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ABSTRACT

Recent studies on the topological insulators have attracted great attention due to the

rich spin-orbit physics and promising applications in spintronic devices. The strongly

spin-moment coupled electronic states have been extensively pursued to realize efficient

spin-orbit torque switching. However, so far current-induced magnetic switching with

topological insulators has been observed only at cryogenic temperatures. Whether the

topologically protected electronic states in topological insulators can benefit to spintronic

applications at room temperature remains a controversial issue.

In this thesis, spin-orbit-torque-induced magnetic switching is realized in topological

insulator/ferrimagnet heterostructure at room temperature. Ferrimagnetic CoTb alloy

with robust bulk perpendicular magnetic anisotropy is directly grown on a classical

topological insulator Bi2 Se3. The low switching current density provides definitive proof

of the high spin-orbit torque efficiency from topological insulators. The comparison

between Bi2Se 3 and (Bi,Sb)2Te3 with less bulk conductivity suggests the surface states

plays a significant role in generated the efficient spin-orbit torques. Furthermore, the

effective spin Hall angle of topological insulators is determined to be several times larger

than commonly used heavy metals. These results demonstrate the robustness of

topological insulators as a spin-orbit torque switching material and provide an avenue

towards applicable topological insulator-based spintronic devices.

Thesis Supervisor: Luqiao Liu

Title: Assistant Professor of Electrical Engineering and Computer Science
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1 Introduction

The innovation in information technologies leads to the revolutionary changes of the

life of human beings since early 2 0th century. The semiconductor-based devices,

particularly the silicon-based transistors and the compound-metal-oxide-semiconductor

(CMOS) devices, set up the foundation of modem electronic technologies and play a

dominant role in industry. In most of the existing electronic devices, the flow of electron

charge is utilized to generate, transport, and process information. However, the dramatic

increase of the demand for information processing ask for higher density and the

processing speed of devices, which adds challenges to the semiconductor fabrication

techniques. Besides the charge of electrons, the eigenstates of the electron spin (up and

down) that correspond to "0" and "1" signals provide novel degree of freedom for

information storage and manipulation. Spin electronics (spintronics), where the electrons'

spin degree of freedom is manipulated to interplay with electrical signals, stands out as a

beyond-CMOS technology and is being actively developed in research and industry"2 .

1.1 Giant magnetoresistance and tunneling magnetoresistance

The spins of electron and nuclei have been predicted theoretically and detected

experimentally since the discovery of quantum mechanics in 1920s. However, the studies

mainly focused on the magnetic responses of the spin angular momentum, while the

interactions between charge and spin were not exploited. In 1988, Baibich et al.3 and
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Binash et al.4 observed significant resistivity modulation by external magnetic field in

magnetic multilayers, which is ascribed as the giant magnetoresistance (GMR) effect. A

typical GMR device consisting ferromagnet 1/non-magnetic metal/ferromagnet 2 trilayer

is named as spin valve and shown in Fig. 1.1. The resistivity can be switched between

high and low values by the external field when the magnetization of the two ferromagnetic

layers are parallel or anti-parallel.

The GMR effect can be interpreted using the spin-dependent scattering and double-

current model. When the magnetization of the two ferromagnetic layers are parallel, the

electrons whose spin magnetic moments are parallel with the ferromagnetic moments

experience weak scattering when passing through the ferromagnetic layers, while the

electrons with opposite spin orientation are strongly scattered. The overall resistance is

low. The resistance changes dramatically when the two ferromagnetic layers are

antiparallelly magnetized. The electrons with any spin orientation would be scattered

intensively by one of the ferromagnetic layers, corresponding to high resistance state. The

MR ratio of GMR devices can reach 50% at low temperature 3. The magnetic storage and

sensing devices based on the GMR effect has much higher sensitivity and signal-to-noise

ratio compared the traditional magnetic devices based on the anisotropic

magnetoresistance and have been successfully utilized in the production of high-density

magnetic storage and sensing devices.
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(a) (b)

Fig. 1.1. Schematic of the GMR device structure in (a) parallel and (b) antiparallel

configurations, corresponding to high and low resistance states, respectively. The bottom

arrows show the magnetization derections.

Another important MR effect that is well adapted in industry is the tunneling

magnetoresistance (TMR), the device structure of which is the magnetic tunnel junction

(MTJ) consisting of ferromagnet 1/insulator/ferromagnet 2 sandwich structure5 -7 . The

TMR has similar operation principles as the GMR device and its mechanism is described

by the Julliere model8 (Fig. 1.2). Note that the two sub-bands with opposite spin

orientations in the ferromagnet have different density of states at the Fermi level, and the

spin angular momentum of the electron is conserved after the tunneling. When the

magnetization of the two ferromagnetic layers are parallel, the tunneled electrons from

the major/minor sub-band of ferromagnet 1 occupy the major/minor sub-band of

ferromagnet 2, resulting in a low resistance state. On the contrary, when the magnetization

of the two ferromagnetic layers are antiparallel, the occupied electrons in the minor/major

sub-band of ferromagnet 2 are the major/minor sub-band of ferromagnet 1. The total
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number of the tunneled electrons are reduced, resulting in a high resistance state. In 2008,

TMR with the ratio of >600% was realized in a CoFeB/single-crystalline MgO/CoFeB

sandwiched junction, which benefits to the production of MTJs with ultrahigh stability

.9and sensitivity .

