extremely popular recenfity the nextgeneration of

racetrackmemory f7].
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Figure 1.8 Summary of major achievements in the evolution of the thin

magnetism and spintronics research in the last dedadpsoduced with permissic

[48].

1.4. Topological insulator

Recently, topological insulator (TIs) have emerged as erwditeriak possessing

huge SOITIs arequantum materialwith a band gagustlike normalinsulatos but with

topological protected conductingurfaceédge statesBecause theielectronsin the

valence band and conducting baaré under atrong SOJthe conduction bandbottom

may become lower than thealence bandop. This is called invert band structure

Althoughthe inside of Timateriat is similar to normal insulatgrstaesrelated tothe
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invert bar structure aréormedon theedgessurfacegor 2D/3D Tls. These staspermit
the emergence afpair ofelectrical currents floimg with reverse direction and spin. This
is called helicityand can be imaged as tway highway whereeach spin flow in one
direction and back scattering prohbited, asillustrated in Fig.1.9(b) and Fig.1.9(c).
Thehelical spin polarization of topological surface statesh@nsurface Brillouin zonef
3D Tls with the electron spin orthogondb direction oftheir motionis called spin

momentum locking, as shown in Fid.9(d).

(a) 1 : (b)
 Bulk
< i Conduction Band VacuuAm
o : —>
EC'J A { AUp spin < A Wup spin
L "N\ Dirac point down spin¥
{Bulk | 2D Topological Insulator
 Valence Band .
k=0 k
(c) 3D Topological Insulator (d) E

-, Helical spin
‘polarization

2D Dirac cone

L 2 / r >
b

\Surface
ko ¥ o . Brillouin zone

L "

Figure 1.9 (a) Energy dispersion of the spin ndegenerate edge state of a 2D
forming a 1D Dirac congb) Schematic reaspace picture of the 1D helical edge s
of a 2D Tl (c) Schematic readpace picture of the 2D helical surface state of 30

(d) 2D Dirac coneReproduced with permissiga9].

In 2007,the spinpolarizedtopological edge states in ZDs was first observed in

HgTebased quantum wellsy M. Konig [50]. 2D surface states of 3D Tl were then
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observed directly using angle resopleotoemissiospectroscopyARPES). Importantly
3D Tls feature very large SHE.i&ht spin Hall anglén Tls wasobservedn Bi>Se; [5]]
and(BiosShys)2Tes [52]. Their spin Hallangleis at least oa order of magnitude larger
than that otheavy meta, antiferromagnes or oxidized materia. That means TIs can
provide much higher charge-spin conversion efficient than regular spin source
materials due to their strong SHigure 1.10(a) compardke power consumption of
SOT switching by using Tl and heavy metatlsspin source. SOT switalg based on
TIs can reduce the power consumption down to less than Phése results make TI
become a very hot topic fgpintronic @plicatiors.

Unfortunately,in spintronics application, TIs hawe problem relatingto their
insulating nature Because of their large bawgdp and low carrier mobility, the
conductivityC of those TIs is limited to ~ £0Y *m™, which is much lower tharhat of
typical metallic ferromagnets (~ 6>4¥ *m?) used in MRAM. This causes a serious
problemfor Tls as spin Hall materials. As illustrated in Figure 1.10{en attached to
a metallic ferromagnet, most of the charge current is shunted througkcdung layer
and does not contribute to generation of pure spin current in the spin HalBagiaring

new Tl materials wh bothhigh conductivityand large spin Hall angleas been required.

_ o} (a) (b)
= - Recording layer —
28 3
S5 £ 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 det be unity) for SOT
switching using (BiSbJes, Bi.Se;, Pt and TaReproduced with permissids3]. (b)

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

Bi1.xSh (0.07¢ x ¢ 0.22) is a very narrogap Tl [54]. Thanks to its high carrier
mobility (~10* cmVis?), its bulk conductivity is as high a$x10°~6.4x10° qtm?,
compatibleto other metallic materials used in realistic MRA& shown in Figl.11(a)
Recently,| and co-workershave developed epitaxial growth technique for high quality
BiSb thin films using moleculdyream epitaxy (MBE)J5] and obtained 4x10°~6x10°
qmifor BiSb thin films thicker than 80 nm, and =1x10°~4x10° q‘m*
(averags 2.5x10° q 'mt) for BiSb thin films thinner than 25 nm in the Tl regi¢®.07
¢ x ¢ 0.22).

On the othethand BiSb showsstrong SOlwith topologically potected surface
statesas confirmed byARPES[56, 57, 58] andshown in Fig.1.11(b) These surface
states were also confirmdéy magnetetransport measuremerits9, 60]. This promises
the highchargeto-spin conversion efficient-rom these reasons, BiSb emergssthe

very promising candidate for spintronic applications.

~16
E I () L(b) -
5'.?} 12 area = Over 80 nm = 4
= ® 25-60nm —
X . = Under 25 nm <

8 =
b B x
s o ________ o CofeB
g 4 " - ... - ..
—g ¢ ® % ¢ 02 00 02 04 06 08 10 1.2
U 0 ‘ L i

0 50 100

Atomic percent Sb (%)

Figure 1.12 (@ El ectri cal c 0 n dvarotsi ByxBhk sampkes witl]
different $ concentraon and thickness. (b)dh-integratedARPES intensity map o
the surface stat#f Bio.oiShy.ooat Er. Arrows point in theneasured direction of the spi

Reproduced with permissigb5, 56).
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1.5. Motivation

Because ofhe greatinterestof SOlFrelated effectsn BiSb, it is my motivation to
study variouspinrelated phenomena, includitite SHE,the DMI andthe unidirectional
magnetoresistance (UMRN BiSbferromagnet bilayersas shown in Figl. 12 These
researchesvill not only provideuseful information to deeply understand S@lated
effectsin Tls but also open the pathway to improve the efficiencgpoftronic memory
and devices.

Spin Hall effect Dzyaloshinskii-Moriya

interaction

Reference layer
Barrier layer

Recording layer

®
Spin Hall layer

SOT - MRAM

Recording layer

Spin Hall layer
Read & write-|
current path

Two-terminal device

Figure 112 Spinrelated phenomena in BiSbrromagnetbilayers and thei

applications to mainstream spintronic devices

1.6. Thesis outline

My thesis is divided t8 chaptes.
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Chapter lintroducesthe thesis backgrounoh spintronicsin general, spintronic
memory devicesrecent evolution irspinorbitronics and topological insulators with
emphasis omBiSbh in particular Based on these backgrognthe motivationand thesis
outline aredescribed

Chapter Zoresentshe fundamentaphysics behindSOFrelatedphenomenawhich
arethe main topic in this study

Chapter 3 describes in detithe experimental techniqueased for sample
preparatiorand characterization.

Chapter 4 focuss on the growth and characterization MhGa thin films with
perpendicular magnetic anisotropy BiSh

Chapter 5 describes the experiment reqaflttke SHE in BiSEMnGa bilayers.

Chapter 6 focusson field-free grounestate skyrmions in BiSb/MnGa bilayers at
room temperature revealed the tgological Hall effect (THE).

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

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

spintronic applications.

1.7.Summary

As the results ofecent rapiddevelopmergin spintronic memory devicesspirn
orbitronics appears asavel concepthatutilizes the SOI in spintronic memory devices
This makea spintronicsnotbe restrictedo conventional conceptdf GMR, TMR or STT
and expand spintronics tanuch broader spectra where spin deviemploy not only
magnetic materials but also nonmagnetic materiakth Wrge SOl Thus, efficient
generation opure spin current can be easily esled by employing suitde spin source

materials. A a consequence, spintronics reseaschavebeen shifted toward exploring
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the newmateriaé with strongSOI andunderstanding their S@tlatedeffects. Tlsand
BiSb in particular appeaais one of promieg candidate for high efficient pure spin
current sourceToward novel spintronic applicationfyrther understanding@f spin
related phenomena in bilayersRiSk/ ferromagnetienaterial is the main purposetbis

study.
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Chapter 2

Fundamental Physics & Spin-Orbit Interaction

In this chapter, overview of spiorbit interaction will be presented as the key
concept of manynteresting phenomena observed in spintrordcs consequenseof
spin-orbit interaction, the spin Hall effect, tBzyaloshinskiiMoriya interaction and the

unidirectional magnetoresistance will be explained.

2.1. Spin-orbit interaction (SOI)

Spinorbit interaction (SOl)also called as spiarbit effect or spirorbit coupling
is the concept describing the interactiotwsenap a r t intanisieadgsilar momentum
(spin) and itsorbital degree of freedonn the atomic regime, SOI wescribed irthe
picture ofan electron motion around nucleus and its -sethtion. The orbiting ofain
electron around nucleus in the laltory frame can be transferred tioe orbiting of
nucleus arounthe electron in the electron rest frame. As the results, the magnetic field

B appearing in the rest framethie electron can be expressed as

B= 'fpzﬁv (2.1)

wheremg is the permeability of free spacgandv are the charge and velocity of nucleus,
respectively ana is the radius of nucleus motion. In the Lorentz transformation, the
equation (2.1) is reformed af [

B—l E3v
2c%1- VP &

whereE is electric field,c is light velocity in free space.

(2.2)

Becausethe electron has a spimagnetic momentn it can interact with the

magnetic fieldrisingin the electron rest frame, and its enelgyer is written as
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Erer = 7B (2.3)
This typeof interaction is named as Sw. the quantum mechanical description tioe
orbital angular momentuni) and spin angular momentur®) (©f the electron, SOI can
bedescribed by théollowing Pauli spirorbit coupling term 2]

He,=/LS, (2.4)
wherel is the SOC energyE and ;F; are the dimensionless operators of orbital angular
momentum and spin angular momenturthefelectron, respectively. As the consequence

of SOI, the orbital degree of freedom can couple widelectronspin

(a) Laboratory frame (b) Electron rest frame

Figure 2.1 Schematic illustrations of (a) an electron orbiting around nuclettsei
nucleus rest frame and (thle nucleus orbiting arounthe electron inthe electron rest
frame. The electron in the rest frametloé electron feels the magnetic field B due
cyclic motion ofthe nucleus, while its spin is locked. This givase to thespin-orbit

interaction.

2.2. Spin-orbit torque (SOT)

2.2.1. Spin current
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Figure 2.2 illustratesne ofthebasic concetof 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)(Ri2(a)). However, there are situations that one
spin poplation is larger than the othefhe Figure 2.2(b) illustratethis kind of
circumstance that the density of spip electrosis higher than the density of spitown
electrors. In this case, the chge current imsccompanied by a spincurrenta | | e-d A s pi
pol ar i z e @hewretspirrcarrert will be the current spirnrup minus the current
of spindown.

