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Abstract

Current-induced spin-transfer torque (STT) is an effective method to con-
trol the magnetization of ferromagnetic metal (FM) thin films by the current,
paving the way for designing spintronic devices with low power consump-
tion, fast speed, and high density. Recently, a new type of current-induced
torque has been observed in heavy metal (HM)/FM and topological insulator
(TI)/FM thin film heterostructures. The torque, known as spin-orbit torque
(SOT), is of particular interest owing to the high efficiency in manipulating
the magnetization of FM layers. The SOT is attributed to current-induced
spin accumulations at the interface of HM/FM and TI/FM heterostructures,
which originates from the spin Hall effect (SHE) and/or the Rashba-Edelstein
effect (REE). Therefore, identifying materials with considerable current-spin
conversion efficiency and clarifying their origin are critical to developing our
understanding on these materials and realizing efficient current-induced SOT
for application.

In this thesis, I present current-spin conversion in Bi-based material thin
films by characterizing the current-induced SOT using Bi-based material /FM
thin film heterostructures. An alternating ultrathin layer deposition (AULD)
method is proposed to grow Bi-based alloy with controllable concentration.
First, I demonstrate appreciable current-spin conversion efficiency, exceeding
an unity, in polycrystalline Bi;_,Sb, alloy thin films. The Bi;_,Sb, thickness,
composition, and facet orientation dependences of the spin Hall conductivity
(SHC) of the alloy indicate large current-spin conversion is primarily due to
the intrinsic SHE in Bi;_,Sb,. The topological surface state of Bi;_,Sb,, if
present, plays little role in current-spin conversion. Strikingly, the SHC of
Bi;_,Sb, increases markedly with temperature, following the temperature de-
pendence of carrier density. Based on an analysis of spin current mobility, we
suggest the thermally-excited massive Dirac electrons at the L-valley signifi-
cantly contribute to this enhancement.

Second, I show the investigation on current-induced SOT in carrier-doped
Bi/CoFeB thin film heterostructures to highlight the importance of massive
Dirac carriers, including electrons and holes, to current-spin conversion. The
Fermi level positioning is tunable by substituting Bi with Te and Sn. The
current-spin conversion efficiency of pristine Bi is found to reach ~ 2.7, which
is the largest spin Hall angle detected so far. It is found that the SHC of Bi
exhibits a plateau when the Fermi level is close to the Dirac point. Subse-
quently, the value drops dramatically with increasing electron and hole doping



induced by Te and Sn substitution. The SHC of Bi is also demonstrated to
be robust against the change of Bi thin film crystallographic orientation and
resistivity. These results indicate the current-spin conversion of Bi, dominated
by the intrinsic SHE, is correlated with the Fermi level positioning.

Third, I introduce the study on the structure, magnetic anisotropy and
current-spin conversion in Pt;_,Bi,/Co/MgO trilayer systems. Bi atoms be-
have as impurities in the Pt host and the magnetic easy axis of an ultrathin
Co layer in the trilayer points out-of-plane when the doping level x is smaller
than ~ 0.5. Pt;_,Bi, thin film converts to a Pt-PtBi; mixture for x beyond
~ 0.6. In this regime, the easy axis of the ultrathin Co layer changes from out-
of-plane to in-plane. The resistivity of Pt-rich Pt;_,Bi, increases with doping,
whereas the SHC is hardly influenced by x. These results suggest Bi doping is
an effective strategy to enhance the current-spin conversion efficiency of Pt.

These studies provide the first experimental evidence that Dirac-like elec-
tronic band structure, which contains non-zero Berry curvature, is strongly
correlated to the SHE. The findings advance understanding on the current-spin
conversion process on Dirac materials and open pathways to develop material
systems that allow generation of significant spin current.



List of abbreviations

AC Alternative current

AHE Anomalous Hall effect

ANE Anomalous Nernst effect

ARPES Angle-resolved photoemission spectroscopy

AULD Alternating ultrathin layer deposition

DC Direct current

DL-SOT Damping-like spin-orbit torque

FL-SHC Field-like spin Hall conductivity

FL-SOT Field-like spin-orbit torque

FM Ferromagnetic metal

HAADF-STEM High-angle annular dark-field scanning transmission
electron microscopy

HM Heavy metal

IMA In-plane magnetic anisotropy

ISHE Inverse spin Hall effect

LLG Landau-Lifshitz-Gilbert

MBE Molecular beam epitaxy

MRAM Magnetic random access memory

NM Normal metal

ONE Ordinary Nernst effect

PHE Planar Hall effect

PMA Perpendicular magnetic anisotropy

REE Rashba-Edelstein effect

RF Radio frequency

SHC Spin Hall conductivity

SHE Spin Hall effect

SOT Spin-orbit torque

SSE Spin Seebeck effect

STT Spin-transfer torque

TI Topological insulator

TSS Topological surface state



VSM Vibrating sample magnetometer
XRD X-ray diffraction



Contents

List of abbreviations

1

Introduction 1
1.1 Spin transfer torque . . . . . . .. ..o 1
1.2 Spin-orbit torque . . . . . ..o 4
1.2.1 Heavy metal/ferromagnetic metal heterostructures . . . . 4
1.2.2  Topological insulator/ferromagnetic metal heterostruc-
tures . . ... L. 10
1.3 Bismuth and the alloy . . .. ... ... .. ... .. ...... 13
1.3.1 Bismuth . . .. ... .. ... 14
1.3.2  Bismuth-antimony alloy . . . . . .. .. ... ... ... 16
1.4 Objective and outlines of this thesis . . . . . . . . ... ... .. 19
Experimental methods 21
2.1 Radio frequency mangetron sputtering thin film deposition . . . 21
2.2 Xe-ray diffraction . . . . ..o 23
2.3 Vibrating sample magnetometer measurement . . . . . . . . .. 23
2.4 Device fabrication . . . . . ... ..o 24
2.5 Direct current transport measurement . . . . . . . . .. .. ... 27
2.6  Harmonic Hall resistance technique . . . . . . ... .. .. ... 30
2.6.1 In-plane magnetization system . . . . . . . ... ... .. 33
2.6.2 Out-of-plane magnetization system . . . . ... ... .. 35
Current-spin conversion in BiSb alloy thin films 37
3.1 Introduction . . . . . . .. .. 37
3.2 Sample description . . . . ... Lo 38
3.3 Structural and magnetization characterization . . . . . .. . .. 38
3.4 Current-spin conversion characterization . . . . .. .. ... .. 42
3.4.1 BiSb thickness dependence . . . . . . .. ... L. 43
3.4.2 BiSb composition dependence . . . . .. ... ... .. 49

3.4.3 Facet dependence . . . . . ... ... 52



3.4.4 Temperature dependence . . . . . . . ... ... L. 53

3.5 Discussion . . . . . . ... 59
3.6 Conclusion . . . . . . . .. . ... 62
4 Current-spin conversion in carrier-doped Bi thin films 65
4.1 Introduction . . . . . . . ... ... 65
4.2 Sample description . . . .. .. Lo 66
4.3 Structure and magnetization characterization . . . .. .. . .. 67
4.4 Direct current transport measurement . . . . . . . ... ... .. 69
4.5 Current-spin conversion characterization . . . . . ... ... .. 72
4.6 Discussion . . . . . . .. 7
4.6.1 Robustnessof SHCinBi . ... ... ........... 7
4.6.2 Current-spin conversion in Te-rich Bi;_,Te, thin films . . 79

4.7 Conclusion . . . . . . . . .. 81

5 Structure, magnetic anisotropy and current-spin conversion in

Pt,_.Bi,/Co/MgO trilayers 83
5.1 Introduction . . . . . . ... ... 83
5.2 Sample description . . . . . ... 84
5.3 Structural characterization . . . . . .. .. ... L 84
5.4 Magnetic properties . . . . . .. .o 85
5.5 Current-spin conversion characterization . . . . ... ... ... 86
5.6 Conclusion . . . . . . . ... 92
6 Summary & Outlook 93
Acknowledgments

List of publications

References



Chapter 1

Introduction

1.1 Spin transfer torque

Spintronics is a field that studies the role of electron spin degree of freedom
plays in solid-state physics. The discovery of the giant magnetoresistance at
the end of the 1980s [1,2] is considered the beginning of this field. In giant
magnetoresistance, the resistance of a ferromagnetic metal (FM) /non-magnetic
metal (NM)/FM structure, often referred to as a spin valve, is lower when the
magnetizations of the two FM layers are parallel compared to the antiparal-
lel alignment. Similar to giant magnetoresistance, the tunneling resistance in
FM/insulator/FM magnetic tunnel junction also depends on the magnetiza-
tion alignment, an effect referred to the tunneling magnetoresistance. The two
magnetic states of the FM layers in spin valve and magnetic tunnel junction
are tunable by applying a magnetic field and they can serve as binary informa-
tion. Therefore, the spin valve and magnetic tunnel junction are regarded as
promising candidates for realizing magnetic random access memory (MRAM):
the next-generation non-volatile memory for replacing silicon-based devices.
However, the need of a magnetic field to control the magnetization configura-
tions in spin valve or magnetic tunnel junction is an issue for device integration
since it requires large current, resulting in high power consumption.

To address this issue, current-induced spin-transfer torque (STT) has been
proposed to control the magnetization of FM thin films. Before describing
STT in detail, the concept of spin current is introduced first. Electrons in
conductors can be driven by electric field due to Fermi level shift, resulting in
a flow of electrons, i.e., the current. An electron spin is an intrinsic form of
angular momentum and contains two intrinsic states: up spin (1) and down
spin (}). Based on the two-channel model, the flow of electrons can be divided
into two components, defined as gy and j;. If a difference in the magnitude
exists in these components, a net spin angular momentum will be transferred
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by the current. Such current is called a spin current. Thus, spin current j
and current 7. can be written as

Js =3t — 3 Je =31+ T Iy (1.1)

In general, 34 and j; take the same flowing direction and js is referred to as
spin-polarized current. A special situation occurs when j4 and j; own opposite
flowing directions. If their magnitudes are equal to each other, j. will disappear
and j, is equal to 2j4(;). Spin current is such case is referred to as pure spin
current.

oL 7

B YY)

FM1 layer NM spacer FM2 layer

Figure 1.1: Schematic illustration of the spin-transfer torque in FM/NM/FM
structure.