(a)() EE

N(E) N(E)

(b)(d) E ~ E

N(E) N(E)

Fig. 1.2. Schematic of the TMR device structure and spin-polarized tunneling. (a) and (b)

Device structure with parallel and antiparallel configurations. (c) and (d) Corresponding

electron tunneling picture.

1.2 Spin transfer torques and spin-orbit torques

Despite the tremendous contributions GMR and TMR have made to the magnetic

random access memory (MRAM) manufacture, the application of magnetic fields limits

the device integration and causes significant power consumption. Alternatively, people
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have explored the angular momentum transfer of electrons when a flow of charge current

goes through a magnetic tunnel junction. The current with spins polarized by one

ferromagnetic electrode can exert a torque onto the other ferromagnetic layer due to the

conservation of the angular momentum and finally induce magnetic switching. This spin

transfer torque effect' 0 " can significantly enhance the integration of devices because the

charge current is highly localized. However, it is obvious that the flip of macroscopic

magnetic materials requires a large number of spin-polarized electrons, which means the

threshold current density for switching in order of 106 ~ 10' A/cm 2 is usually required 2 .

Whether the insulating layer can last long under such a large charge current becomes a

13significant issue

The key to the current-induced magnetic switching is to generate high-density spin

flow for sufficient angular momentum transfer. Besides the spin flow carried by the spin-

polarized charge current, the pure spin current without any charge flow is an alternative

origin of magnetic switching. This spin transfer torque comes from spin current or spin

accumulation generated by the spin-orbit interactions and is therefore called the spin-orbit

torque (SOT)' 4 '6 . In a heavy metal/ferromagnetic metal bilayer (Fig. 1.3), With current-

induced nonequilibrium spin accumulation (a) in the ferromagnetic layer, spin torques

are exerted onto the magnetic moments (m), which can manipulate the magnetic dynamics

and even switches the magnetization. The torques can be expressed as a field-like term

TFL~ o x m and a damping-like term TDL- m X (a X M) . Correspondingly, two
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effective magnetic fields HFL- a and HDL- a X m can be introduced to describe the

torques17 . The MTJ based on the SOT does not require high-density charge current

through the insulating layer, in contrast to traditional spin transfer torque devices16 .

m + H 1M HDL

Fig. 1.3. Schematic of SOT in a heavy metal/ferromagnetic metal heterostructure. The

charge current (je) generates spin accumulation (-4) which is perpendicular to the current

direction at the interface and exerts a SOT on the magnetic moments (m). The damping-

like SOT is proportional to m x (a x m) and can be described by an effective field

HDL- a x m. Here, only the damping-like term is presented because it is mostly related

to the magnetic switching.

1.3 Charge-to-spin conversion: spin Hall effect and Rashba effect

The generation of SOT by charge current requires charge-to-spin conversion and net

spin accumulation, the most common mechanisms of which are the spin Hall effect 1-21

and the Rashba effect2 2 -25 . The spin Hall effect can be described by the schematic in Fig.

12



1.4(a). When a charge current flows through spin-orbit materials such as heavy metals (Pt,

Ta, W, etc.), the electrons with opposite spins deflect in opposite directions, which results

in a pure spin current in absence of charge flow. The spin current injected to the

neighboring ferromagnetic layer can lead to net spin accumulation and the SOT on the

magnetic moments. The directions of the charge current (Je), the spin current (Js), and the

spin polarization (a) are perpendicular to each other, described as J, = aSH (h/2 e)Ie X a.

Here h is the Plank's constant, e is the electron charge, and aSH is the spin Hall angle

defined to describe the charge-to-spin conversion ratio. Another important parameter in

the spin Hall effect is the spin diffusion length (AS), which is to describe the propagation

distance of the electron when maintaining its spin polarization. AS0 is usually in the order

of nanometers in spin-orbit materials. The spin transport parameters of the commonly

used heavy metals are summarized in Table 1.1.