More interestingly, Figure 2(2) shows a special case of spin current tthaspin-
up current flows to the right, whikke spinrdown current flows to the left. Thstuation
makes the charge currenthich is the total current of spimp and spirdown in opposite
direction, zero. In contrast, thaet spin current isthe sum of spi-up and spirdown
current. This is calledipure spin curremt[3] and poses new idsabout creating spin

currentwithout a charge current.

(a) Charge current (b) Spin-polarized current (c) Pure spin current
+ +
} '
*l 1

|
v

JC¢O JC=J¢+J¢¢0 JC=J¢-J¢=0
Js=0 Js=dr-d,#0 Js=dy+d,#0

Wil
1144

- - = -

Figure 2.2 Schematic illustrationsf (a) charge current, (b) sppolarizedcurrent and

(c) pure spircurrent.

So far, spin injetion is a particular example spinpolarizedcurrent generated by
passing a charge current througferromagnetic layerand can be directly applied to

STT-MRAM. However, spin injections limited bythe maximumspin polariationP =
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1 of the ferromagnetic layeRecentlythe RashbaEdelstein effect othespin Hall effect
emerge as new ways to generate pure spin current impioved chargeto-spin
conversiorefficiency.

2.2.2. The RashbaEdelstein effect

Undera broken inversion symmetry at the interfaceN/FM as shown in Fig.
2.3(a), an uncompensated electric fieldappears along the axis, anda conducting
electron travelling with velocity will experience an effective magnetic fieBlin the

directionE3 v.
B=g(v3B/ ¢ (2.5)
whereg=1/+1 * /c®is the Lorentz factor. This field will couple to the electron spin,

and its interaction can be expressedHhsfollowing Hamiltonian

Hp :%(E 3n)s (2.6)
where ay, is the Rashba paramete,Eand £are the momentum operator and electron
spin operator, respectively. This type of interaction is named as the Ref$intid4]
originating from an iterfacial SOI b, 6, 7]. Under thissituation, an irplanecurrent will

be spinpolarized with the sphpolarization perpendicular to the current direction. This

is called Rashb&delstein effec(REE) (Fig. 2.4).
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(a) Rashba-Edelstein effect (b) Spin Hall effect
[ AEEESE | AR TN
Et = L —— HM ,":::::'—’ I o
Y, Je ../ R e
Zx oy

Figure 2.3 Schematic illustrations of (dhie RashbaEdelstein effect and (lihe $in

Hall effect. Reproduced with permissid].[

Figure 2.4showsthe spin redistribution undefa) the Rashba effect and (b) the
RashbaEdelstein effect with aelectric currentTheRashbaEdelsteireffectgives a non
equilibrium kdependent spin polarization as the results of the electric field and scattering
that leads to redistribution of carrsem the Fermi surface. The-plane spin plarization

is perpendicular tthe direction othecharge current].

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

k, k,

—

Figure 2.4 Schematic illustrates the microscopic picturéa)fthe Rashba effect ar

(b) theRashbaEdelstein effect. Rgoduced with permissio®]
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2.2.3. The spin Hall effect (SHE)

While the RashbaEdelstein 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) withtwo main mechiaisms: extrinsic mechanism (skew and gigmap
scattering) and intrinsic mechanisiefry phase othe band structure)lp, 11, 12].
Figure 2.3(b) illustrates the spin current generated frerspin Hall effect of NM. The
directionof the spin polarizationis perpendiculato the direction othecharge current.

The extrinsiccontribution of SHE is frommpurity SOI that leadgo many spin
dependent scattering eventdis SOI arises frorthe interaction between electrons with
the electrostatipotential of the scatteid(r) similar tothe interaction between electrons
with the Coulomb potential of nucleus in the atomic SOI. Thereforeinti@isaction can
be expressed ke Hamiltonian

Hoe =k ¥(1)] 5 (2.7)
where# is the modified SOl parameter. The extrinsic contribution casldssifiedinto
skewscattering or sidgump scatteringHowever, although the sigemp is classified as
an extrinsic contribution, when addregs materias with strong SOI, the sidgump
scattering is separated into two dependentrsabhanisms: 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 SHEan also come from thBerry phase effect of the band
structure iptrinsic contribution. This effect is first confirmed by observing polarized spin
of GaAs though Kerr microscopy in 20Q2[ 13]. SHE fromthe bulkband structure due
to strong SOI in Tls is also an example for the intrinsic contribyifidnl5,16)].

In order to evaluate the intrinsic strength of SHE, the spin Haleapglis defined

as
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qSH = 2_er/ ‘Jc (28)
h
whereJ; is the charge curremtensity Js is the spin currenlensity The magnitude of

g, 9ives 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 culrgBHE,the reverse process can
alsohappenand is called thenverse spm Hall effect (ISHE); that isa charge currens
generated by a spin current (Fig. 2.5).general the SHE can be considered as the
concept borrowing fromthe well-establisked anomalous Hall effect (AHE)in
ferromagnetsWhile a polarized transversiearge current is generated by a charge current
in thecase ofAHE, a transverse pure spin current is generatedarcase oSHE, and
both of them arisérom the same SOhechanismgFig. 2.5). However, in contrast to
AHE whose signal can be detected #ieally in ferromagnet due to the difference
betwe@& majority and minority spipopulation the SHE required anothirromagnetic

layeron whichthe spin currengxers a spirorbit torque (SOT})hat can be measured.

AHE
magnetic

SHE ISHE
non-magnetic non-magnetic

Figure 2.5 The schematidllustrates the connection between the anomalous

effect, the spin Hall effect and the inverse spin Hall effReproduced with permissic

[9].
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2.2.4. Spin orbit torque (SOT)
In NM/FM bilayers,spinscanaccumulate at the NM/FM interface acahexert an
SOT on FMthanks to the REE or SHBPependingors pi n ac ¢ unaandniam i on o s
SOT (pe unit moment) can be decomposatb two components, as shown in Fig. 2.6
[17, 18]:
(1) The fieldlike torque (FL) associated to RasHbdelstein effect can be written as
t, = m B (2.9)
where HrL is the fieldlike effective field Hru//s), and m is unit vector of FM
magnetization.
(2) The antidampindike torque (AD) associated to the SHE can be exprdsgeaah
antidampinglike effective field Hap) as following
L= M Pl (2.10)
The antidampindike effective field Hap) is given by

h
H .=
A 2eMit

J.(s A (2.11)

where s is the spin polarization unit vector die spin currentMs andt are the
saturation magnetization and thickness of FM, respectively.

Since both effects cagenerateSOT, classifying the contribution of these effects
therefore, is necessary. There are many different techniques, such as spin torque
ferromagnetic resonance (&F¥MR) [19, 20|, differential planar Hall effectdl, 22] and
harmonic voltage measuremen2d, 24] that can beemployed to evaluate their

magnitudes.
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Figure 2.6 Schematic illustrates the fieltke torque (FL) and antidampirlge torque

(AD) with theirrespective effective field. Reproduced with permissif. [

2.3. The DzyaloshinskitMoriya interaction (DMI)

2.3.1. The DzyaloshinskitMoriya interaction (DMI)

In magnetic systemwhich lack inversion symmetry, SOI can combine with the
exchange interactioto createthe DzyaloshinskitMoriya interaction or antisymmetric
exchange interaction which can be expeess the followingHamiltonian

How = Dp(S 8) (2.12)
where D,, is the DMI characteristic vecto, andS are twoneighboringatomic spins.

This type of interaction was discovered by |. Dzyaloshinskii in 1258 and its
mechanism based on SOl was completed by T. Moriya in 1280The DMI can be
classifiedinto two types, as illustrated in Fig. 2thebulk DMI andtheinterfacial DMI.

B20-type ferromagnets, such as Mn&ie examples of materials with bulk DMI.
In these materials, the inversion symmetry is broken at each unit cell. Thssdethe

interplay of two atomic spins with a neighboring atbaving strong SOI, anthe DMI
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vectorDio, asa resulf will point outoft h e f i | Goéngaring With the Heisenberg
exchange interaction whigirefers the parallel or antiparallel configuration, Dafhlergy
is minimized when neighboringpins are pegndicularto each otherAs aconsequence,
a finite angle between each atomic spin arises and plays as the origin-ailinoear
spin texturessuch aspin spiras, chiral magnetic domain wall andskyrmiors.

The domain wall energy witbMI can be expressed a&7]

s=4JAK - /D (2.13)

whereA is the exchange constaftjs the anisotropy constant, aBds the DMI energy
constant.n the normal case wheb is small,the domain wall energyg is positive
However, wherD is large enoughs can be negative ardhiral domainwalls 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 stadl

The situationis little different for the interfacial DMI. Athough the inversion
symmetry can be maintained in each layer (FM or NM), it is bralténe interfaceof
NM/FM. This makes two atomic spins in the FM layer exchange with a neighboring atom
having strong SOI in the NM layeesulting in the interfacial DMIThe strength of DMI
can be drastically enharttby utilizing multilayers of NMFM. DMI in these cases thus,
can bestrong and can compete with other exchange interaai@rsat room tengrature
The domain wall energy witbecomezero or even negative leading to the turbulence of

spin geometry mainly governed be interfaciaDMI.
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Large SOC N\ ¢

Large SOC
HDM =D, - (S, x S,) =

Figure 2.7: The schematic illustrations of (a) DMI generated by indirect excharay
triangle composed of two atomic spins and an atom with strong SOC (bulk DM
(b) DMI generated bindirectexchangen atriangle composed of two atomic spins
ferromagnetic layer and an atom with strong SOC in thefewomagnetic laye

(interfacial DMI). Reproduced with permissiazg].

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 loa skyrmion numbeBwhich can be written as

1 o o ~
S=— m%ﬂ LW (2.14)
4,0n cHX M g ’

wheremis normalized magnetic vector. In one dimension, this function can be simplified

as

20 Mix

wheregqis the angle between adjacent moments.
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Figure 2.8 Skyrmion number in ondimension (left side) and in twdimension (right
side) of (ab) the ferromagnetic system,-d¢ the ferromagnetic system with tv
opposite domain walls and-{ethe skyrmion system. Reproduced with permiss

[29.

Figure 2.8 illustrateghe spin profile of three different magnetic sates in the -one
dimension (left figure) and in twdimension (right figure). In the ferromagnetic system,
magnetizations homogeneouas illustrated by the gray line the below graphandthe
skyrmion numbeSis zero. The situation is same in the case of the ferromagnetic system
with two oppsite domain walls thatance$ each otherHowever, the circumstance is
completely different inheskyrmion state with two chiralomain wallswhoseskyrmion
number imonzero(S=1).Its inner domain can be shrunk kius very hard to annihilate
even by applyingmagnetic field. Thiss known as topological protectiomhich means

a small deformation dhesystem annot change its spin stture Moreover, skyrmios
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havesmall size (~880 nm B0, 31]) and can be moved with an uli@w driving current
density (~16 A/cm? [32]). Thus,skyrmiors can enable the manipulation of information
with high bit density and low power consumption.asnsequence, it has become very
attractive candidate fahe next generatiomagnetic memory, especially in racetrack
memory.