The schematic of STT is illustrated in Fig. 1.1, where FM/NM/FM trilayer
is used as an example. A flow of electron with non-zero spin polarization,
i.e., a spin-polarized current, is transferred from FM1 layer to FM2 layer and
accumulated in FM2 layer after crossing the NM spacer by an electric field
perpendicular to the plane of the structure. The spin polarization unit vector
is o. Considering that o is not parallel with the local moment M in the FM2
layer, it will be rotated to form a collinear state with M due to s-d interaction.
As a counteraction, a torque will be transferred from the electron to M and
control the direction of M, which is defined as STT.

Slonczewski [3] and Berger [4] first predicted STT in 1996. Later, Zhang
et al. pointed out that two components, an adiabatic damping-like torque
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mpr, and a non-adiabatic field-like torque 7gr,, contribute to the STT [5]. The
dynamics of M can be described by adding the STT terms into the Landau-
Lifshitz-Gilbert (LLG) equation, which reads as

aa—T:—’meHeﬁJramx%—T—TDL-(mx(axm))—TpL-(mxa),

(1.2)

where v is the gyromagnetic ratio, m = M /Mj is the unit vector of M, M is
the saturation magnetization of M, H g is the effective field including external,
demagnetizing and exchange contributions, « is the Gilbert damping constant,
7o, and 7, are the damping-like and field-like torque terms, respectively. The
first term on the right side of the equation is used to describe the Lamor
procession of m around H.g. The second term is the Gilbert damping torque
for relaxing m, driving it towards H.. The third and fourth terms are
damping-like and field-like torques, respectively. The directions of these two
torques are illustrated in Fig. 1.1. The two STT terms can be merged with the
first one in the equation. It gives an effective field description of STT, Hpy,
and Hpy,, which read as

HDL = HDL(O' X m), HFL = HFLO', (13)

where Hpy, and Hyp, are the magnitudes of effective fields induced by damping-
like torque and field-like torque, respectively, and defined as Hpp, = mpr, /7 and
Hyr, = 1r1/7.

The trajectories of the magnetization with STT is illustrated in Fig. 1.2 [6].
Beyond a critical current, the magnetization can undergo steady procession or
reversal. Magnetization switching has been observed in FM/NM/FM struc-
tures where the FM layer exhibits in-plane (IMA) or perpendicular magnetic
anisotropy (PMA) [7,8]. Therefore, STT can solve the problem for MRAM
applications where a magnetic field is no longer necessary to write informa-
tion. In the macrospin model, the critical current I .sca for switching the
magnetization of FM layer in FM/NM/FM structures reads as [9]

2e apg MV
Icritical,STT = =
hon

Heg, (1.4)
where e is the elementary charge, A is the reduced Planck constant, V' is the
volume of the STT device, pg is the vacuum permeability, and 7 is the efficiency
of damping-like torque. One can find that Iqyisica; sTT decreases with decreasing
the device size. It suggests that the energy consumption for switching the
magnetization by current-induced STT is lower for smaller devices, suitable
for very large scale integration.
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Moment in an applied field along z with no anisotropy
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e —damped motion —stable precession —switching
Applied field P P £

Initial
Magnetization |

Figure 1.2: Trajectories of magnetization driven by the spin-transfer torque in its
dynamics. (a) The initial configuration of the magnetization under an applied
magnetic field along the z-axis. There is a small misalignment between the
magnetization orientation and the magnetic field. (b) For currents below a
threshold, the magnetization spirals back toward the z-axis because of damping.
(c,d) For currents beyond a threshold, the damping becomes negative due to its
cancellation by STT. It can result in a steady procession (c) or magnetization
reversal (d). The figure is extracted from Ref. [6].

Another important application of STT is current-induced magnetic do-
main wall motion in FM nanowires. In the case of FM/NM/FM structures,
the magnetic misalignment of the two FM layers, i.e., a nonuniform magnetic
configuration, is significant for realizing STT-induced magnetization switching.
Domain wall, as the boundaries connecting magnetic domains with different
orientations, is a typical texture with magnetic misalignment in spatial. Differ-
ent experimental methods have been employed to observe domain wall motion
in FM nanowires, e.g., magneto-optical Kerr effect magnetometer [10,11], mag-
netic force microscopy [12], anomalous Hall effect (AHE) [13,14], and nanowire
resistance measurement [15]. Current-induced domain wall motion is consid-
ered as for another type of information storage memory device, known as the
magnetic racetrack memory [16].

1.2 Spin-orbit torque

1.2.1 Heavy metal/ferromagnetic metal heterostructures

Besides ST'T, significant effort has been put to look for new types of current-
induced torque using different materials. The spin Hall effect (SHE) [17] in
heavy metal (HM) allows conversion of charge current to pure spin current.
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Similar to the spin-polarized current, pure spin current from HM due to the
SHE can exert a torque on the magnetization in HM/FM heterostructures.
Because of the spin-orbit coupling origin of the SHE, such torque is referred
to as spin-orbit torque (SOT). The basic concepts of the SHE and the SOT
induced by the SHE in HM/FM heterostructures will be described here.

SHE and its reciprocal effect, the inverse spin Hall effect (ISHE), are
schematically illustrated in Fig. 1.3. Dyakonov and Perel first proposed SHE
in 1971 [18] and it was reformulated in 1999 [19]. In SHE, a charge current
in non-magnetic material with spin-orbit coupling generates a transverse pure
spin current polarized perpendicular to the plane defined by the charge and
pure spin current. In ISHE, a charge current can be induced orthogonally by
a pure spin current.

Spin Hall effect Inverse spin Hall effect
i
J
>
W

Figure 1.3: Schematic illustration of spin Hall effect and inverse spin Hall effect.

The figure of merit used to describe current-spin conversion in SHE is the
spin Hall angle fsy, which reads as

2e OSH
Oy = — . 1.5
S (1.5)

where o,, is the conductivity of NM and ogy is the spin Hall conductivity
(SHC). The prefactor 2e/h is used to set fsy as a dimensionless quantity. ogy
represents the conductivity of transverse spin current. In terms of spin current,
Eq. 1.5 cab be rewritten as

gy = 2eosu _ 2€Js
hoOwe  hje
where E is the applied electric fields. In experiments, sy and o,, are measur-

(1.6)

able quantities. Thus, ogy is typically obtained by the following relation

h
OSH = %HSH cOgg- (17)
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Because spin current represents a flow of angular momentum, fi/2e is com-
monly multiplied to fsy - 0,4.

(@)

Figure 1.4: Schematic of the origins of the spin (anomalous) Hall effect as: (a)
intrinsic mechanism due to Berry curvature; (b) side-jump extrinsic mechanism
where the electron has a transverse displacement due to impurity; (c) skew
scattering extrinsic mechanism due to the transverse scattering by impurity.

The physics and mechanisms of the SHE are directly borrowed from that
of the well-established AHE [20]. Generally, the microscopic mechanisms of
SHE (or AHE) are classified into three components: the intrinsic, side-jump,
and skew scattering mechanisms, where the latter two are collectively called
the extrinsic mechanisms. Thus, osy can be written as a combination of these
three contributions: ogy = ol + o3 + 0. These three mechanisms are
schematically presented in Fig. 1.4.

For the intrinsic mechanism, the deflection of electrons with opposite spins

can be described by the curvature of geometrical phase, namely the Berry



1.2. Spin-orbit torque 7

curvature [21], in the band structure of materials based on the semiclassical
theory [22,23]. Electrons driven by an external electric field in materials with
spin-orbit coupling can acquire a transverse anomalous velocity by a non-zero
Berry curvature. The Berry curvature is originated from the band structure
and does not depend on the scattering of the electron. Therefore, o} should
be independent on the scattering relaxation time 7, i.e., oify oc 7.

For extrinsic mechanisms, spin current results from the spin-orbit coupling-
induced interaction between the conduction electron and impurities of mate-
rials. The side-jump can be understood as a transverse displacement of the
conduction electron by impurities. The skew scattering is attributed to the
asymmetric anomalous velocity of the electron with opposite spin polarization
when the electron is scattered by impurities. The difference between these
two mechanisms is their relationship with 7. For the side-jump mechanism, it

0

is independent of 7, giving Jgﬂ x 7°. For skew scattering, it is proportional

to 7, i.e., o5 oc 1. Because 7 is proportional to the conductivity o, con-
tributions of SHE from different mechanisms can be distinguished by scaling
the relationship between osy and oy, in materials with different conductivity
regimes [24,25].

A critical obstacle to the experimental detection of the SHE is that there is
no spin voltage in analogy with the charge voltage, indicating that it cannot be
detected by direct electrical measurement. Kato et al. observed the SHE for
the first time using magneto-optical Kerr effect microscopy [26]. As shown in
Fig. 1.5(a), non-zero spin density with different polarization is observed at the
edges when an electric current is applied to a GaAs/InGaAs thin film stripe at
30 K. This result is attributed to the spin accumulation induced by the SHE.
ISHE provides a means to detect spin current indirectly using electrical meth-
ods. A transverse charge current or charge accumulation in materials can be
detected after injecting a spin current from an adjacent ferromagnetic mate-
rial in ISHE experiment. For example, ISHE has been confirmed in Permalloy
(NiggFey9, Py)/Pt bilayers by pumping spin current from the Py layer to the
Pt layer via ferromagnetic resonance [27] and Al/CoFe nanowire devices by
non-local spin current transport measurement [28].