2.3.3. Topological Hall effect (THE)

The noncollinear topological spin texturef skyrmions give rise to an extra
fictitious field. Interestingly,conductionelectroscanat o Af eel 0 t hins f i ct
the Halleffect measuremeniesids theordinary Hall effectue to thd_orentz force and
the anomalous Hall effect (AHE) dten by magnetization, there isan additional
analogousomponent known afetopological Hall effect (THE)33].

The THE resistivity can bphenomenologicl expressed as

Fove = PR Hye (2.16)

where P is the spin polarizationR, is the normal Hall coefficient, an#i,_is the

fic
fictitious magnetic field

Comparing with other techniques gbrobing skyrmion, such as Lorentz
transmission electron microscopy (TEMB4] or X-ray microscopy 35|, the THE has
received a lot of attention due to &mplicity. The fictitious field is theoretally

estimated around 1000 k@@ a 10nm size skyrmion36] and experimentally confirmed

to beapproximately 600 kOe3[7].
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2.4. The unidirectional magnetoresistance (UMR)

2.4.1. Magnetoresistance

In a perfect crystal at zero temperature, electrons mothe periodic potential of
lattices and experience no collision. However, at temperature above zdro wit
imperfection of crystalelectrons often collisions with other carriers toras and as the
results,give rise tonon-zero resistivity. The resistance of mateekso can be changed
by applyinga magneticiéld (Lorentz forcé or by spin-disorderscatteringhatoriginates
from the s, p-d exchange interactions in magnetic materitagnetoresistance (MR
named as a resuwft thedependence of resistancetbe externamagnetic field.

The Lorentz forcemechanism occurs in both ferromago and paramagnetic
materials because of ttdec t r oNnd0s cycl otron motion under
the other hand, the spdisorder MR arises from suppression of the eleetnagnon
scattering at high external magnetic field. This mechanism therefore, occurs only in
ferromagnets. In additionhére isarother MR effect, whose magnitude depends on the
relative orientation betwee¢hemagnetizatiomlirectionandthecurrent called anisotropic
magnetoresistance (AMR). Figure 2.9 illustrates the microscopic origin of AMR. Its
origin can be simply awsidered as a results of SOI and reorientation of the atomic orbitals.
The AMR resistivity 7, can beexpressed as

ro= & € ,r-,)8in* cod (2.17)

where r, and r, are the resistivity when magnetizatibhis perpendicular and parallel
with current direction, respectively,and ;j are the polar and azimuthal angle of

magnetization direction.
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Figure 2.9 Schematic illustrates the microscopicasfisotropicmagnetoresistanc

( AMR) . The changing of atomic orbi

between electron and atoReproduced with permissiog.

2.4.2. The spin Hall magnetoresistance (SMR)

The MR effect becomg& much more interestingn bilayers of aparamagnetic
material with strong SOI and ferromagnetic material. Onexample isthe spin Hall
magnetoresistance (SMR), as shown in Fig. 2.10. The spin current created bytB&lE
NM layer accumiates at the interface of NM/FM. Depending thie relative direction
betweerthepolarization direction of spgat interface anthe magnetization direction in
the FM layer, the spin current is partly absorbed in the FM layer, and the rest of spin
currentwill be reflected back to NM layer. This backflow of spin current generates an
electric current bythe inverse spin Hall effect (ISHE)which contributes to the
longitudinal currenaind gives rise tthe SVIR. Since the SMR effect originatéem the
backiow of spirs, its magnitude can be enhanced by usirsglator ferromagnst such

astheyttrium iron garnet (Y1G) 39.
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Figure 2.1Q lllustration of spin Hall magnetoresistance as the result of the bac
of the spin current and theverse spin Hall effect when (a) magnetization aligns \
polarizationof spin current, (b) magnetization is perpendicular with the polarizatis

spin currentReproduced with permissio9).

2.4.3. The unidirectional magnetoresistance (UMR)

Recently, there is a new effect relatingatounusual behavior of MR occurring in
FM/NM system such as Co/Pt or Co/®B&][named as unidirectional magnetoresistance
(UMR). This effect posethefeatures othe GMR effect that the spin accumulation at the
interface of FM/NM can be considered as an FM layer. However, uh#®MR effect
and the SMR effect, the dependence of resistancettmncharge current in UMR is
nonlinear.In the metallic bilayers, such as Co/Pt, UMRI&ssifiedinto two types[41]:
spindependent scattering and magnon scatjemechanism as showmthe Fig. 2.11.

In the irst mechanisma pure spin current generated from the SHE or REE is injected to
FM layer and accumulatestae nearinterface A GMR-like UMR signal is generateab
the result of the spin transmission and reflection depending on direction of the spin
polarizations and magnetizatioM. The second mechanism on the other hanthes
from the spindisorder scattering generated frabsorption or emission ainagnon, a

quantized spin wave in ferromagsaes illustrated in Fig. 2.12.
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Figure 2.11 The schematic illustrates (a) the spependenscatteringmechanism
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and (b)the magnon scattering mechanigteproduced with permissioa]].

(a)

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

and (b) top view.

UMR not only providesiseful information thashed light on the SOI properties but
alsoplays asanew method to detetihe magnetization directiorBy utilizing UMR for
readout, the reference layer and the tunnel barrier in-B@AM can be completely

omitted.Thus, UMRcangreatlysimplify thestructure of SOIMRAM.
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2.5. Summary

In thischapter, the concept of SOI and related effects, such as the Hastibtein
effect, the spin Hall effecietc.wereintroduced. Each of them gisespintronics pin
orbitronics in particulay novel ideas that cammprove or even completely chge
spintronic device technologiesFor example, the SHE can improve the power
consumptionthe writing speedandthe bit density in STIMRAM. The THE can help
detect skyrmiosfor the mcetrack 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 enhancertperformancesespecially imew materia, play a
vital role. For this reason, study of spelated phenomena in BiSbrromagnet bilayers

is themain topic n the rest parts of this thesis
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Chapter 3

Sample Preparation and Characterization

Technigues

In this chapterfabrication and characterizatiagachniqus of BiSb-ferromagnet
bilayers will be described in detail Secti on 3.1 gives detail:
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 fabricatdigh qualityBiSb-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 arthighavacuum
(UHV) condition and based on reaction of molecular (or atomic beam) with a heated
substrate]]. Here t he term fAepit axy dofdrgswline layers.s t he
Unlike other crystabrowth methods, MBE allows to fabricate samples with precise
composition, high purity and reime monitoring Asaconsequence, MBE can produce
sample with extremely higlkcrystal quality,and is employed to grow mesalnsulatos
or semiconduct@with sharp interfacgand precise composition.

Figure 3.1 shows the schematic illustratiomha&fgrowth charber of aVIBE system (Fig.
3.1(a)) and the real imagé the AnelvaVIBE-620 system used in my study (Fig. 3.1(b)).
The UHV (=10’ Pa) in this MBE was achieved by employing an ion pump, an Ti

sublimation pump and a liquid nitrogehroudto prevent atm 6 s-evaperation. The
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samplesmounted to molybdenum holders by indiwwere loaded to thgrowth chamber
by a transfer rod The samms were heated by a resistatyge heaterand their
temperature was controlldgy thermal couple feedback. The grown materials (Ga, As,
Bi, Sb and Mn) were stored in Knudsen celts K-cellsand deposited on
substrate by heatirthe material$o given temperatures.

Reflection high-energy electron diffraction (RHEED)

The layerby-layer growthalso permits reaime in situ surfaceobservation by
RHEED[2, 3]. The electrons emitted from heatedungsterfilament are accelerated to
high speed athenergy (~20° 23 keV), strike and diffracont he s ampl eds sur
grazing angle of less than a few degie@®] formthe RHEED patternen a fluorescent
screenFrom the positioand shape of the streaks in the RHEE&Rterns, the information
of surface crystallographsuch aghe surface orientation and the surface roughoass
be observet reattime. RHEED as the results, has become an indispensable tool in MBE

systens.
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Figure 3.1 (a) Schematidlustration of the growth chamber ofMBE system

(b) Photograph of thAnelvaMBE-620 systenused in this work
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GaAs buffer | ayerods preparation
Because the surface conditiontloé starting crystal (substrate) plays a vital role in
epitaxial growth by MBE, preparinthe substrate surface withigh crystal quality is
necessary in my experimenihe GaAs substrates were used for all fabricated samples,
and the substrate graration isdescribed as follows
(1) Heatthe GaAs substrates from 1%8D to 580C ataramping rate of 2@/min to
remove the oxidized layer (GaAs@nd GaAs®@[4]) (Fig. 3.2(a) and Fig. 3.2(d)).
(2) Keep GaAs at 58C under As exposure to completely remove oxidized layeér an
compensate the lost As aterftomthe substrate (Fig. 3.2(b) and Fig. 3.2(e)).

(3) Grow athick 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 oA GaAs(001) substrataken along i_’LO] azimuth (a)
before deoxidation, (b) afteleoxidation, and after growirggthickbuffer GaAs layer.

(d-f) same as (@) but foraGaAs(111)A substrate.
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3.1.2. Hall bar device fabrication
For the electrical measurementalHbar devices wertabricated with the process
shown in Fig. 3.3.

(1) In the first step, the &l bar pattern made from a positivphotoresist (OFPR)
maskwas f ormed on the sampleds surface
process. After milling process (Aron), the photoresist mask was removed by
gentle ultrasonicleaning inwarm acetone. The Hall lsawith size of 100mm 3
50 nm or 100mm 3 25 nm were fabricateds shownn Fig. 3.4(a).

(2) In the second step, the electrode mask, made @R was formed on the
sampl eds surface by the same photolithc
(50~150 nm) bilayers were depositedibesample by electrebheam evaporation.

Finally, theelectrode was obtained by lift ais 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 prepe

for a Hall bar device.
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50 um 100 pm

Figure 3.4 (a) Micrograph of a 108m 3 50 nm Hall bar aftethemilling process. (b)

Final device after deposition afCr (5 nm)/Au (501m) pad forthe contactelectrods.

3.2. Characterization techniques

3.2.1. X-ray diffraction (XRD) measurement

To evaluate the crystal characteristi¥-ray diffraction (XRD), a notdestructive
technique for anal,wasemplgyednAstiienameanplies, XRDtisr u c t L
based on diffraction of Xays thatare irradiated toward the sample. The XRD peak
positions satisfy he Braggdé | aw (Fig. 3.5(a)):

2dsing=k / (3.2)

whered is the distance between diffraction planésand g are the wavelength/ ( =
0.15406 nm for k&1 of Cu) and its incident angle, respectively, ansl an integerk =
1, 2, 3,8é).

The2g scanning (Fig. 3.5(a)) measutés dependence tiie XRD intensity ong
and gives the basic information bfh e s a mp IckRataderistisr Borsthe alétagd
crystal characterization/-¢ scanning (Fig. 3.5(b)) is used. Bweasuring theXRD

intensity at eaclf andc value, the crystallography of sample carde&ermined
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(a) (b)

Source

Detector

- Sample

Figure 3.5 (a) lllustration of the Bragg equation. (b) Schematic of XRD measure

setup (27scanning and-c¢ scanning).

3.2.2. Magnetotransport measurement

Sample characterizatidty magnetotransport measuremerarnsndispensable step
for all topics of spirrelated phenomena in BiSb/FM bilayers. Fig. 3.6 (a) illustrated the
schematicsetupof Hall measurement, and its actual experiment setup is shown in Fig.
3.6(b). In these measurements, Hanples are biased twia DC current (or a pulse
current), and th&/x or Vyy signal are measured lwpltmetersunder a magnetic field
Moreover, for the measurementdat temperaturg the sample werecooled down by
a cryogenic system. There are three types of magnetotransport measyrerwented
in my study:

(1) Hall effect measurement

This measurement was employed in order to défechormal Hall effect as well
as theanomalous Hall and the topologldall effect. The DC current was appliedie

longitudinal direction, and the transvekég voltage was deteetlas the output signal.
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The Hall resistivityr,, can be expressed as

rn= 6 *t e RoHeg RfeM (3.2)

where ris the ordinary Hall resistivityr ,- is the anomalous Hall resistivityR,
and R, are the coefficient of the ordinary Hall and anomalous Hall effects,

respectivey, Her is the effective magnetic field,ahli s t he sampl ebs
For the SOT switching in BiSb/MnGa bilayers, pulse cugént= 100 ms) were
applied. The final state othe MnGa magnetization was confied by Hall
measurement wita small DC current.

There is ahird term, the topological Hall effedh the case afkyrmions The Hall
resistivity therefore, can be rewritten as

ra= 6 * ek (3.3)

where r . 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 directio, while MR was measured by tluagitudinalVxx voltage.
UMR wasdefined aghe difference of MR between positive and negativeent.

(3) Differential planar Hall effect measurement

This measurement was used in ordersgparateSOT and t her mal
contribution. The external magnetic fiettk« was rotated when BC current was
applied, and the differential planHall effectwas measured as tltifference of

planar Hall resistivity betweehe positive and negative current.
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He flowing pipe

Figure 3.6 (a) Schematidlustration of the Hall effect measuraent. (b) Photograp!

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

(1) Magnetic circular dichroism (MCD)

Figure 3.7 shows the schemasetup of the MCD measurementThe light
generated frona Xenon lamp igpassed through a monochromatmward the surface of
sample The light is modulated by a photoelastiodulator (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 undan external magnetic field applied perpendicular to the film
plane, and its intensity is written as

MCD © 9_Od_R B (3.4)

p dE
whereR is the optical reflectivityE is the photon energy arldE is the spirsplitting
energyby the Zeeman effec] . Because the MCD intensity

perpendiculaimagnetization PE © M), MCD measurement is usdd evaluate the

magnetization of samples.

Monochromator ~ Polarized light

&— Savy

Light source PEM

Cryostat

Lock-in amp

Detector

Figure 3.7: Schematic illustration of MCD measuremt
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(3) Longitudinal magnetaoptic Kerr effect (in-plane MOKE)

To confirm the titling magnetization of MasGay.ssthin film in chapter 5, irplane
MOKE, a unique tool for the determination thie inplanemagnetization is employed
[6]. A linearly polarized light is focusedmothes a mpl eds magnetic do
objective lens. This light is reflected off the sample surfacdits polarization direction
isrotated by the interaction withes a mp | e 6 s magTimesdietector will ooiteati n
the reflected light, and afyses the local magnetization bye magnitude ahepolarized
l ightds rotation.

3.2.4. Magnetization measurement

In order to evaluatehe magnetization of samples, superconducting quantum
interface device (SQUID), a very sensitive device basdbdeosephson edtt was used
in my measurement. Figure 3.8 stwothe schematic diagram of magnetic property
measurement system (MPMES Quantum Design). The SQUID is located in the bottom
position of the MPMS system andl et ect s t he sampl ebs ma g
supercondcting detection codl which are connected to the SQUID. The current
generated bythe magnetization ofthe sample flows in this detection coil, and as
consequence, an output voltage proportiondhéodd et ect i on coi |l 6s curt
by SQUID [7].

3.2.5. Atomic force microscopy (AFM) measurement

AFM was employed in my measurement to observe the sumf@acphologyof
MnGa thin films. Figure 3.9 illustrates itp@ration mechanism. An oscillaticgntileve
with a sharp tip imanometer, is brought neles a mpl e sur f ace. Accor (
law, the cantilever is deflected due to #Hiemicforce between the tip and sample. The

deflection ofthe cantileveis measured by a laser beam sys#®&fFM can map the surface
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sample without using a conductive surfasein scanningunneling microscope (STM).

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

Sample Space

Insulation

™. helium level
sensor

s,
s,
s,
s,

sample

sensing coils )
superconducting
wire

composite form
for selenoid

superconducting
selenoid et
sQuUID—T

capsule 33-1(
| |

Figure 3.8 The schematic diagram of SQUID magnetometer MPMS-5%L
Reproduced with permissioB][

Qutput Input

Mechanical L.
oscillator

AFM

sample surface

Sample Probe tip -
t interaction

Figure 3.9 The schematidllustration of AFM measurement. Reproduced w

permission 9].
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3.3. Summary

In this chapter, the fabrication process of BiSb/FM bilayerd characterization
techniques were preded. Fabrication based on MBE and réamhe RHEEDobservation
help us ensuréhe bes crystal growth conditionHall bar devices were fabricated for

magnetotransport measurement. fudly understand the characteristics of samples,

various kinds of measuremsmtereused
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Chapter 4

MnGa Thin Films with Perpendicular
Magnetic Anisotropy Grown on BiSb

Topological Insulator

In order to study spunelated phenomena in BiSb/FM bilayers, the first step in my
PhD. thesisis to grow a FM layer on BiShHere, MnGa was chosen asandidate for
theFM layer, because of its unique characteristics. MnGa shows small magnetilzition (
< 400 emu/cry) [1-12] and small damping factog(< 0.008 ) [L3], which ae promising
for low-power magnetization switching. Furthermore, Jda.x thin films also show
large PMA Ky > 10 Merg/cni) and highTc [1], which ae essential for long time thermal
stability. Recent studies have shown that®#.x is a potential candidate not only for
conventional STIMRAM [ 14] but also for SOIMRAM with heavy metal (Pt or Ta) /
MnGa bilayers 15,16].

In this chapter, the crystgrowth, structural and magnetic properties af By .»
topological insulator (TI) / MgGa.x bilayers grown on GaAs(111)A substrates by
molecular beam epitaxy (MBE) will be reported. By optimizing the growth condition and

Mn composition,l show thatMnxGaix thin films can be grown on BiSky. with

crystallographic orientation of B&Sh).2(001)[11 0] // MnGa (001)[100]. Using MCD
spectroscopy, both llphase ¢<0.6) and DQ2 phase >0.6) of MnGa.x was
detected For 0.50¢ x ¢0.5t, ferromagnetic L&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 - MnxGau.x bilayers by MBE

There are two maiooncerns abouhe growth oBiSb/MnGaux bilayers by MBE.
First, the crystalstructure of BiSb and MGayx is completely differenfrom each other
BiSb has a thretold symmetric crystal structure as shown in Figdrg(a) [L7]. In
contrastMnxGa.x has two phaseshé L1 ferromagnetic phase f@.43¢ x <0.6€¢(Mno.
sGa) and the Df ferrimagnetic phase f00.66¢ x <0.7%(Mn2Ga, MnGa), but both of
them havdour-fold symmetridetragonal crystastructure 1], as shown in Figure 4.1(b).
While there are several attempts for growth of MnGa thin films on various substrates,
such a$5aAs(001) §], GaN(0001) 18, 19], GaSh(111) or AlOz(0001) p0], MgO [, 6],
and ScN 21], only a few of those thin films grown on fetold symmetric GaAs(001)
and MgO(001) substratesah clear PMA. In addition to difference in crystal symmetry,
the lattice mismatch between MBeyx (avnca~ 0.39 nm) 22, 23] and BiSb égish~ 0.46
-0.43 nm) 4] is larger than 10%. These pose a big challenge for growin&dnthin
film with high PMA onBiSb.

To overcome these problemsemployed agrowth technique of the BiSb/MnGa
bilayers on GaAs(111)Aubstrates by the MBE methed shownn Fig. 4.2(a). After
removing the surface oxide layer of GaAs(111)A substrate 8520 nrthick GaAs
buffer layer was grown to obtain an atomically smooth surface. Then, the substrate was
cooled to 158C for growing a 20 nnthick BiosShy.2 layer at a rate of 8 nm/min. For
growing MnGaux thin films on top of the BisShy.zlayer, the template methpatiginally
developed byM. Tanakaet. al [25] for growth of MnGa thin films on GaAs(001)
substratesvas employedFirst, the substrate temperatUkg, was reduced to 4G, and
4 monolayers (MLs) of MiGaMn-Ga were deposited on top ofoBSy2. Then, thed
MLs were heated up to 230D for crystallization so as a thin MgGa s template was

formed on the surface of &Sh... Finally, MnGayx thin films with the total thickness
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of 8 nm andthe Mn composition between 0.45 and 0.74 were grown at a ratesof 0