Osy is related to the strength of spin-orbit coupling {. It is considered that
the SHE is stronger in elements with heavier atomic mass Z because of ¢ oc Z4.
Thus, a considerable fsy is expected in 5d HM [31]. The SHE-induced SOT
in HM/FM bilayers is first observed in Pt/HM thin film heterostructures at
room temperature [29,32,33]. As shown in Fig. 1.6, it has been found that
the magnetization of the Co layer in Pt/Co/AlO, exhibits PMA and can be
switched by the SOT under a small in-plane magnetic field [29]. The switching
was confirmed by another work showing that the magnetization of Pt/Co/AlO,
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Figure 1.5: (a) Spin density mapping on GaAs/InAs thin film stripe under an
electric field at 30 K using magneto-optical Kerr effect microscopy. (b)
Ferromagnetic resonance spectra induced by ISHE in Py /Pt bilayers. (¢) Scanning
electron micrograph of Al/CoFe nanowires and the spin Hall resistance results.
Figure (a), (b) and (c) are extracted from Ref. [26], Ref. [28] and Ref. [27],
respectively.
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Figure 1.6: (a) Current-induced reversal of the magnetization of Pt/Co/AlOx
trilayer. (b) Spin-transfer ferromagnetic resonance spectra for CoFeB/Ta and
CoFeB/Pt bilayers. The symmetry part of the spectra related to DL-SOT is found
opposite for these two bilayers. Reproduced from Ref. [29] and Ref. [30],
respectively.

trilayer has a hysteresis loop as a function of injection current under a small in-
plane magnetic field [33]. In a later work, Liu et al. observed a strong SOT in
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CoFeB/Ta bilayers using the spin-torque ferromagnetic resonance method and
a current can switch the magnetization of CoFeB at room temperature [30].
They characterize the efficiency of such torque using fsy and find the signal of
Osn in Ta is opposite to that of Pt (see Fig. 1.6(b)). The sign and value of the
spin Hall angle in Pt and Ta are consistent with the calculation of the intrinsic
SHE [31]. After these discoveries, study on current-induced SOT in HM/FM
heterostructures has become a focus point in the spintronics field [34-37].

Figure 1.7: Schematic illustration of the geometry of current-induced SOT in the
HM/FM bilayer.

The magnetization dynamics with current-induced SOT in HM/FM bilay-
ers can be treated similarly as that with STT. Thus, SOT can be divided
into two components: a damping-like SOT (DL-SOT) and a field-like SOT
(FL-SOT) in analogy with STT. Schematic illustration of the geometry of the
SOT and the corresponding effective fields Hp, and Hpy, (see Eq. 1.3 for the
definition), in the HM/FM bilayer are illustrated in Fig. 1.7. According to the
definition of the SHE, o of pure spin current flown from the HM layer to the
FM layer is parallel to y if we consider a current is applied along the x-axis.
The corresponding effective fields of these two SOTs have been confirmed in
many experiments using the harmonic Hall resistance technique and direct
current magneto-transport method [38-41].

When SHE-induced spin current that flows from HM is absorbed by the
FM layer and exerts SOT on the magnetization. The efficiency of DL-SOT
and FL-SOT per unit current density are defined as £pr, and &gy, respectively.
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Specially, &pr, and &gy, read as [36]:

2e poHprrr) Mt e
h JHM ’

§DL(FL) = (1.8)
where jpy is the current density that flows in the HM layer and t.g is the
effective thickness of the FM layer. In previous studies, it has been found that
FL-SOT originates not only from SHE but also from other phenomena, e.g.,
Rashba-Edelstein induced spin accumulation [42-46]. Thus, the discussion
on SHE-induced current-spin conversion detected by SOT is focused on DL-
SOT and &pp, can be used to refer to as current-spin conversion efficiency. In
general, a fraction of SHE-induced spin current is absorbed by the FM layer
due to spin backflow [47,48] and/or enhanced spin scattering [46,49] at the
HM/FM interface. The transmittance of spin current at the interface, defined
as T, depends on the choice of material. &pp, is thus related to the intrinsic
spin Hall angle fsy via the following relation

§pr = TO0sn. (1.9)

Note that T" < 1. Therefore, {py, will not exceed fsy and &py, provides a lower
limit of Ogg.

The strength of £pp, also depends on the spin diffusion length A and the
HM thickness d. The spin current induced by SHE diffuses within the HM
layer. &pp, therefore increases with increasing d before it saturates [50]. This
characteristic feature can be described using the spin diffusion model:

£DL = gDL[l — SGCh(%)], (110)

where &py, is the saturation efficiency of DL-SOT. For HMs, the value of )\ is
around several nanometer [51] and py, can be obtained for thin films with d
larger than ~ 2\ according to the feature of Eq. 1.10.

1.2.2 Topological insulator /ferromagnetic metal heterostruc-
tures

The current-induced SOT in HM/FM thin film heterostructures owing to
SHE is an efficient way to manipulate the magnetization of FM layers, putting
forward the application of SOT-MRAM. Topological insulator (TT) [54,55] has
also been suggested with great potential to generate SOT in TI/FM thin film
heterostructures due to the spin-momentum locking property of the topological
surface state (TSS) [56-59]. A brief introduction of this mechanism is described
here.
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Figure 1.8: (a,b) Schematic illustration of the energy dispersion relationship for
TSS (a) and the Fermi contour with a shift due to Rashba-Edelstein effect (b) in
TI. (¢,d) Band dispersion mapping of BisSes using ARPES (c) and wave vector
dependent spin polarization on TSS of BigTes characterized by spin
resolved-ARPES. (c) and (d) are respectively from Ref. [52] and Ref. [53].

TI is a type of material with an insulating bulk state but conducting sur-
face state called TSS. The band dispersion of TSS forms a Dirac cone with
quasi-massless Dirac electrons in momentum space because of the time-reversal
symmetry and nontrivial band topology. The nontrivial band topology is at-
tributed to the inversion of bulk bands due to strong spin-orbit coupling. The
behavior of the Dirac electrons can be described using a Hamiltonian, which
reads as [54,55,60-62]

(1.11)

H:hvs(axkz)zzhvs< 0 klﬂwkﬂ&),

ky — ik, 0
where v is the surface electron velocity, k = (k,, k,) is the two-dimensional
Bloch wave vector and z is the direction normal to T'SS. o is the Pauli matrices.
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The eigenvalues E and eigenstates |¢)) of the Hamiltonian can be solved as

B =kl 02) = 5 (q:z' (k, +Z-ky>/|k|) )

where 7 is the position. One can obtain the spin polarization vector of the
Dirac electrons orgs at E4 using o as an operator, which reads as

oT1ss = <77ZJ:|:|0'|77/):|:> = (i%,q:%ﬁ) . (113)

This result indicates that the spin polarization of Dirac electrons is always
orthogonal to k on TSS. This phenomenon is called spin-momentum locking.
The energy dispersion relationship and the Fermi contour are schematically
illustrated in Figs. 1.8 (a) and (b), respectively. Angle-resolved photoemis-
sion spectroscopy (ARPES) and spin-resolved ARPES, powerful photon-in
electron-out techniques to characterize the band structure and its spin po-
larization, have been used to detect the T'SS and its spin-momentum locking
property experimentally [52,53,63-69]. Typical energy dispersion of a three-
dimensional TT BiySe; mapped by APRES [52] and the spin polarization of
TSS observed in BisTey [53] are illustrated in Figs. 1.8 (¢) and (d), respectively.
These experiments are in good agreement with theoretical prediction [61].

Rashba-Edelstein effect (REE) [70,71], which is originally proposed in the
system with broken inversion symmetry, is a phenomenon that originates from
spin-momentum locking. Using TSS as an example, it is schematically illus-
trated in Fig. 1.8(b). When an in-plane charge current j., defined along x or
say k., is applied to TI, it will only flow in the conducting T'SS. The Fermi con-
tour of TSS will experience a shift Ak by j., resulting in more forward-moving
electron states occupied than backward-moving states. The non-equilibrium
TSS will generate a net spin accumulation, polarized along y-axis, due to
spin-momentum locking. In TI/FM thin film heterostructures, the net spin
accumulation in TSS can flow into adjacent FM layers, resulting in a torque
exerted on the local moment of the FM layer. Spin-momentum locking in
TSS is attributed to the spin-orbit coupling eventually. Hence, the torque in
TI/FM heterostructures is also referred to as SOT.

Mellnik et al. first demonstrated the current-induced SOT due to REE in
pristine BisSes/Py thin film heterostructures in 2014 [74]. It was found that
the torque has a dominant component with the same symmetry of damping-
like STT. They estimated &pp, with a value of ~ 2.0-3.5. This value is over
ten times larger than the largest one observed in HM tungsten, which is ~
0.3 [34]. From then, large {pr, has been confirmed in different TIs in addition
to BisSes [75-78]. Notably, Mahendra et al. have reported a giant {pp,~18.6,
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Figure 1.9: (a) Anomalous Hall resistance plotted as a function of injection current
density in BisSes/CoSb bilayers at room temperature. (b) Anomalous Hall
resistance hysteresis loops as a function of the intensity or density of injection
current in Cr,(Bij—ySby)2—,Tes/(Bii—,Sby)2Tes at 2K. (a) and (b) are originally
from Ref. [72] and Ref. [73], respectively.

in polycrystalline BiySes/CoFeB thin film heterostructures and suggested it is
due to the quantum confinement [79]. The thin films were deposited using mag-
netron sputtering, which is a conventional technique for mass production. This
discovery overcomes the obstacle for practical application of SOT in TI/FM
heterostructures since TT thin films have been only grown by laboratory-based
molecular beam epitaxy (MBE) method. However, the mechanism of this re-
sult is still under debate. The magnetization switching has also been realized
in different TT/FM bilayers exhibiting PMA [72,73,75]. Some results are pre-
sented in Fig. 1.9.

1.3 Bismuth and the alloy

The generation of SOT in HM/FM and TI/FM thin film heterostructures
is attributed to spin accumulation at the interface induced by the current
through different mechanisms, i.e., the SHE and/or REE. Therefore, identify-
ing materials with large current-spin conversion efficiency and understanding
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its mechanism is crucial to obtain strong SOT and its application. Bismuth, a
semimetal with strong spin-orbit coupling, and bismuth-antimony alloy, a TI
for antimony concentration between 0.07 and 0.22, are such candidate materi-
als. Some basic properties and former studies on these materials are described
here.