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

RHEED patterns observed along the GaATs[Q] direction during the growth of
BiSb/MnGawx bilayers on GaAs(111)A substrates for= 0.74, 0.55 and 0.45. The
Bio.eShy.2thin films show bright RHEED with Kikuchi lines, confirming that the &k >
thin films were epitaxially grown on GaAs (111)A as reported26].[ The RHEED
patterns of 4 MLs of MfGaMn-Ga deposited on top of &Sk at 40C were weak,
but becomes bright with mixing streaky and dotty patterns after annealing’@t Z8is
indicates that a crystallized template of MBa s was formed. The MGawx layers
grown on this template remain crystalline, but their RBHEtatterns become dim with
increasing the Misay.« thickness. The RHEED pattern of the 8-timck MnyGaw.x can

still be observed fox = 0.74 and 0.55, but disappearsxer 0.45.
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Figure 4.2 (a) Growth condition of BisSky/MnGai.x bilayers on GaAs(111)/

x=0.55

x=0.45

substrates. (b) REED patterns observed along GaAg[(D] direction during the

growth of Bb.sShv./MnxGaux 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 MBewx thin films was evaluated by
XRD measurements. Figure 4.3(a) shows g¢y XRD spectra of BisgShy /MnxGaix
bilayers with different Mn compositioxnranging from 0.45 to 0.74. Here, the hexagonal
coordinate indexing was used for BiSb, and cubic doatd indexing was used for GaAs
and MnGaBesides the Bi.sShy.2(003), Bb.eShy.2 (006), and (009)eaks, clear MiGa-
x(001) and MrGai-x(002) peaks for atk was observedA MnyGai«(200) peak was also
observed for high Mn compositior ¢ 0.6), butgradually 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 Bb.sShn.o(001)despite their differences in crystal symmetry and lattice constant

4.2.2. In-plane crystallographicrelationships

In order to investigate the -plane crystallographic relationship between
MnGa(001) and BiSb(001),measuredhe 7- scan XRD pattern of the MaGapst h i n
fil m 43t.aid2g=36.68( Fi g . , ahd c®driparg if to that of GaAs(111) at

y E0%aBd2g=27.3( Fi g. A4 shdwnan)Fig4.3(b), three equivalent sets of
four-fold symmetric M sGap.5(011), (101), ((i 1) and (101) peaks were observed with
each set shifted by 8@rom each other. Comparing these peaks with those of Gg.As(l
1), GaAs(ll.'_L), and GaAs(_L 11), and taking into account the fact that BiSﬁ)[l
0](001)//GaAs[11 0](111) [26], the inplane crystallographic relationships between

MnGa and BiSb as MnGa[lOO]//BiSb.:[D] can be identiéd.

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

BiSb[li 0] direction @ ~ 7.8A) is exactly twice ofmnca~ 3.9A, as shown in Fig. 4.3(d).

Note that there are also two other equivalent Mn@Gaane crystallographic orientation,
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shifted by°® 60° from that illustrated in Fig. 4.3(d), reflecting the thfell symmetry of
the hexagonal BiSb(001) surface. Figdr8(e) shows the measured lattice constanft
MnyxGa.xgrown omBio.sShy.2as a function ok, compared with those of bulRT, 28] and
MnyxGayxthin films grown on MgO(001)1] and GaAs(001) substrate2d. At highx, c

of MnxGaw.x grown on Bp.sShy.2 is close to those of bulk or thin films grown on MgO and
GaAs. However, at low, c of MnxGaw.x grown on Bp.sShy 2 is significantly smaller than
the others. This suggests that@a..xgrown on Bp.eShy.» at lowx may be under tensie

stress, i.e. the relationshipavdca = d was kept even for low.
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4.3. Magnetic properties

4.3.1. Magneto-optical properties

Next, the magnetic properties MnxGawx thin films grown on Bi.sShy.> were
investigated.It is known that there is a magnetic phasansition from the D&
ferrimagnetic phasex@ 0.66) to the Ld ferromagnetic phasgx < 0.66). In this study,
the MCD spectroscopy technigue was used to investigate such a magnetic phase transition.

Here, MCD measures the difference betweemdfiectivity for right (Y )andleft{y )

. o _90(R.(E)- R.(E)) _ .
circular polarizations: MCD(E) =—-—= 2R(E)s , where R is the optical

reflectivity, andE is the photon energyHere,’Y 'O is determined by the optical
transitions from the occupied spiltown band to the unoccupied spip band, while
Y O is determined by the optical transitions from the occupiedgpiband to the
unoccupied spitdown band. That means the MCD spectruftects the spirpolarized
band structure, and each specific magnetic material has its own MCD signature. Thus, it
is possible to distinguish th®0O2> ferrimagnetic phase X 2 0.66) and the Ld
ferromagnetic phasg& < 0.6 of MnGa even when their crystatructure and lattice
constantare very similar. Furthermore, since the MCD intensity is proportional-to z
direction magnetizatioNl,, it is also possible tmeasure the magnetizatibgsteresidvy
investigating the magnetic field dependence of the MGBnsity. Note that the MCD
spectrum of th&®022andL1o phase of MnGa have never been reported so far.

Figures 4.4(a) and 4.4(b) show the normalized MCD spectra of variouSavin
thin films with x = 0.74 and 0.65, ard= 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 broad plateaus at 3.5 ~ 5 eV, while those with0.59,

0.55, 0.50, and 0.45 show a peak aroune3®2eV. The transition of the MCD spectral
shape at about~ 0.6 agrees well with that of magnetic phase transition between the DO
and L, phase of Ma. These indicate that the spectral shape of thin filmsxwit®.65,

0.74 reflects the DO phase, while that of thin films witk = 0.59, 0.55, 0.50, and 0.45
reflects the LdphaseHere, once can see that the spectral shapes in Figs. 4.4(a) aipd 4.4(b
are consistent with the band structures ofa0d Lb-MnGa. Figures 4.4(c) and 4.4(d)
show the spifresolved density of states (DOS) of R@nd Lh-MnGa, respectively,
calculated by first principles6]. The arrows in those figures indicate the optical
transitions from the occupied spitown band to the unoccupied spip band under
irradiation of right circular polarized photons™j. (For claity, the optical transitions

from the occupied spiop band to the unoccupied sglown band under irradiation of

left circular polarized photons) are omitted). For the D&MnGa phase, the spithown

DOS under the Fermi energy spread over a broad frand-1 eV to-4 eV, while the
spinup 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 &%V in Fig. 4.4(a). In contrast, the
spindown DOS of the L&MnGa phase is localized arourild3 eV, which explains the
observed peaks around 8% eV in Fig. 4.4(b). These results show that MCD is a

powerful tool to distinguish the bland the D& phase of MnGa.
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4.3.2. Magnetization properties

Next, the MCD intensitymagnetic field (MCDBH) characteristics were investigated,
which reflects the hysteresis of perpendicular magnetizationsSigure 4.5(a) shows the
normalized MCDBH hysteresis for variouMnyGayx thin films. Poor squareness of the
hysteresis of D&@-MnxGawx thin films (x = 0.65, 0.74) was observeladh contrast, good
squareness of the hysteresis ot-MnyxGayx thin films wasobtained In particular, the
MnyxGayx thin films with x = 0.50 and 0.55 exhibit good PMA characteristics with 100%
of remanence factolMVe also evaluated the hysteresis of these two samples by using
SQUID and AHE measurements. &igs4.5(b) and 4.5(c) compare the normalized
hysteresis obtained by MCD, SQUIBnd AHE measurements for sample with 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 Txfer0.50, and 0.5 T fox = 0.55,
which are close to those reporfed Pt/MnGa or Ta/MnGa bilayer80, 16].
Figure 4.6(a) and 4.6(b) show the -aiplane and irplaneM-H curves up to 70 kOe of
two BiSb/MnGaw.x bilayers withx = 0.50 and 0.55. From these datiae uniaxial
magnetic anisotropy constait.j of the MnGay« layers was calculateld bearound 2.2
Merg/cc and 2.3 Merg/cc for= 0.50 and 0.55, respectively. Those valuds,are small
compared with those of staadbne MnGa layers grown on MgO(001). Note that
reduction ofKy is due to the small saturatiomagnetizatiorMs of the MnGa layers (87
emu/cc and 78 emu/cc fare= 0.50 and 0.55, respectively), rather than by redacifdhe
uniaxial anisotropy magnetic field. Indeed, theplane saturation magnetic field is as
high as 55 ~ 60 kOe, which is similar to those of kagiality standalone MnGa thin

films grown on MgO(001).
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bilayerswith (a)x= 0.50 and (bx = 0.55 at roontemperature.

4.3.3. Discussion

There are two reaseffor the smallMs observed in BiSb/Mia.« bilayer system.
First, it is known that high substrate temperature ofi 860 C is needed for obtaining
high-quality MnGa thin films with highMs [13]. However, the melting temperature of
BiSb is low (280C for Bio.sShy.1), thus low substrate temperature of Z3Mad to be used
to grow MnGa layers on top of BiSb, resulting in low chemaalering of MnGa as
indicated by the dim RHEED patterns in Fig. 4.2(b). One solution of this problem is to
grow a highquality MnGa layer first on suitable substrates, such as GaAs(001) or
MgO(001), and then grow the BiSb layer on top of the Hgjgality MnGa layer. Another
problem is the existence of the three equivaleflame crystallographic domainef
MnGa on BiSh each shifted by 60rom each other, as indicated by thescan XRD
pattern in Fig. 4.3(b). Because MnGa has a tetragonal crystal s¢uetarge amount of
crystal defects would exist at the interfaces between neighboring MnGa domains to
absorb this 60shift. Such crystal defects at various MnGa domain boundaries would

significantly reduce the crystal quality and te of the overall MiGa layer. To solve
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this problem, it is necessary to break thelane thredold symmetry of the BiSb(001)
surface. This may be done by applying aplisine uniaxial stress to the substrates, or
using substrates with lower crystal symmetry, such as thidbkeorthorhombic crystal

structures.

4.4. Summary

In conclusion, crystalline M&auwx thin films was grown on BjsShy 2 layer despite

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

MnGawx grows on Bj Sty with the crystallographic orientation of @Sk 001)[11
0}//MnGa(001)[100]. In addition, Ll(x<0.6) and DQ> phase &>0.6) of Mn\Gay-x

were distinguishetdy using MCD spectroscopy. FO50¢ x ¢0.55, MnGa thin films
showed large PMA characteristics confirmed by MCD, AHE, and SQUID measurements.
These results show that BiSb/MBa.x bilayer system is promising for perpendicular
magnetization switching using giant spin Hafieet 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, suchSes &id BbTes.
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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 ultralow power SOTMRAM. To be competitive with conventional STMRAM, a
pure spin current source with large spin Hall angjeq ¢ 1) and high electrical
conductivity (¢ > 1 W'm?) is required However, thisequirementannot be satisfied
in heavy metals (such as Pt, Ta, andwith high s but smalldsn (~ 0.1) [L, 17, 23], and
TlIs with largedsy but low s [2, 3]. There is no spin Hall material so far that can satisfy
both conditionsimultaneously.