1.3.1 Bismuth

Bismuth is a Group-V element with an atomic number 83. The only pri-
mordial isotope of bismuth 2%Bi is the heaviest naturally occurring atom with
approximately infinite radiative lifetime [80]. Crystal Bi exhibits a rhombo-
hedral structure with a space group of R3m. Its band structure is shown in
Fig. 1.10 (a) [81]. Bi is a semimetal hosting an electron valley at the L point
and a hole valley at the T" point with small carrier concentration but large mo-
bility [82]. The narrow band gap at the L point is ~ 15meV. The conduction
electrons in Bi at the L point can be described by the Dirac Hamiltonian with
an extremely small effective mass [83-85]. Hence, these electrons are called
massive Dirac electrons.

Strong SHE is expected in Bi because of its large spin-orbit coupling due
to the heavy atomic mass. In theory, Fuseya et al. used the Kubo formula to
calculate the intrinsic SHC of Bi based on the Dirac-like character of electrons
in the L valley [86]. They find intrinsic SHC takes a maximum when the Fermi
level is located in the narrow gap at the L point. Fukuzawa et al. calculated
both the intrinsic and extrinsic SHC of Bi [87]. Their result shows that the
intrinsic part of SHC is consistent with the previous work and point out that
the extrinsic SHE can be dominant over the intrinsic one when the Fermi level
cut the band. A calculation based on the tight-binding model has predicted an
appreciable value of the intrinsic SHC in Bi at room temperature as 474 (h/e)
Q~'.cm~! [88]. This value is comparable to that of 5d HM [88]. Representative
results of these works are summarized in Fig. 1.10.

So far, a number of works have been reported on detecting spin-current
conversion in Bi experimentally. However, the results are conflicting. For
example, Hou et al. measured the spin-current conversion efficiency in Bi/Py
bilayers using ferromagnetic resonance-induced spin pumping [89]. They found
that the efficiency decreases with increasing Bi thickness and attributed the
trend to the ISHE tunable by the Bi/Py interface (Fig. 1.11(a)). Another spin
pumping measurement using Bi thin films grown on yttrium-iron-garnet (YIG)
substrate by Emoto et al. shows that the spin-current conversion efficiency is
quite small, with a value of ~ 0.00012 [90]. However, they find the Bi thickness
dependence of the spin-current conversion efficiency follows the spin diffusion
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Figure 1.10: (a) Band structure of Bi. The zoomed-in area of I'-H near Fermi level
is shown in the inset. (b) Calculation results of the intrinsic SHC in Bi near the
gapped Dirac point. The electrons at the L valley is assumed as massive Dirac
electrons. (c) Intrinsic and extrinsic SHC of Bi calculated by using Dirac
Hamiltonian to describe electrons at the L point. (d) Fermi level dependence of
the intrinsic SHC for Bi, Sb and Bigg3Sbg.17 calculated based on tight-binding
model. (a), (b), (c), and (d) are reprinted from Refs. [81], [86], [87], and [88],
respectively.

model (Fig. 1.11(b)). Thus, they suggest the spin-current conversion is gov-
erned by the bulk ISHE in Bi. A very recent work by the same group observed
the current-induced SOT in Py /Bi bilayers using spin torque-ferromagnetic res-
onance technique [91]. Unlike the previous result, they find the current-spin
conversion efficiency is larger (~ 0.03-0.06) (Fig. 1.11(c)). They infer that
the material choice of the ferromagnetic layer can be essential for the char-
acterization of current-spin (spin-current) conversion. Yue et al. have used
a thermally injected spin current transport technique to detect spin-current
conversion in Bi thin films; while they found the efficiency is negligible [92].
Notably, they point out contributions induced by the magnetothermal effect,
e.g., the ordinary Nernst effect (ONE), are likely to mix into the spin-current
conversion signal (Fig. 1.11(d)). The divergence of the values of current-spin
(spin-current) conversion efficiency in Bi urges further experimental studies to
conclude it eventually.
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Figure 1.11: (a) Bi thickness dependence of the transverse charge current intensity
resulted from spin current injection in Bi/Py bilayers. The signal is dominated by
the contribution from surface effect. (b) Spin-injection induced charge current
intensity as a function of Bi thickness in YIG/Bi heterostructures. The thickness
dependence is in accordance with spin diffusion model. (c) Bi thickness
dependence of the current-spin conversion efficiency (Note that 7 is equivalent to
¢pr, defined in Eq. 1.5.) in Py/Bi heterostructures. Sizable efficiency is observed.
(d) External magnetic field dependence of the transverse voltage signal induced by
a spin current injected and thermal gradient in YIG/Bi heterostructures. The
contribution in the signal which is linear to field is attributed ONE. (a) to (d) are
originally from Refs. [89], [90], [91], and [92], respectively.

1.3.2 Bismuth-antimony alloy

Antimony is a Group-V element with an atomic number 51. Crystal Sb
has a rhombohedral structure, the same as Bi. Bi and Sb form a solid so-
lution throughout the composition according to the phase diagram [93]. For
0.07 < x < 0.22, Bi;_,Sb, has been predicted as a three-dimensional TI due
to band inversion in this regime [94]. The evolution of the band inversion in
Bi;_,Sb, with increasing x is schematically illustrated in Fig. 1.12(a). The TSS
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of Bi;_,Sb, has been observed using ARPES [63,95], shown in Fig. 1.12(b).
Besides TSS, energy dispersions of surface state induced by the Rashba effect
have also been observed. The observed band structure is different from the
results predicted by first-principle calculations [96,97]. Due to the complicated
surface states of Bi;_,Sb,, the studies on TI using ARPES has shifted its focus
on other materials with the simpler TSS.
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Figure 1.12: (a) Schematic of the evolution of band inversion for 0.07 < z < 0.22 in
Bi;_,Sb,. (b) Energy dispersion mapping along I'-M in k space gathered by
ARPES. (c, d) The calculated Sb concentration dependence of the SHC for BiSb
alloy (c) and Fermi level dependence of the carrier concentration and SHC in
Big.835bo.17 (d) at room temperature. (a) and (b) are extracted from Refs. [94] and
[63], respectively. (c) and (d) are reprinted from Ref. [88].

The SHE of Bi;_,Sh, has been predicted as a function of x by Sahin et al.
[88]. In their calculation (Fig. 1.12(c)), the SHC of Bi;_,Sb, initially increases
with increasing x. However, it begins to drop with further increasing x, which
is attributed to the reduced spin-orbit coupling. Within the regime where
band inversion occurs where Bi;_,Sb, is a TI, the SHC is a little larger than
that of Bi. Because of the bulk semiconductor property in this regime, the
conductivity is smaller than that of Bi. Thus, they consider that the spin Hall
angle of Bi;_,Sb, in this regime could be larger than that of Bi. They also
find the SHC changes as a function of Fermi level for Bijg3Sbg. 17, suggesting
that voltage-control-of SHE is seemingly to be realized in Bigg3Sbg.17.

Because of the TI character of Bi;_,Sb, for 0.07 < x < 0.22, large SOT
originated from REE is believed in Bi;_,Sb,/FM thin film heterostructures.
Recently, Khang et al. have characterized current-induced SOT in Big 9Sbg 1 /MnGa
heterostructures grown by MBE [98]. They find the current-spin conversion ef-
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Figure 1.13: (a) Anomalous Hall resistance hysteresis loops as a function of the
magnitude of injected current (or current density) under a in-plane magnetic field
for the Bip.9oSb)0.1/MaGa heterostructure. The current-induced switching of
magnetization is observed with a small current density in Big.goSb)0.1. (b) The
device geometry for harmonic Hall voltage (V;, and V,,) measurement (left panel)
and the field dependence of the second harmonic voltage (V52* and V4 7) (right
panel) in BiSb/Co bilayers. The contribution from the ONE is found dominant in
the second harmonic voltage. (a) and (b) are originally from Refs. [98] and [99],
respectively.

ficiency in BiggSbg; has a huge value ~ 52, the largest among all the materials
studied so far. They consider the current-induced SOT should be attributed to
the TSS of BiggSbg1. They also demonstrate that the magnetization of MnGa
in BiggSbg1/MnGa heterostructures can be switched by injecting a current
with a very little density in BigogSbg; compared to HMs (see Fig. 1.13(a)).
However, another characterization of SOT in BiSb/Co thin film heterostruc-
tures using harmonic Hall resistance technique by Roschewsky et al. has found
that the contribution from the ordinary Nernst effect (ONE) plays an impor-
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tant role in measurement signal [99]. They report negligible current-spin con-
version efficiency in the alloy (see Fig. 1.13(b)). This disagreement between the
two experiments impel additional studies to confirm current-spin conversion in
BiSb. As mentioned above, the ONE contribution has also been reported in
the spin-current conversion measurement of YIG/Bi bilayers by Yue et al. [92].
These results indicate that careful data analysis is necessary while studying
materials containing Bi.

1.4 Objective and outlines of this thesis

The objective of this thesis is to identify current-spin conversion in ma-
terials based on Bi and understand its mechanism by charactering the SOT
of Bi-based material/FM thin film heterostructures. As mentioned above, the
TSS of BiSb alloy has been predicted [94] and confirmed [63]. However, its
effect on current-spin conversion needs to be examined [98,99]. Both REE and
SHE can result in the current-spin conversion. Considerable SHC has been
predicted in BiSb alloy [88], whereas it has not been confirmed yet. Thus,
if the SOT is generated in BiSb alloy/FM heterostructures, an important is-
sue needs to be addressed is understanding its mechanism. The procedure
of my work is divided into three steps. First, demonstrate the current-spin
conversion in BiSb alloy and understand its mechanism. Polycrystalline BiSh
alloy /CoFeB thin film heterostructures have been grown for the SOT charac-
terization. I attempt to clarify its mechanism by studying the current-spin
conversion of BiSb under different conditions. Second, investigate current-
spin conversion in carrier-doped Bi thin films and identify its origin. During
the study on BiSb/CoFeB heterostructures, massive Dirac electrons in the L
valley of Bi [86,87] are inferred to play an important role in its current-spin
conversion. I characterize the SOT of carrier-doped Bi/CoFeB thin film het-
erostructures in detail for confirming the assumption. Third, explore the PMA
and current-spin conversion in a Pt;_,Bi,/Co/MgO trilayer system. After the
demonstration of appreciable current-spin conversion in Bi, looking for a Bi-
based system exhibiting PMA will have a practical meaning that devices with
PMA is suitable for high-density information storing. I attempt to introduce
Bi into Pt/Co/MgO trilayers, a system exhibiting strong PMA [29,100-102],
and study how the PMA and current-spin conversion of the heterostructures
vary via changing Bi doping level.

The following chapters provide detailed description of the methods we used
in our experiments and the results of current-spin conversion in different Bi-
based material thin films, as follows:

Chapter 2 introduces the methods employed in our experiments, includ-
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ing sample growth, thin film structure characterization, magnetic property
measurement, device fabrication, electrical transport measurement and SOT
characterization. We use the harmonic Hall resistance technique to character-
ize the SOT in our samples. The principle of this technique is presented in
detail.

Chapter 3 describes current-spin conversion in BiSb alloy thin films. A
current-spin conversion with an efficiency exceeding an unity is observed in
BiSb alloy thin films at room temperature. Its mechanism is studied by inves-
tigating the efficiency as a function of BiSb alloy thin film thickness, compo-
sition, facet, and measurement temperature.

Chapter 4 presents current-spin conversion in pristine and carrier-doped
Bi thin films. The carrier doping in Bi is performed by substituting Bi with
Te and Sn. The doping results in effective control of the Fermi level and the
concentration of massive Dirac electrons in Bi. We demonstrate the relation-
ship between the current-spin conversion of Bi and the Fermi level position in
its band structure. The robustness of current-spin conversion in Bi has also
been investigated by characterizing the SOT in Bi/FM heterostructures grown
under different conditions.

Chapter 5 describes the research on PMA and current-spin conversion in
Pt,_,Bi,/Co/MgO trilayers. The structure, magnetic anisotropy and current-
spin conversion are studied systematically in the trilayers as a function of the
Bi doping level.

Finally, a brief summary of the experimental results concludes this thesis,
and some outlooks for further studies are proposed in Chapter 6.
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Experimental methods

2.1 Radio frequency mangetron sputtering thin
film deposition

The thin film heterostructures studied in this thesis are grown using radio
frequency (RF) magnetron sputtering method at ambient temperature. Mag-
netron sputtering is a process where atoms or molecules of material are emitted
from a target by the collision of high-speed particles. The ejected atoms or
molecules are deposited onto a substrate and form thin films.

Schematic of the magnetron sputtering technique is illustrated in Fig. 2.1.
After transferring the substrates mounted on a holder into the sputtering cham-
ber with a high base vacuum (< 1 x 1075 Pa), argon (Ar) gas fills the chamber
with controlled gas pressure. An RF sputtering power is then applied between
the substrates and target. In this case, the substrates and traget can be seen
as the anode and cathode in a capacitance. During the first-half positive AC
current oscillation cycle in RF, the target works as the cathode. Ar gas is
ionized by the high bias voltage and a stable plasma is formed in the chamber.
The target is bombarded by the attracted Ar ion and atoms or molecules are
ejected, constituting the thin films on the substrates. On the following nega-
tive AC current oscillation cycle, the target becomes the anode and attracts
more electrons than Ar ions due to their higher mobility. The permanent
magnets behind the target are used to trap the electrons on the target and
prevent it from hitting the substrate. This process improves the efficiency of
Ar gas ion formation in AC current modulation, suppresses the discharge of
the plasma and avoids the substrates from overheating. The advantage of an
RF sputtering power is that it avoids charge building-up on the targets and
insulating materials can be thus deposited. The sputtering rate of materials is
tunable by changing the Ar gas pressure and RF sputtering power.
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Figure 2.1: Schematic illustration of the RF magnetron sputtering technique.
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Figure 2.2: Schematic of a heterostructure with layers grown by alternating
ultrathin layer deposition (AULD) method.

We establish a method to grow binary compound thin films, which is dif-
ferent from using stoichiometric alloy targets or co-sputtering technique. A
heterostructure with the binary compound thin film formed by this method is
schematically illustrated in Fig. 2.2. Ultrathin films of the two elements, £
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and Fs, in the binary compound are deposited alternatively and constitute a
bilayer with a repeat number of N. The thickness of each bilayer is set below
Inm. The mixing of the two elements in the multilayer which leads to for-
mation of an alloy thin film is confirmed using scanning transmission electron
microscopy. We refer to this method as alternating ultrathin layer deposition
(AULD). AULD allows simple means to control the composition of the alloy.

2.2 X-ray diffraction

The crystalline texture of the thin films grown by RF magnetron sputtering
is analyzed using x-ray diffraction (XRD). XRD analysis is based on Bragg’s
law. The Bragg condition is schematically shown in Fig. 2.3. When two beams
of x-ray (regarded as waves) with the same phase and wavelength approach
a crystalline thin film with a glancing angle 6, they will be scattered from
the lattice planes separated by an interplanar distance d. The two scattered
waves remain in phase when the difference between their path lengths is an
integer multiple of the wavelength . The difference between the path lengths
is 2dsinf. Thus, the constructive interference with strongest intensity, i.e.,
Bragg peaks, can be observed when 6 meets the condition

2dsin ) = nA, (2.1)

where n is a positive integer. d is determined by the lattice constant and
crystalline orientation. Thus, the texture information of the thin film can be
obtained from the spectral intensity as a function 6. 20 is typically plotted
in the horizontal axis in the spectra. We use Riguku® Smartlab to acquire
the XRD spectra of our thin film samples. Cu K, characteristic x-ray, with a
wavelength of 1.54 A, is used in all measurements.

2.3 Vibrating sample magnetometer measure-
ment

The magnetic properties of samples with ferromagnetic metal (FM) layers
are measured using a vibrating sample magnetometer (VSM) at room temper-
ature. Schematic of a VSM instrument is presented in Fig. 2.4. The sample is
mounted on a quartz rod, which is placed between two electromagnets. The
quartz rod can be rotated, allowing the magnetic field to point along or normal
to the film plane. The sample is magnetized after applying a uniform magnetic
field and vibrated sinusoidally using the quartz rod. According to Faraday’s
law of induction, an electromotive force is generated in the pick-up coils by
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Figure 2.3: Schematic of the Bragg conditions for obtaining constructive
interference of x rays scattered from lattice planes separated by an interplanar
distance d at the injection angle 6.

moving the magnetized sample. The electromotive force in the pick-up coils
is proportional to the magnetic moment of the sample. The strength of the
electromotive force is recorded using a lock-in amplifier. We use a VSM made
from TAMAKAWA Co., LTD to carry out our measurement. The magnetic
field can be applied up to 2T in the measurement and the vibration frequency
is set to 82.5 Hz. The magnetic field is strong enough to saturate the magne-
tization of the soft FM thin films used in our measurements along the easy-
and hard-axis.

2.4 Device fabrication

Micron-scale devices for transport measurement is fabricated from the thin
film samples using optical lithography and ion milling. The geometric pattern
can be transferred from a photomask to the sample coated with a photoresist
layer by optical lithography. We use MICROPOSIT " S1813G photoresist in
this process. It is a positive resist and the part exposed to ultraviolet light is
dissolved in a developer. The typical thickness of the resist layer is ~ 1.2 ym
after spin-coating at 5000 rpm for 30s. MF-319 is used as the developer in the
developing process. We use Ar ion beam for ion milling, which is carried out
in the loadlock chamber of the RF magnetron sputtering instrument with a
base pressure below 5 x 107* Pa. The sample area without the resist coating
can be removed via bombardment of the Ar ion beam. The duration of the ion
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Figure 2.4: Schematic illustration of the part close to sample in a vibrating sample

magnetometer (VSM).

milling depends on the property and thickness of the thin films. The contact

pads, i.e., electrodes, are formed on the fabricated devices using a standard
lift-off process. The electrodes are deposited by RF magnetron sputtering and
the structure is the same for all the devices, which is 5 Ta/60 Cu/5 Pt (unit
in nanometer).

The optical lithography and ion milling processes are illustrated in Fig. 2.5.

The procedure is:

1.

2.

Coat S1813G resist at 5000 rpm for 30s by a spin-coater.
Pre-bake at 115°C for 60s to dry the resist.

Mount the photomask. I[lluminate using ultraviolet light generated by a
mercury lamp for 30s.

. Develop in MF-319 developer for 150 s followed by water rinse for several

seconds.

Etch the film by Ar ion beam with a gas pressure of 6 x 1072 Pa. Wait
5min after etching for cooling.
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Figure 2.5: Schematic of optical lithography and ion milling process for device
fabrication.

6. Remove the resist using ultrasonic cleaner by immersing in a solvent in
the sequence of N-Methyl-2-pyrrolidone, acetone, and isopropyl alcohol.

The lift-off process for forming electrodes is schematically shown in Fig. 2.6.
The procedure is listed as follows:

1. Coat S1813G resist at 5000 rpm for 30s by a spin-coater.
2. Pre-bake at 115°C for 60s to dry the resist.

3. Mount the photomask. Illuminate using ultraviolet light generated by a
mercury lamp for 30s.

4. Develop in MF-319 developer for 150s followed by water rinse for several
seconds.

5. Etch the film by Ar ion beam with a gas pressure of 6 x 1072 Pa for 20s
to remove the oxidation layer on the surface of samples. Wait 5 min after
etching for cooling.

6. Deposit 5 Ta/60 Cu/5 Pt electrodes by RF magnetron sputtering.

7. Remove the resist using ultrasonic cleaner by immersing in a solvent in
the sequence of N-Methyl-2-pyrrolidone, acetone, and isopropyl alcohol.
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Figure 2.6: Schematic of lift-off process for adding electrode pads.