This chapter will focus on evaluatiari the SHE inthe topolaogical insulator Bi.
xShe (0.07 ¢ x ¢ 0.22) with strong spin orbit couplingt]. Thanks to its high carrier
mobility (~10* cmV-s?), our previous work showed thtaeaverage conductivity of BiSb
thin films is as large @&5x10° g *m™ [5], which iscompatible to other metallic materials
used in realistic MRAM. On the other hand, its #iowial topologically protected surface
states have been confirmed by the amgbolved photoemission spectroscopy (ARPES)
[6, 7, 8] and magnetdaransport measuremen[9, 10]. Thus, BiSbpromises 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 otheindgall materials. Finallyprospective applicatian

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 flms were grown on sendulating GaAs(001)
substrates by usingltrahigh vacuum MBE system. After removing the surface oxide
layer of the GaAs substrate at 380 a 100 nnthick GaAs buffer layer was grown to
obtain an atomically smooth surface. The substrate was cooled down to room temperature
for deposition of a 4 mmolayer MRGa-Mn-Ga template. Then, the substrate was heated
up to 250C for deposition of a MnGa thin film with the total thickness of 3 nm. A
Bio.1Shy.o layer was grown on top of the MnGa layer at ZDWith the rate of 1 nm/min.
Finally, the samples we cooled down again to room temperature for deposition of an As
thin cap layer. The growth process was monitareditu by reflection high energy
electron diffraction.

By optimizing the growth condition, high quality BiSb / MnGaldyers with
smooth ierface can be obtained, despite the large lattice mismatch between MnGa(001)
and BiSb(012)Figure5.1shows the RHEED patterns during growth of the BiSinGa
bi-layers.The RHEED patterns of both MnGa (3) and BiSb (10) are streaky (the numbers
i n parentheses present | ayerdéds thickness
To check the crystallographic orientation of the BISinGabilayers, ahick BiSb (20)

/ MnGa (10) bilayer was grown in the same condition and checkednay Hiffraction
measurements. Figure 5.2 shows &2y XRD spectrum of th&iSb (20) / MnGa (10)
bi-layer. The XRD spectrum indicates that the crystallographic orientation is

BiSb(012)//MhGa(001)//GaAs(001).
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Figure 5.1 RHEED patterns during growth of the BiSb / MnGa bilayers (a)

Big sSb 1(10)

e

deposition of the 4 monolayer MBaMn-Ga template, (b) after annealing the temp
at 250C, (c) after growth of the 3 mtihick MnGa layer, (d) aftegrowth of a 1 nm

thick BiSb layer at 20, and (e) after growth of the 10 rtimick BiSb layer.
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Figure 5.2 g2g XRD spectrum of a BiSb (20) / MnGa (10) bilayeFhe
crystallographic orientation is BiSb(012)//MnGa(001)//GaAs(001).
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5.2.Magnetic properties and SOT effect in BpoSho.1-

Mno.6Gao.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 (36° q *m™) represent well those
would be used in futuristic ultdaigh density SOIMRAM [ 11]. Furthermore, by
adjusting the Mn compositioth,can growMno éGa.4 layers with perfect perpendicular
magnetization and MnsGa sslayers with titing magnetizatiowhich areconvenient for
evaluation of the sptorbit field generated by the BiSb layer.

Figure 5.3 (a) shows the schemati¢ &ly.1 (10) / Mn.eGap.4 (3) (thickness in nm)
bi-layer and the coordinate systenedsn this work. An electric current was applied
along thex direction, while an external magnetic figfidx«: was applied in the-x plane at
an angleg with respect to the axis. Figure 5.3 (c) shows the enftplane magnetization
curve of the bilayer measured at various temperatures. The magnetization of the 3 nm
thick MnoeGay.4 layer in this bilayer is the same as that of high quality statahe
Mno.6Ga.4 thin films gown on GaAs(001), indicating that there is no interfacial magnetic
dead layer.

5.2.2. SOT effect

The btlayers are then patterned into 1Qfiklong and 50rm-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 resistam¢eof a Hall bar under a perpendicular magnetic
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field (g= 0) at 150 K, measured witharious currentlensity] = 0.2 15.43 10° A/cm?.

Here,J is the nominal current density of the Hall bar, defined as

J= 1My, Hyned)] (5.1)

wherel is the applied current (10 mA maximum)= 50mm is the width of the Hall bar,
teisb = 10 nm andwvnca= 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) & 4 layer. A systematic reduction
of the coercive forcédc of the Mn.cGav.4 layer was observedith increasingJ. The
reductionDH. is as large as 2 kOe at a modesil5.4 10° A/cm?. To make sure that this
reduction ofHc is not the result of Joule heating of the Ba 4 layer, a Hall bar from
a stanealore Mnp.sGav.4 (3) layer was prepared, and its Hall resistance was measured
under various). As seen in Fig. 5.3(ejio clear change dflc up toJ = 46.7 10° A/cm?
was confirmed, which is 3 time higher than the highest current density applied in Fig.
1(d). This indicates that the reductiontafshown in Fig. 5.3(d) is not the result of Joule
heating. Indeed, for the Joule heating to be the origin of the [@ge= 2 kOe, the
Mno.sGa.4layer temperature had to increase from 150 K to 250 K (see Fig. 5.3(c)), which
is unlikely given the very smallused in our experiments, comparing with 10 - 10°
A/cm?used in previous studies using heavy metals as the sgifajtal. Furthermore, a
significant reduction of the remaneR4 at J =15.4 10° A/cm? wasobserved. This was
not observedh the magnetization curve at 250 K. Therefore, the large reductidgaisf
the result of an plane spirorbit field generated bypn current injection from the BiSb
layer. Figure 5.3(f) showSH. as a function of the current densiysy, in the BiSb layer.
Here, Jgisp iS calculated usingssiss 2.5x10° q 'mand swnca 5%10° q'm™. The

gradientDH/DJsis is as large as 3700 Oe/(MA/@rat highJsis, (dashed line in Fig.

5.3(f)).
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Figure 5.3 (a) Schematic structure of thegBSky.1 (10) / Mny.eGa.4(3) (thickness in

nm) bilayer and the coordinate system used in this work. (b) Micrograpfh@d @am

8 50 nm Hall bar device. (c) Oubf-plane magnetization curves of the bilayer

different temperatures. (djlall resistanceRy of a Hall bar under a perpendicul

magnetic fieldHext (¢ = 0) at 150 K, measured witliarious currentdensityJ = 0.271
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the coercive forc®H. of the btlayer as a function of the current denslggs in the

BiSb layer.
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5.3.Magnetic properties and SOT effect in Bj.sSho.1-

Mn o.45Gao ss bilayers

5.3.1. Magnetic properties

In order to quantitativelyevaluate the spin Hall angle of BiSb, another bilayer
Bio.osShy.1 (10) / Mnv.asGan.s5 (3) with tilting magnetization was prepared. The blue and
the red curves in Fig. 5.4(a) show theplane and oubf-plane nagnetization curve of
Bio.osShy.1 (10) / Mnv.asGan 55 (3) bilayers. Because of the tilting magnetization, the out
of-plain magnetization does not saturate until a perpenditlglar- 20 kOe is applied.
The inplane magnetization shows small remanenceydqitly increases up to an-in
planeHex:~ 4 kOe, then slowly increases and saturates at-plameHeyx ~ 50 kOe.

The magnetic domains of théno.ssGayss layer was investigated by an-plane
magneteoptical Kerr effect (MOKE) microscope. Unfortunatethe MOKE effect of
MnGa is weaker than the resolution of the MOKE microscope, thus individual magnetic
domains of theMno.ssGanss layer could not be distinguishedhdeed, the magnetic
circular dichroism (MCD) intensity (equivalent to MOKE ellipticity) the Mno 45Gap 55
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 /ey 55 layer
can be detectedndicating the existence of tilting domains. The expernit setup is as
follows. First, a MOKE sensor with large MOKE effect was prepaedhat individual
domains of the sensor are visible under ogplane MOKE microscope. The-plane
magnetization of the sensor is known to saturate atta®iuOe, andhe sensois used
to visualize magnetic fields larger than 400 Oe. Then, the domains of the sensor was
observed with and without contact with the M#Ga 55 layer under ifplane magnetic
fields.Figure 5.4(b) show the MOKE images of the sensor in coniitt theMno 4sGay 55

layer, while Figure 5.4(c) show those of the sensor without contact with the®.ss5
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layer. In Fig. 5.4(h)the sensor is saturated (i.e. all domains disappear and the MOKE
image becomes dark) when arplane magnetic field df300 Oe is applied. In contrast,

in Figs. 5.4(c), the sensor is saturate@i4i0 Oe. This indicates that there is aipiane
componat of the stray field fronMno.4sGan.sswhen an externaliext= 300 Oe is applied,
which gives evidence that the tilting domains inMm® 45Gay s5layer rapidly reorientate

toward the magnetic field direction.
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Figure 5.4 (a) In-plane (blue) andut-of-plane (red) magnetization curve obBbk.1
(10) / Mno.4sGanss (3) bilayers. Inset shows the tilting magnetic domains of
Mno.4sGay 55 layer. (b) In-plane MOKE images of the sensor in contact with
Mno.4sGan ss layer. (c) Inplane MOKE images of the sensor without contact with

Mno.4sGan.s5layer. Here, the magnetic field is applieepiane.
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5.3.2. Magnetic anisotropy of the tilting magnetic domains in
Mno.45Gap 55

In order to see the detail picturetbetilting magnetization in the MnpsGay 55 (3)
layer, the anisotropy magnetic energy density of a single domsastudied. It can be

expressed by

E.= K2“ cosZ % cos 4 (5.2)

wheref is the angle between the magnetization vector of the domain andxtseK, is

the anisotropy constant (including the shape anisotropy) representing the uniaxial easy
axis along the axis, and4 is the anisotropy constant representing the biaxial easy axes
at f = °45 , respectively.

KuandKs can be estimated as follows. When the magnetic field is apphedme H//x),

the total magnetic energy density is given by

E= K2“ cos Jlaicos4f MH sin (5.3)

At a givenH, f is determined by solving the equation

%:Kusinﬁ -K,sin4f MH cos f | (5.4)
or  2K,sinf- &, cos2fsin FMH = (5.5)

which is further simplified to
H,sinf- H,cos2fsin AH A (5.6)
whereHy the uniaxial anisotropy field andsthe biaxial anisotropy field defined by

K, =}HUM , K, :E H,M . WhenH approaches the iplane saturation magnetic field
2 4

Hsx, f reaches 9Q thus
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Hu+H4 :Hs-x (57)
Similarly, when the magnetic field is applied @itplane H//z), the total magnetic

energy density is given by

E= %0052‘ ,'§4i cos4f MH cos (5.8)

dE
Solvingd—f =0, Eq. 5.8 can be rewritten as

2K, cos - &, cos2f cos AMH = (5.9)
or H, cosf- H, cos2fcos AM = (5.10)

WhenH approaches the owaff-plane saturation magnetic fielk,, f reaches Q

thus
-H, H, H_,. (5.11)

Hu = 10 kOe andHs = 30 kOe vereobtained by solving Eqg. 5.7 and Eq. 5.11 udihg
=40 kOe, andHs; = 20 kOe (see Fig. 54)).