2.5 Direct current transport measurement

The direct current (DC) magneto-transport property of the thin films is
measured using the fabricated Hall bar devices under an external magnetic
field (Hy). The Hall bar device, the measurement circuit, and the coordinate
system are schematically presented in Fig. 2.7. The transport channel is set to
a length [ and width w, which is the distance between two crossing Hall bars
and the width of the transport wire, respectively.

According to the Ohm’s law j = 6 E (pj = E), the conductivity o and the
resistivity p read as:

Oyz  Oyy Pyz  Pyy
where 7 is the current density in the thin film and FE is the driving electric field.
The unknowns in the conductivity and resistivity tensors are two in isotropic
system because of 0., = 0y (Paz = pyy) a0d Ony = —0ys (Poy = —Pya)-

By inverting the matrix, the diagonal and the off-diagonal components of the
conductivity tensor can be expressed as a function of the elements in resistivity
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Figure 2.7: Schematic of the Har bar device, DC current transport measurement
circuit and coordinate system.

tensor, which read

Pux Py >
m (p:%x + pi) x‘” (pg%w + 2,

Py 1s much smaller than p,, in most cases. Thus we can simplify Eq. 2.3 as

Ope = E; Opy = % (2.4)
pzz and pg, of the thin films are determined by the longitudinal (R,.)
and transverse (R,,) resistance of devices based on the relationship of p,, =
R.;l/wt and p,, = R,,t, where t is the thickness of thin films. For heterostruc-
tures, p,, of different layers can be estimated using the parallel resistor model
by measuring R, of devices with different thicknesses.
R, under H. reads as

Vee
Rup = -2 = Ry (1 + MR(H.y)) | (2.5)
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where V., is the recorded longitudinal voltage, Ry is the intrinsic resistance of
devices, and MR is the magnetoresistance that depends on the direction and
strength of Hey. Ry, consists of the contributions from ordinary Hall effect,
anomalous Hall effect (AHE) and planar Hall effect (PHE). PHE is an effect
induced by the anisotropic magnetoresistance in the FM layer. R, can be
expressed using the recorded transverse voltage V,, under Hy as

‘/xy RH

R, = T = TuoHext cos 0 + Rang cos  + Rpyg sin? 6 sin 2, (2.6)

where Ry is the Hall coefficient, pg is the vacuum permeability, Rapg is the
anomalous Hall resistance, Rpyg is the planar Hall resistance and H.y, 6 and
@ are the strength, polar angle and azimuthal angle of H.,, respectively.
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Figure 2.8: Schematics of R, hysteresis loops for thin films containing FM layer
exhibiting perpendicular magnetic anisotropy (a) and in-plane magnetic anisotropy

(b).

For non-magnetic material thin films, the carrier concentration n is deter-
mined by measuring R, as a function of H along the z-axis, defined as H,.
Ry is obtained from the slope of R,, against H,. The concentration of carriers
n of materials is estimated using n = |$] for single-carrier systems. For
FM thin films or heterostructures containing FM layer, Raug is determined by
measuring the R, hysteresis loop using H,. Schematics of I, hysteresis loops
for samples exhibiting perpendicular magnetic anisotropy (PMA) and in-plane
magnetic anisotropy (IMA) are illustrated in Figs. 2.8(a) and (b), respectively.
For a thin film exhibiting PMA, Rang is given by the difference between the
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values of R, at H, = 0 in the two half loops, which is twice the magnitude of
Raug. For the films exhibiting IMA, Rayg is obtained from the extrapolation
of the two high-field ordinary Hall effect slopes. The out-of-plane anisotropy
field Hy is defined as the intersection between the high-field linear curve and
the linear fitting of data within a low field regime.

The transport measurements, with high field and variable temperature, are
conducted using a Quantum Design Physical Property Measurement System
(PPMS®) and a Quantum Design PPMS® DynaCool . The maximum field
in the two systems reaches 9T and 14 T, respectively. The environment tem-
perature can be tuned from 2 to 400 K. The measurements with low field are
carried out using KEITHLEY 2400 and 2450 SourceMeter® and KEITHLEY
2182A nanovoltmeter. Two electromagnets are used in these measurements to
generate a magnetic field with a maximum of 2T.

2.6 Harmonic Hall resistance technique

We use the harmonic Hall resistance technique to characterize the current-
induced SOT and quantify current-spin conversion in Bi-based material/FM
thin film heterostructures [38,39,41,99,103,104]. Schematic of the measure-
ment set-up is illustrated in Fig. 2.9. The principle and analysis of the har-
monic Hall resistance technique are described below.

Harmonic Hall resistance Ry,, is measured under H,,; by applying an al-
ternative current (AC) Ixc, which reads as

Izc = Ipsinwt, (2.7)

where Iy and w/27 are the amplitude and frequency, respectively. The har-
monic Hall voltage Vi, is recorded using lock-in amplifiers. Vj,, consists of
contributions from ordinary Hall effect, AHE, PHE, and the magnetothermal
effects. The magnetothermal effects originate from an unintentional tempera-
ture gradient normal to film plane due to the difference in the thermal conduc-
tivities of the substrate and air. The thermal effects include the ONE [99], the
anomalous Nernst effect (ANE), and/or the combined action of spin Seebeck
effect (SSE) and inverse spin Hall effect (ISHE) [103]. The contribution from
the ONE in V.., is proportional to Hy.

The contribution from the ANE and/or the combined action of SSE and
ISHE is independent of H.. The magnetization of FM layer M is modulated
by H,; with an equilibrium polar angle #;; and an azimuthal angle ¢,;. Note
that we neglect the in-plane easy axis anisotropy energy Kj in our model
because it is usually small in many soft ferromagnetic materials. The shape
isotropy in our device with micrometer size is also negligible. Thus, we assume
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o is equal to . Eq. 2.6 can be expanded to include the contributions from
magnetothermal effect and Vj,,, and Ry, in the bilayer read as:
Viar =Rong o Hext cos 01y sin wt + Raggcosty, Iy sinwt
+ Rpug sin? 0 sin 2¢1, sin wt (2.8)
+ NwAT Hy sin 0 cos p + awAT sin 0y cos ¢;

V ar . .
Ryar = ; =RougtoHext cos 0 sin wt + Rapgcosdyy sin wt
0
+ Rpug sin? 0 sin 2¢ sin wt (2.9)
NwAT AT
v H,yi sinf cos p + aw sin @, cos o,

0 0
where Rong is a coefficient representing the ordinary Hall resistance of the
heterostructure, N is the ONE coefficient, w is the width of the conducting
channel in the Hall bar devices, « is the coefficient for ANE and/or SSE/ISHE
combination, AT is the temperature difference between the top and bottom
surfaces of the thin film. During the AC current injection, two oscillating
effective fields are generated on M attributed to spin-orbit torque (SOT), i.e.,
Hypy, induced by damping-like spin-orbit torque (DL-SOT) and Hpy, induced
by field-like spin-orbit torque (FL-SOT), resulting in an oscillation of M from
the equilibrium position.

A Joule heating induced in-plane temperature gradient also exists along the
direction of Hall bar, i.e., along the y-axis. The voltage induced by ONE and
ANE due to an in-plane temperature gradient points along the z-axis. Such
voltage does not contribute to the Hall voltage and thus can be neglected in
the analysis of Ry,. The SSE of FM layer generates a spin current along the
y-axis, which does not contribute to Rs, through the ISHE. Thus, the effect
of in-plane temperature gradient does not influence the analysis of harmonic
Hall resistance.

In order to estimate the strength of Hpy, and Hyy, we first derive the
equilibrium fy; of M induced by H.. Vectors M and H.y can be written
as

M = M (sin 0y cos pi + sin 0y sin pj + cos Oy/k) (2.10)
and
H.; = He (sinf cos ot + sin0sin pj + cos k) , (2.11)

where Mj is the saturation magnetization of M. The magnetostatic energy E
of the system is given by

E =—Kgcos® Oy — M - Hoy, (2.12)
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Figure 2.9: Schematic of harmonic Hall resistance measurement circuit, coordinate
system and the spin-orbit torque in spin current source material/FM bilayer.

where K¢ is the effective out-of-plane magnetic anisotropy energy. The two
terms on the right side are attributed to the out-of-plane magnetic anisotropy
and Zeeman effect, respectively. @, of M is determined by the following
equation

oE H
= = 0= "L sin20y — Hex sin(0 — Oyy). (2.13)
00 2
We define Hy = 2K/ M.
The total current-induced field AH that modulates M can be written in
a form of

AH = AH, + AH, + AH.. (2.14)

The change in equilibrium 6y, and ¢ of M is defined as Afy; and Ap. Agp
represents Assuming o<1 and |AH |< Hey, Ag reads as

—AH,sinp+ AH, cosp
Ap = L Y . 2.15
14 Hext sin @ ( )
A6l can be written as
00,
NGy = .. )
Orr | o1, AH,; (2 16)
i=x,Y,2
00y /OH; can be calculated using a relation derived from Eq. 2.13:
0 oF 06
Y (%> = 0= [Hgcos 20y + Hex cos (0 — 0y)] 8[—]‘[/: — fi, (2.17)
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where
fz =cosbOpcosp; f,=cosbysing; f,=—sinby. (2.18)

We obtain A#); by substituting the calculated 06,,/0H; into Eq. 2.16, which
reads as

cos Oy (AH, cosp + AH,sinp) —sinfy AH,

Ay =
M Hy cos20); + Hexg cos(0 — 0y)

(2.19)

The directions of Hpp, and Hpy, are along o x m and o, respectively. m
is the unit vector of M. In the geometry of Hall bar device in Fig. 2.9, o
is parallel to y. An Oersted field Hp, induced by the AC current flowing
in Bi-based material thin film layer can exert torque on M as well, which
has the same geometry of Hgr,. Hpr, Hpr, and Hg, oscillate in sinwt and
their magnitudes, i.e., Hpy,, Hpr, and Ho., are proportional to Iy. Assuming
o = —y, we obtain the form of Hpy, and Hyy, + Ho, as

Hyp;, = Hp(y x m)sinwt = Hpp,(— cos Oyt + sin 0y cos k) sinwt, (2.20)

Hyy, + Hoe = (HrL + Hoe)J sinwt, (2.21)

AH consists of Hpr,, Hpr, and Hp.. Thus, we can use these relations to
renormalize AH defined in Eq. 2.14, read as

AH, = — Hp, cos ) sin wt;
AH, = — (HpL + Hoe) sinwt; (2.22)

AH, =Hpy, sin 0y, cos p sin wt.