This magnetic energy density function captures mostheimportant features of
the magnetization curves Fig. 54(a). Figure 5.5(@l) plot theE/M of the domain as a
function of f when(a) no magnetic field is appliedb) an inplane magnetic field of 4
kOe is applied(c) an inplane magnetic field of 40 kOe is applied, ddjlan ou-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/13% domains. This suggests the
coexistence of 35 domains as schematically shown in the insfeFig. 5.4(a) Figure
5.5(b) shows that when anplane magnetic field of 4 kOe is applied, the barrier between
+35/-35 domains disappears. Thus, Figs. 5.5&) 5.5(b) explain the observation that

the inplane magnetization shows small remanence, but rapidly increases up to an in
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plane magnetic field of 4 kOe. When a largglane magnetic field of 40 kOe is applied,
the magnetization vector approaches &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 MpsGay 55 layer as a function of , when
(a) m magnetic field is applied, (b) anplane magnetic field of 4 kOe is applied, |
an inplane magnetic field of 40 kOe is applied, and (d) arobytiane magnetic fielc

of 20 kOe is applied.
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Figures 5.6(a) and 5.6(b) compare the magnetization hysisr curves of the
Mno.4sGan sslayer 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 oubf-plane, respectively. One can see thattheoretical curves reproduce
the experiment results when the magnetic field is higher than 4 k@ta(ir) or 12 kOe
(out of plane). However, at low magnetic fields, clear deviation from the single domain
model is observed. Particularly, the remamsnand 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 magnetizatioeversal process occurs through domain wall

movement rather than single domain coherent rotation.

(a) (b)

300 T T T T T T T T 300 T T T T— T T T T
| Single domain ))’_(/v—« | Single domain (FOmO=OmOmOm0=
—————— : 5 =465/ EXp,
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Figure 5.6 Magnetization hysteresis curves of the dvi®a ss layer measured b
SQUID (circles) and theoretical calculation results (solid lines) using the single d:
model, when the magnetic field is appli€d) in-plane and(b) outof-plane,

respectively.
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5.3.3. SOT effect in Bob.sSho.1 - Mno.4sGaoss bilayers unde a titling
external magnetic field

The initial rise of the irplane magnetization at the smaltptaneHex: indicates
reorientation of the magnetic domains toward thplaneHex: direction, while the slow
increase at the iplaneHex: > 4 kOe reflectsheir tilting toward the horizontal direction.
This unique magnetic behaviors of thedM#a sslayer allow us to directly evaluakés..
Figure 5.7(a) shows tH&4 of a 100mm x 50nmm Hall bar made from the bilayer in Fig.
5.4(a) under nearly perpendiculddx: at room temperature. Before the measurements, an
in-plane magnetic field of +8 kOe is applied to induce a small remangiane My
component of the MyusGapss layer (see Kj. 5.3(a) and the inset in Fig. 5.4(a)), then
was reduced to ~ 2and the magnetic field was swept from +8 kOé 8&kOe and vice
verse. Since the direction of the damplikg spintorbit field Hso is given by-s 3m,
where s is the spin polarization unit vector of the spin current along thigection and
m is the unit vector of the magnetization direction, there is arobBplane component
Hsoz Of the spinrorbit field associating witivy.

The existence of sudHso; component can be seen in Fig. 5.7(a); the remanence
and coercive force of tHe hysteresis systematically increase with increasing positive
This clearly cannot be explained by Joule heating which can only reduce but not enhance
the remanenR4 and coercive force. On the other hand, aehysteresis was reduced
remanence and coercive force at a negaltive7.7 10° A/cm?.

In addition to thedampinglike spin-orbit field Hso, there is possibly a fiellike
spinorbit field Hr. generated by BiSb. Howevetr. can be neglected by analyzing the
magnitude of th&4 loops of the Bj.oSty.1(10) / Mn.4sGan.s5(3) Hall bar under a slightly
tilting perpendicular magnetic fieldyE& 2 toward thex direction) Here, a situation was

considered wheHr_L was comparable witHso, i.e. its strength was ~ 1 kOe at the highest
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J = 13.810° Alcm?. SinceHe_ is along they direction, it can generate a nraaroMy
component for the MyusGay s5(3) layer. Therefore, there would be contribution from the
planar Hall resistand@r+e in addition to the anomalous Hall resistafage to the total
Hall resistanceR4. Unlike Hso, however, the direction ofir. depends only on the
direction ofJ, but notM. Figures 5.7(c) and 5.7(d) show the directioef My, andM;
at a perpendiculdfiext = 8 kG and8 kG, respectively. In Fig. 5.7(dy}x > 0,My > 0, and
Mz> 0, thus

R,(8 kOe)= R,c sinZ +R,: (5.12)

wher £ tarm(My/My). In Fig. 5.7(d)Mx < 0,My > 0, andV; < 0, thus

RH('S koe) :R:HE Sin[2p 'f)] &HE %HE- sin2 f RHE (5-13)

That means the magnitude of Reloop is given byR,,.sin 2 + R, and would

be enhanced by the amount Bf,.Sin2f . As a result, one would expect that the
magnitude of th&4 loops would systematically increase with increasingowever, as
seen in Fig. 5.7(a), the magnitude of Beloops does not change whérs increased
from 0.2 10° A/lcm? to 13.8 10° A/cm?. Thisindicates thaHeg. is negligible, and thaRy

has only contribution frorRane.
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| —— AH/J,, = 2.3 kOe/(MA/cm?) "3

¢ “BiSb
: |

Figure 5.7: (a) R4 of a 100nm 3 50 nm Hall bar of the bilayer under a slightly tiltir
perpendicular magnetic fieldy& 2'), measured witlvarious currentiensity = -7.7
i 13.8 10° A/cm? at 300 K. Inset shows the perpendicular spibit field Hso acting
on the magnetization vectbt at Hext = -Hc (coercive force)n the macrospin picture
(b) Coercive forceHca nd i t sHcasluactiopseof tlip current densikysy in the
Bio.oSky.1(10)/Mnp 45Gay553) bilayer.(c), (d)Di r e ¢ tMx,dMp, odfhdn d e
slightly tilting pelegtemnd2 owhar”ditmhega
as s umi nzge rao -Infiogpm-orhit field HF. atHe x¥ 8 k Glexz@n &

respectivel y.
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5.3.4. SOT effect in Bb.¢Sho.1 - Mno.4sGao 55 bilayers under an in-plane
external magnetic field

To further confirm the effect dflsoz, RH was measured under anpfane Hext
(g=90). Figures 5.8(a) and 5.8(b) show fReHex (¢=90") hysteresis al = 13.8 1¢°
Alcm?andJ =-13.8 10° 3 10° A/cm?, respectively. One can see tRatrapidly increases
up to Hext ~ 4 kOe, and then gradually decrease$iat > 4 kOe. This behavior is
consistent with the Hplane magnetization curve shownFig. 5.4(a); atHext = 0~4 kOe,
the magnetic domains are rapidly reoriented toward-hesctions, so thatlso; andRy
reach their maximum value at 4 kOe.Hd: > 4 kOe, the whole MnGa layer becomes a
single domain, while the magnetization begiiting toward thex direction andRu
decreases.

FurthermoreHso, andR+ switch its directions when direction Wl or Jis changed.
As shown in Fig. 5.8(c), thédso direction can be switched between 4 different
configurations by changing the directionM{ (by sweeping the iplane external field
from positive to negative and viserse), or by changing the direction of the spin
polarization of the spin Hall currefthanging the charge current direction from positive
to negative). These results definitely demonstrate that the symmetiy fofllows that
of Mx(, consistent with the symmetry of SOT.

Note that the polarity switching & when direction oMy or J is changed was
observed not only in the low field range &} <4 kOe (multidomain state), but also in
the high field range oHex| > 4 kOe (single domain state). This eliminates the possibility
of artifacts due to the topological Hall effed2][ 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)R4 as a function of an iplaneHex (g= 90) atJ = +13.8 10¢°
Alcm? and-13.8 10° Alcm?, respectively. (cBymmetry ofQ ;D0 , confirmed

by switching the irplane 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 frdata in Fig. 5.7(a). For the sake of
simplicity, a macrospin model with coherent magnetization rotatias first assumed
At Hext = -Hc(J) (the coercive force at a givel), the net perpendicular magnetization
component is zero, so there is only thelane magnetization component. The situation
at Hext = -Hc(J) is shown in the inset of Fig. 5.7(a). At this poiHt, points to thez
direction and counterblex. Thus, themacrospin model predicts that the shift of the
coerciveDHc is equal toHso In reality, however, the MnsGayss layer is in a muld
domain state at low magnetic fields, and magnetization reversal occurs through domain
wall movement rather than coheremtagnetization rotation. Nevertheless, full
micromagnetic simulations have shown that the relatigpn = DH: gives a good
estimation forHso with less than 5% of uncertainty in a Pt/BaM ferriteldyier [16].
Furthermore, the macroscopic model has been wsetemarkably reproduce the
experimental switching phase diagram due to SOT effect in Pt/Co bildy@rsThis
confirms the validity of this relation even though it is derived from a simple macrospin
coherent rotation model.

Hso can also be estimated fraime Ri-Hext data in Figs. 5.8(a2(b) in the high in
plane field range lfex{ > 4 kOe), when the MnsGa 55 layer becomes a single domain
and the macrospin model is applicable. The obtained average vallg| of .97 3.4
kOe forJ = °13.8310° A/cm? are within 10% of uncertainty from that obtained by
assumingHso = DHc = 3.1 kOe ford =13.83 10° A/lcm? in Fig. 5.7(a) (see appendix A).
Thus, in the following, the relatioHso = DH; was used to estimate the spin Hall angle.
Figure 5.7(b) plot®H. obtaned in Fig. 5.7(a) as a function &isp. The slopeHsdJgisb
= 2.3 kOe/(MA/cn) 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/@¥é&m (1.1)
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| Ta (7.2), Pt ~ 2.90e/(MA/cn?) in Fe (0.5) / Pt (2.3) 18], and BiSe.x ~100
Oe/(MA/cn?) in CoFeB (5) / BiSe.x (4) [3]. The roomtemperature spin Hall angig,,,

calculated by

2e H
Qon = ? M MnGat MnGaJi

BiSb

(5.14)

where M,, c,andt,, ¢, are the magnetization and thickness obMGa 55 respectively,
Jgisp IS 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 showkthat BiSb has the

same sign as those of (Bbs)2Tez[19], Bi2Se; [2] and Pt L7].
5.4. Magnetization switching by ultra-low current density

In order todemonstratenagnetizatia switching by ultrdow current density using
the large spin Hal effect of BiSh, a 10 x 50 nm Hall bar of a BisShyi (5) /
Mno.4sGanss (3) bilayer was prepared. Figure 3(a) and 3(b) demonstrate the SOT
switching of the MnGa layer when applying 198 pulse currents to the Hall bar and an
in-planeHex = + 3.5 kOe and3.5 kOe, respectively. One can see that clear switching at
an average critical current densityb¥ 1.5<1° A £n? (Jeisp = 1.1x1CP A £mP). Here,
the critical current density is defined at which the Hall resistance changes sign. Note that
the switching of R4y between°1 W corresponds tdull magneteation swithing.
Furthermore, the switching direction is reversed when thglaine Hext direction is
reversed, consistent with the behavior of SOT switching. The observed critical current
density is much smaller than those of Ta (5) / MnGaJ3) 1.13 16® A/lcm?) [20], IrMn
(4) / MnGa (3) § = 1.5 1% A/lcm?) [21] and Pt (2) / MnGa (2.50€ 5.C¢ 10’ Alcm?)