To simplify our measurement, H. is applied with an optimized geometry
according to the easy axis of the FM layer in the samples.

2.6.1 In-plane magnetization system

For FM layer exhibiting IMA, H.y is rotated in the xy plane with an
angel ¢ between H. and the z-axis. In such geometry, # and 6,; are 90°.
Substituting these values and Eq. 2.22 into Egs. 2.19 and 2.15, Af); and Ay
are simplified as

—HpL, : Hyr, + Hoe .
Ay = ————cospsinwt, Ap = —————— cos psinwt. 2.23
M Hk + Hext 4 4 Hext 4 ( )
Note that the out-of-plane anisotropy field is negative for samples exhibiting
IMA. Here we use Hj, to represent its magnitude. The equilibrium angle with
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AC current is ), = 90° + Ay and ¢’ = ¢ + Ap. We can replace 0y and ¢
with 6}, and ¢’ in Eq. 2.9 and simplify it as

Rhar :RPHE sin 2(p sin wt
(N wAT awAT H

Hyi+ ——" + R _ bL in2 wt
T, ¢ + T + RAHE oot Hk) Cos @ sin” w (2.24)
Hyy, + Hoe

— QRPHEH— COS 2¢ cos sin? wt.
ext

sinwt equals to (1 — cos2wt)/2, suggesting that the contributions due to
current-induced SOT in Eq. 2.24 appear in the second harmonic Hall resistance
term Ry,. AT originates from Joule’s heating. Using Eq. 2.7, AT is given as

ATxRy-I3c = Ro-Ig sin? wt = Ry-I3(1 — cos 2wt) /2. (2.25)

Therefore, the contributions induced by the magnetothermal effects in Eq. 2.24
also appear in Ry,. We separate Eq. 2.24 into the first and second harmonic
Hall resistance, R, and Rs,, as

Rw = RPHE sin 2(p, (226)
and
H NwAT awAT
Ra, = (RAHE CLE— Hey + ) coS ¢
Heye + Hy Iy Iy (2.27)
Hyy, + Hoe
— QRPHEH— COS 2¢ €os p.
ext

In practical measurement, an unintentional misalignment between H,,; and
the film plane partly mixes Ragg into the R, signal. A modified representation
of R, is given by adding the Rapg contribution into Eq. 2.26:

R, = Rpyg sin 2¢ + ( Ragg cos p, (2.28)

where ( is a constant that is introduced to take into account the unintentional
misalignment.

In Eq. 2.27, we have decomposed Ry, into two parts with different ¢ de-
pendences, i.e., cos¢ and cos 2p cos . The prefactors of these two parts are
defined as A and B, respectively, read as

Hpy, NwAT awAT
A=R + H.. + : 2.29
MPH o+ He | o T (2.29)
and
Hep + Ho
B = —2Rpyp2rl 0. (2.30)

H ext

We obtain Hpp, and Hgp, + Hoe using Eqs. 2.29 and 2.30 after measuring Ro,
under different H .
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2.6.2 Out-of-plane magnetization system

For samples with FM layer exhibiting PMA, we apply H. along the z-
and y-axis. In these cases, 6 is 90° and ¢ is 0° for Hey || = ands 90° for
H., || y. By substituting these values and Eq. 2.22 into Egs. 2.19 and 2.15,
Afyr and Ap can be rewritten as

—Hpy, Hrpr, + Hoe

M Hy 008203 4 Hex sin 0y S, S8 Ho. sinwt (Hey || 7)
(2.31)
and
Hyy, + Hoe . H '
Ay = LT O sinwt, Ap = ——2% cos Oy sinwt (Hex || 9).

" Hycos 20, + Heoy sin 0y H oy

(2.32)

Ry.r is reexpressed by replacing 6y, and ¢ with 6}, = 90° + Afy, and ¢ =
0°(90°) + Ay in Eq. 2.9, which reads as

. Hpy, sin 0y . 9
Ryar . =R 0 t+R - t
har, Hext || AHECOSU s SIN Wi + RAQE Hy 005 2017 + Howg 510 O1r sin” w
H Hoe)sin? 6
— 2RPHE( L + O ) St UM sin2 wt
Hext
NwAT AT
o Hext + aw sin QM,
I Iy
(2.33)

and

(HFL+HOe) sinﬁM COSQM . 9
- sin” wt
Hj. cos 20y + Hey sin )y,

102
HDLSIII QMCOSQM . 9

Rhar,chtHy :RAHECOSQM sin wt + RAHE

— 2RpuE .. sin” wt.
(2.34)
Similar to Eqs. 2.26 and 2.27, we separate the first and second harmonic terms,
giving
RW,Hexcllx ory — Rangcostyy, (2.35)
HDL Sil’leM (HFL +HOe) Sin2 HM
Ra, + =R - —2R
200, Hese| AHE Hj. cos 20y + Heyy sin 0y PHE Heot
NwAT awAT .
He + sin 0
Iy Iy

(2.36)
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and

(Hpr, + Hoe) sin 0y cos Oy _oR Hpy, sin? 0, cos Oy
Hj, cos 205 + Heyt Sin Oy PHE H

RQW,cht lly = Ranr

(2.37)

For a given Iy, Hpr, and Hgy, + Hpe can be extracted from Eqs. 2.36 and 2.37
by scanning H. along the z- and y-axis.

Contribution from Hg, can be expressed as Ho./j = —2mdyx (107! Oe/(A -
cm™?)) according to Ampere’s law [104], where j and dy are the magnitude of
the current density and thickness of Bi-based material thin film layer. Thus,
we separate Hpp, from Hyp, + Hoe by subtracting the calculated Hpe. Us-
ing the extracted Hpr, and Hyp, we estimate the efficiency of DL-SOT &py,
i.e., current-spin conversion efficiency, and the efficiency of FL-SOT &pp, using
Eq. 1.5 by replacing the current density in heavy metal jyy with j:

$pL(FL) = %mMsteﬁ, (2.38)
J
where tog is the thickness of the effective FM layer. In our estimation, we
assume that spin is transparent at the interface. We thus assume &pp, ~ Osg.
The corresponding spin Hall conductivity (SHC) osy and field-like spin Hall
conductivity (FL-SHC) op, in Bi-based material thin film are defined using
the resistivity p,, as

OSH(FL) = $DL(FL)Ozz = fDL(FL)/Paw (2.39)



Chapter 3

Current-spin conversion in BiSb
alloy thin films

Part of this chapter has been published in "The spin Hall effect in Bi-Sb
alloys driven by thermal excited Dirac-like electrons”, Z. Chi, Y.-C. Lau, X.-
D. Xu, T. Ohkubo, K. Hono, and M. Hayashi, Science Advances 6, eaay2324
(2020).

3.1 Introduction

BiSh alloy has attracted great interest in spintronic applications due to its
topological property [63,94-97]. It has been reported that BiSb alloy thin film
grown by molecular beam epitaxy (MBE) possesses a huge current-spin con-
version efficiency due to topological surface state (TSS) at room temperature,
allowing current-induced magnetization switching in a BiSb alloy/MnGa thin
film heterostructure exhibiting perpendicular magnetic anisotropy (PMA) [98].
However, current-induced spin-orbit torque (SOT) in BiSb alloy/Co bilayer
have been reported by a different group, suggesting negligible current-spin
conversion in BiSb alloy [99]. Further studies are required to resolve this con-
flict. In theory, considerable spin Hall conductivity (SHC) has been predicted
in Bi-rich BiSb alloy [88], suggesting that current-induced SOT in BiSb alloy
may be also generated by bulk spin Hall effect (SHE). Thus, understanding
the mechanism behind the SOT in BiSb alloy/ferromagnetic metal (FM) bi-
layers is of great importance for the better design of spintronic devices based
on BiSh.

In this chapter, we present our study on identifying current-spin conver-
sion in polycrystalline Bi;_,Sh, alloy thin films by characterizing the current-
induced SOT in Bi;_,Sb,/CoFeB thin film heterostructures. The Bi;_,Sb,
thickness, composition, film facet, and measurement temperature dependences
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of current-spin conversion efficiency and corresponding SHC of Bi;_,Sb, are
discussed in detail.

3.2 Sample description

BiSb alloy/CoFeB thin film heterostructure samples were deposited onto
thermally oxidized Si substrates at ambient temperature. The thickness of the
oxide layer of the substrate is 100 nm. We utilize the alternating ultrathin layer
deposition (AULD) method to grow BiSb alloy layer; the base structure of the
heterostructure is Sub. /seed/[tg; Biltsy, Sb|n/tgi Bi/tcores CoFeB/2 MgO/1 Ta
(nominal thickness in units of nanometers, nm), which is shown in Fig. 3.1(a)
schematically. N is the repeat number of Bi|Sb bilayers. tg;, tsp, and tcopen
represent the thickness of Bi, Sb, and CoFeB unit layer, respectively. The
total thickness of the repeated Bi|Sb bilayer is set to satisfy tg; +tsp, ~ 0.7 nm.
The terminal Bi single layer is fixed to 0.3nm in all samples. The atomic
composition of CoFeB is Co:Fe:B=20:60:20 in the unit of atomic %. The seed
layer in the heterostructure is 0.5 nm Ta unless noted otherwise. 2 MgO/1 Ta
is used as the capping layer to prevent the heterostructures from oxidization.
We assume that the top Ta layer is fully oxidized into TaOxz and does not
influence the electrical and spin transport properties of the heterostructures.