[22].
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Figure 5.9 (a), (b)R4 of a 100mm 3 50 nm Hall bar of the BigShy.1(5) / Mno.4sGay 55

(3) bilayer under 100 ms pulse currents and golaneHex: of +3.5 kOe and3.5 kOe,

respectively.

Table 5.1: Roomtemperature spin Hall angless, conductivity s, and spin Hall

conductivity ss of several heavy metals and TIs.

S SSH
Ty Gwmy
b-Ta[1] 0.15 5.310° 0.8 10°
b-W [23] 0.4 4.7 10° 1.9 10°
Pt [17] 0.08 4.210° 3.810°
Bi2Ses [2] 2-3.5 5710 1.1-2.31C¢°
BixSex [3] 18.8 7.8 10° 1.4 10°
Bio.oSho.1 (this work) 52 2.3 10° 1.310
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5.5. Comparisons with other spin Hall materials

BiSb has many characteristics that make it the best candidatkeefq@ure spin
current source IBOT-MRAM. Its conductivity is comparable to typical ferromagnetic
and noamagnetic 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 witheating a
magnetic dead layer. Table 5.1 summarigegsy, andssh of several heavy metals and
TIs at room temperature. In term &§n, 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 3@lthough there are reports of roet@mperature SOT
switching by other TlIs in BEe/CoTb [24], Bi.Se/NiFe [25], and BiSea.J/CoFeB B],
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. Us8igy B
both very large spiorbit field of 2.3 kOe/(MA/cnt) and SOT switchingt a low critical
current density ofl.5x1(° A £n? have been demonstrated by using the MnGa as
ferromagnetic layer with much higher PMA (40 ~ 50 kOe) and coercive force.§ >
kOe) than those used in previous experiments. These double check the very large spin
Hall effect of BiSb.

The observation of the very large spin Hall effect in BiSb leaves many open
guestions about the physics of the spin Hall effect in TIs. Evergthstronger sphorbit

interaction and larger spin Hall effect are expected for BiSb theBeBir (Bi,SbTe,
thanks to its very small band gap, the observatiaef 1.3 10" -Wm?is unexpected.

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

consideredHowever, firstprinciple calculation of the bulk intrinsic spin Hall effect of
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BiSb yields a maximum value of 9.8¥18Wm™ 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 g, :%eﬁ is possible from the calculation since the bulk- 0 at zero
S

temperature)36]. Furthermorethe bulk extrinsic mechanism such as gidap 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 mainlyesponsible for the observed very large spin Hall effect in BiSb.

It was theoretically predictefi27] and later experimentally confirmed by ARPES

measurementg] that the BiSb(012) surface has three Dirac cones & the, andM

point, while there is only one Diramne at theGpoint on theBiSb(001), Bi»Se(001),

andBi:Seg( 012) surface. This unique Avalley dec
may be r&ated to the origin of the observed SHE. Detailed observation of the BiSb(012)
surface states by spresolved ARPES is needed for unlocking the secret of the very large

spin Hall effect in BiSb(012).

(@) (oo1) (b)  (002)

w(1)=-8(T)d(I")=-1

(1 )=5@R(Ir)=1 M, 7(M)=5(F )3(L)=1 | A, 7(M)=-5(X)5(L)=1
SC M, (M)=-8(X)8(X)=-1
M, m(M)=8(F)d 1

Z, 8(2)=1

(012)
Our work

Figure 5.1Q (a), (b) Topological prediction for theurface electronic structure

Bi>Se; and BixShy (0.09 <x < 0.22), respectively. Reproduced with permissizsj.|
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5.6. Summary
In this chapter, the huge spin Hall angléBisb thin films withgsn ~ 52, and spin
Hall conductivity ssh ~ 1.3 10’ >W!m at room temperatureas observedBiSb not

only haslarges ~ 2.5 10° W'm™ but also can generate a very large spinit field of
2.3 kOe/(MA/cnf) in Bio.oShy.1/ MnGa bilayers. These results underline the potential of
BiSb as good spin Hall material in SMRAM. As over ten years have passed from the
proposals?9, 30] and the realization of TIS[], BiSb emerges as a promising catade

for SOT-MRAM based on TIs.
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Chapter 6

Topological Hall Effect and Skyrmions in

BiSb - MnGa Bilayers

BesidesSOT-MRAM, racetrack memory is very piomising candidate for high
density and lowcost magnetic memory. One of innovative types of race track memory
utilizes the topologicainagnetic objects knows as skyrmiombianks to their small size
(~5-80 nm L, 2]) and low driving current density (~38/cm?[3]), skyrmiors can enable
manipulation of information with ultrlow power consumption.

DzyaloshinskiMoriya-Interaction (DMI) s the keyingredient tostabilize chiral
domairs wall of skyrmiors, which can give to risa fictitious magnetic fieldnd carbe
detectedby the topological Hall effect (THEW]. Recently, skyrmioxdriven THEwas
observed irB20 compoundsy- 8] andSrRuQ-SrirCs bilayers B]. Since then, the THE
has become an important tool for probing skyrmions. However, althskgimions
generated byulk DMI have been found in different B20 compourttigey exist only at
low temperatureInterfacial DMI in multilayers such as Pt/CoFeB, Pt/Co/Ni/Co and
Pt/Cocan generatgekyrmions even at room temperatul®-[L4]. Unfortunately, these
skyrmiors are still metastable at zeramagnetic field. For realistic application of
skyrmiors toracetrackmemory stable skyrmions at room temperatureler absence of
anexternal magnetic field are required.

This chapter will studythe topological Hall effec(THE) in BiSb topological
insulator / MnGa bilayerd.he interfa@al DMI is modulated by controlling the annealing

temperature ofhe MnGatemplate. The THEbserved at room temperature even under
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absence ofan external magnetic field ithe strong evidare for the existence of
thermodynamically stable skyrmions in MnGa/BiSb bilayers. These ratdtslight on
the role oftheinterfacial DMItailoredby suitable materiathoice and growth technique

for generation of skyrmigat room temperature.
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6.1. Sanple preparation

The BiSb/MnGa bilayers were growhy MBE on seminsulating GaAs(001)
substrate with orientation of BiSb(01/2MnGa(001)Y/ GaAs(001). In order to modulate
the interfecial DMI, an additional annealing step was added tihéogrowth processas
shownin Fig. 6.1. The whole growtprocess was described as followdter a thick
GaAs buffer layer was grown at 585 the substrate was cooled down t8G6 grown
alternative monolayers of M@aMn-Ga. Then, the template of MnGa bilayer swa
formed by annealing fain 1 min at two different annealing temperaturgs= 350C
(sample A) andtan = 400°C (sample B) The samples were cooled down again to grow a
thick MnGawith a total thickness of 5 nm at 280 Finally, a 16nm BiSb thin filmwas
grown under the substrate temperature oP@0The growth othe BiSb/MnGa bilayers
was monitoredn situby RHEED, and the thickness of BiSb(10)/MnGaghe(humbers
i n parent heses pr es ent)thinélmseverédcontrolledy theirn e s s i
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.

- ——

tsub = 50°C E tan =300°C i tsub =250°C
Mn-Ga-Mn-Ga ' fan = 400°C
1 \V d I .
~GaAs (001) | GaAs (o| imo GaAsm(Om ‘GaAs (001)

Figure 6.1 Schematic illustration of the growth process. An additianalealingstep

of theMnGa template layer was employed to tailor the DMI strength.
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6.2. Topological Hall effect (THE)

The Hall resistivity can bexpressed as
ry=RH *Le + (6.1)

where the first, second and third terms thweordinary Hall effectthe anomalous Hall
effect (AHE) andhe THE, respectivelyry of the BiSb/MnGa bilayereas measured by
using 50x50vm? Hall bars fabricated by convention ultraviolet photolithograprd/An
ion milling. Since he THE coexist with the ordinary Hall effect andhe AHE, it is
necessary to estimatee AHE by measuringhe magnetic circular dichroism (MCD)
intensitymagnetic field (MCDBH) characteristics The sampl edsalsmagnet. i
measured by a superconducting quantum interface device (SQUID).

Figure 6.2(ab) showthe Hall resistivity (blue line)the AHE (red line)estimated
by MCD, andthe THE (green line) othe MnGa/ BiSb bilayers annealed at 36Q0(Fig.
6.2a) and 40 (Fig. 62b) at room temperaturkn the Hall resistivity curvetwo humps
which can be attributed tbe THE were clearly observetivhile thesample A shows two
humps between 0 and 3.5 kOe, th@mpleB shows twohumps between3 kOe and3
kOe. Thischaracteristic can be further confirmedthe THE curves. \Nle the peakn
the THE curve of theampleA appearsat around 1.5 kOe, that thesampleB appears
at zero external magnetic field. The existenceneTHE in sample B undezero external
magetic fieldwas observeat different temperatuseThe magnetiphase diagranof
sample Bas a function otheexternal magnetic fieldH) and temperaturd] is shown in
Fig. 6.2(c).The full Hall resistivity data atach temperaturare showrin Fig. 63(ai).
The THE amplitudeof sample B decreasesth decreasingemperature and disappeared

at about 12K as showed in Fig. 6.3(g).
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Figure 6.2: (&b) Rootme mper ature topol ogi cal

extracted from tsha vtiatyal( bHaulel |é& fnfeesc)t
( AHE) resistivity derived fremmgmadhn
measurement (red Ilines) of MnGa(5 n
tempbhaneal i ng tihef@BpO®( stampdaa d A@UODa mp,l
respect Ma g h ghase diagjanof sample Bas a function othe external
magnetic field KI) and temperatureT]. (d) The topological Hall resistivityt of

sample Bas a function of temperature.














































































































































