3.3 Structural and magnetization characteri-

zation

The structural and magnetic characterization of the Bi|Sb multilayer/CoFeB
heterostructure are presented first. Fig. 3.1(b) illustrates the x-ray diffraction
(XRD) spectra of thin films with the structure of 0.5 Ta/[0.35 Bi|0.35 Sb]x /0.3
Bi/2 CoFeB. The red and blue curves show the spectra of samples with N =
8 and 16, respectively. Typical Bragg diffraction peaks, which correspond to
(003), (012), and (104) crystallographic directions, are observed, suggesting
the films are polycrystalline. The peaks marked by the star is originated from
the substrate. The intensity of the peaks increase by increasing the repeat
number N of Bi|Sb bilayers, indicating the improved crystal quality of the
films.

The roughness of the samples was characterized using atomic force mi-
croscopy. The atomic force microscopy image of a 0.5 Ta/[0.35 Bi|0.35 Sb]s/0.3
Bi/2 CoFeB heterostructure is shown in Fig. 3.2. The top figure is the height
profile corresponding to the blue solid line in the bottom main image. We find
the average peak-to-peak height of crystal grains is less than 3nm and the root
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Figure 3.1: XRD spectra of 0.5 Ta/[0.35 Bi|0.35 Sb|x /0.3 Bi/2 CoFeB/2 MgO/1
Ta with N as 8 and 16 shown as blue and red lines, respectively. a.u. means
arbitrary units.

mean square roughness is of the order of 1 nm.

High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) analysis of samples was performed after cross sectioning the
samples into thin lamellae using focused ion beam lift-out technique. Cross-
sectional HAADF-STEM images of a thin film with N = 16 are shown in
Fig. 3.3(a). The top STEM image with lower-magnification confirms that the
[Bi|Sb]i¢ layer is continuous. The 2 nm-thick CoFeB and capping layers can be
distinguished well from Bi|Sb bilayers and confirmed to follow the morphology
and continuity of the multilayer. The average size of the BiSb multilayer crystal
grain is ~35nm. The bottom panel shows the STEM image of the film with
high resolution. The lattice fringes can be observed clearly, revealing good
crystalinity of the Bi|Sb layers. The inset of Fig. 3.3(a) is a typical nanobeam
diffraction pattern of the Bi|Sb bilayers. The diffraction patterns indicate that
the crystal grains consist of Bi;_,Sb, nanocrystallites with random orientations
within the film plane.

Figure 3.3(b) shows the element-selected analysis of the HAADF-STEM
images of [Bi|Sb]is/CoFeB heterostructure obtained via energy-dispersive x-
ray spectroscopy (EDS) [105]. EDS line profiles of the atomic ratio for different
elements averaged over the entire image are shown in Fig. 3.3(c). We find that
Sb tends to diffuse into the CoFeB layer, while Bi is practically immiscible
with any other elements. The diffusion of Sb can be attributed to the finite
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Figure 3.2: Atomic force microscopy image of 0.5 Ta/[0.35 Bi|0.35 Sblg/0.3 Bi/2
CoFeB/2 MgO/1 Ta sample. The top figure is the line profile along the blue solid
line represented in the main image.

solubility of Sb with Co and Fe. The EDS mapping shows that Bi and Sb
layers intermix with each other to form an alloy rather other a superlattice,
confirming that the AULD method is efficient for growing binary compound
alloy. Hereafter, we denote the Bi|Sb bilayers as tgisp, Bi;_,Sb,. tgisp is the
total thickness of Bi|Sb bilayers and z is the corresponding Sb concentration
defined by z = tBtSTtZsb We note the concentration defined by thickness is an
apparent value and real value can be different.

The magnetic moments of Bi;_,Sb,/CoFeB heterostructures were mea-
sured using a vibrating sample magnetometer (VSM) at room temperature.
The magnetization hysteresis loops of a 5.6 Big535bg.47/2 CoFeB heterostruc-
ture are shown in Fig. 3.4(a). The loops measured under an external magnetic
field Hey along (in-plane) and perpendicular to (out-of-plane) the film plane
are illustrated by the red and blue lines, respectively. As evident, the magnetic
easy axis of CoFeB layer points along the film plane. CoFeB thickness depen-
dence of the saturated magnetic moment of Big53Sbg 47/ CoFeB heterostruc-
tures (tgisp = 5.6 and 10.9 nm) is presented in Fig. 3.4(b). Little difference
is found between the two series of samples. Therefore, we assume that the
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Figure 3.3: (a) Cross-sectional high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image of 0.5 Ta/[0.35 Bi|0.35 Sb};6/0.3 Bi/2
CoFeB/2 MgO/1 Ta sample in different ranges. The inset in the bottom image is
the selected nanobeam diffraction pattern of the Bi|Sb multilayer. (b) Elemental
energy-dispersive x-ray spectroscopy (EDS) maps. The length of the horizontal bar
represents ~2nm. (c¢) Line profile of the atomic ratio for different elements in the
sample. Zero position represents the interface between substrate and
heterostructure.

saturation magnetization Mg and the thickness of a magnetic dead layer tpy,,
if any, are independent of the thickness of the BiSb layer. The solid line in
Fig. 3.4(b) is the linear fit of the magnetic moment against tcopep. According
to the slope and z-intercept of the linear fitting, M, and tp, are determined
as 1190 4 20 emu/cm?® and 0.46 & 0.04 nm, respectively. In addition, we
measured the saturated magnetic moment of a 10 Bi/2 CoFeB and a 10 Sb/2
CoFeB heterostructure, which are shown in Fig. 3.4(b) as blue circle and black
triangle, respectively. No obvious difference is found in the saturated magnetic
moment when z is changed. Thus, we assume that My and tpp, are constant
for all heterostructures with different x.

We used a superconducting quantum interference device to investigate the
relationship between the temperature and the magnetic moment of BiSb al-
loy/CoFeB thin film heterostructures. Fig. 3.5 shows the magnetization hys-
teresis loops of a 5.6 Big 535bg.47/2 CoFeB heterostructure measured under Hey
along the film plane at 300 K and 10 K, which are illustrated by blue and red
lines, respectively. The two loops overlap with each other, suggesting that M
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Figure 3.4: (a) Magnetization hysteresis loops of 5.6 Big 535bg.47/2 CoFeB
heterostructure. Red and blue curves correspond the hysteresis measured under a
field applied along and normal to the film plane, respectively. (b) CoFeB thickness
(tcoreB) dependence of the saturated magnetic moment in 5.6 Big 53Sbg.47/tcoreB
CoFeB (blue squares) and 10.9 Big 535bg.47/tcoren CoFeB (red squares)
heterostructures. The green circle and black triangle represent the saturated
magnetic moment of a 10 Bi/2 CoFeB and a 10 Sb/2 CoFeB heterostructure,
respectively.

and tpy, of CoFeB on Bi;_,Sb, layer hardly depend on the temperature.

3.4 Current-spin conversion characterization

In order to investigate current-spin conversion in Bi;_,Sb, alloy, Bi;_,Sb, /CoFeB
heterostructures were patterned into Hall bar devices. The width w and length
L of the conducting channel of the Hall bar are 10 and 25 pum, respectively.
An optical image of a patterned Hall bar device, the measurement circuit, and
the coordinate system are illustrated in the inset to Fig. 3.6(a). The longitudi-
nal and transverse resistance, R,, and R,,, are determined using DC current
transport measurements. The current-induced SOT in Bi;_,Sb,/CoFeB het-
erostructures is evaluated using the harmonic Hall technique under different
Heyi. The field is rotated in the film plane; ¢ is defined as the angle between
Hey and the z-axis. The amplitude and frequency (w/27) of the applied AC
current are 1.5 mA s and 17.5 Hz, respectively. The conductivities of BiSb and
CoFeB layer, op;sp, and ocoren, are estimated using a parallel resistor model by
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Figure 3.5: Magnetization hysteresis loops of 5.6 Big 535bg.47/2 CoFeB
heterostructure measured under a magnetic field applied along the film plane at
different temperatures. The red and blue lines correspond to the results obtained
at 10 K and 300 K, respectively.

measuring the resistance of samples with different tg;s, and tcopes. The cur-
rent, distribution within the heterostructures is calculated using the thickness
and conductivities of the conducting layers. Note that we neglect the current
conduction in the 0.5nm Ta seed and capping layers because of their larger
resistivity compared to BiSb and CoFeB layers.

3.4.1 BiSb thickness dependence

We first study the layer thickness dependence of current-spin conversion
in Big535bg 47 at room temperature. The conductivity of Bigs35bg47 is plot-
ted as a function of tgis, in Fig. 3.6(a). The slight increase of opgp with
increasing tg;gp is likely due to the larger grain size for thicker films that re-
duces the scattering at the grain boundaries. The average value of ocpep in
Big.535bg.47/CoFeB heterostructures is ~ 5.5 x 10> Q~!-cm~!. Figs. 3.6(b) and
(c) show tp;s, dependence of the anomalous Hall resistance Ragg and the out-
of-plane anisotropy field Hy, respectively. For a given tg;g;,, we studied devices
with three different CoFeB thicknesses, i.e., tcoren ~ 2, 3.4, and 4.2 nm. |Rayg|
decreases with increasing tg;gp, regardless of the thickness of the CoFeB layer.
This is caused by current shunting into the BiSb layer due to its reduced resis-
tance with increasing tgis,. Hy is nearly independent of tg;gp, but it increases
with increasing tcopes. Planar Hall resistance Rpyg of Bigs3Sbg.47/CoFeB het-
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Figure 3.6: BiSb thickness (tgisp) dependence of the conductivity of BiSb (opisp)
(a), anomalous Hall resistance Raug (b), out-of-plane anisotropy field Hy (c) and
planar Hall resistance Rppg (d) in ¢gisp, BiSb/tcoren CoFeB thin film
heterostructures. The inset in (a) is the optical image of patterned Hall bar
devices, measurement circuit and the corresponding coordinate system. The scale
bar represents 30 yum. The All the data were obtained at 300 K.

erostructure is plotted against tg;gp in Fig. 3.6(d). The values are determined
using the first harmonic Hall res