Besides the spin Hall effect in three-dimension space, the interfacial Rashba effect

is another origin of the SOT. Due to the Rashba spin-orbit coupling at the heavy

metal/ferromagnetic metal interface, the spin and momentum of the electrons at the Fermi

surface are locked with each other, forming two helical Fermi contours with opposite spin

polarizations (Fig. 1.4(b)) 2 2-2 5 . When a charge current flows through this two-dimensional

electron gas, the shift of the distribution in the k space leads to non-equilibrium spin

accumulation. To describe the ratio between the generated three-dimensional spin current

13



(Js) and the injected two-dimensional charge current (je), a Rashba-Edelstein-effect

coefficient (qREE, in the unit ofnn- ) is introduced according to J = qREE(h/2e)je x a.

(a) (b)

is
Je

Fig. 1.4. Schematic of the spin Hall effect and the Rashba spin-orbit coupling. (a) The

orthogonal orientation the charge current (J), the spin current (J), and the spin

polarization (q) in the spin Hall effect. (b) Helical Fermi contours with opposite spin

polarizations due to the Rashba spin-orbit coupling.

Table 1.1. Spin transport parameters of heavy metals 26

Materials asH(%) ASD

(nm)

Pt 11 1.5

8 1.5

8 1.2

Ta -2 1.8

Au 0.3 9.5

W -0.43 1.5
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1.4 Topological insulators

To obtain strong SOT effects, novel materials with more efficient charge-to-spin

conversion are highly desired. Topological insulators are considered as a promising

candidate due to their strong spin-orbit coupling. As illustrated in Fig. 1.5, an ideal

topological insulator has conducting surface states and insulating bulk states. A Dirac

dispersion cone is formed in the topological surface states, where the spin and the

momentum of electrons are one-to-one locked to each other at the Fermi level. A flow of

charge current can induce a large non-equilibrium spin accumulation and thus a highly

polarized spin current' . Compared with the Rashba states which have two oppositely-

spin-polarized Fermi contours, the topological surface states with the one-to-one locking

can generate more significant non-equilibrium spin accumulation.

(a) /. (b) (c) ky

T k

Fig. 1.5. Schematic of the electron structures in topological insulators. (a) Conducting

surface states in an ideal topological insulator. (b) Dirac dispersion cone in the topological

surface states, where the spin and the momentum of electrons are one-to-one locked to
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each other at the Fermi level. (c) Top view of the Dirac cone crossed by the Fermi level

with spin-momentum locking. With a flow of charge current charge current, the shift of

the distribution in k space induces large non-equilibrium spin accumulation.

Recently, extraordinary charge-to-spin conversion efficiency in topological

insulators has been demonstrated by various methods including spin pumping3 1
-34, spin

torque ferromagnetic resonance29 3 ,' 36 , second harmonic magnetometry 37,38 , non-local

spin valve or tunnel junction 30,39 4 2 , and spin Seebeck effect measurements 43 . The charge

current through the topological insulator can generate SOT and significantly manipulate

the magnetic dynamics of the neighboring ferromagnetic layer, and the obtained effective

spin Hall angle aSH of topological insulators is by the order of magnitude larger than

heavy metals. Moreover, current-induced magnetic switching has been observed in

magnetically doped topological insulator heterostructures 37
,38,44. The threshold current

density for switching is 104 ~ 106 A/cm 2, much lower than that in heavy metals (107

A/cm 2 ). However, restricted by the low Curie temperature of the diluted magnetic

topological insulator, the switching can only be realized at cryotemperature. Room

temperature SOT switching, which lies at the heart of the applicative interests, remains to

be demonstrated. On the other hand, the obtained aSH by different methods vary by

orders of magnitude 29 -4 2 because of different sample quality, data fitting process, and

interpretation of the detection methods, which obscures the fundamental understanding
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of the SOT mechanism. Moreover, very controversial temperature dependencies of aSH

have been reported in different measurements. While some experiments show that the

SOT efficiency decays with the increasing temperature 30,31'36,39, others suggest the

immunity of the SOT to the temperature29 33 ,34 . It becomes questionable whether the

topologically protected electronic states are robust enough for room temperature

applications. Therefore, a direct, definitive experimental evidence to illustrate the SOT

switching efficiency of topological insulators at room temperature is highly desirable.

1.5 Outline of the thesis

In this thesis, we will integrate ferromagnetic electrodes with high Curie temperature

with topological insulator Bi2Se3 to study the possible SOT switching at room temperature.

A major difficulty to obtain topological insulator-based SOT switching at room

temperature is the growth of ferromagnetic layers with appropriate magnetic anisotropy

on topological insulators. It is known that the ferromagnetic layers with perpendicular

magnetic anisotropy (PMA) allows the most concise device structure to demonstrate the

SOT switching-17. However, the magnetic anisotropy of the commonly used

ferromagnetic materials such as Co and CoFeB strongly relies on interfacial conditions,

which usually favors an in-plane orientation when grown on topological insulators.

Comparatively, transition metal-rare earth ferrimagnetic alloys (e.g., CoTbi,) are more

promising owing to their robust bulk PMA45-4 7. Noticeably, existing work identifies CoTb

17



as a useful material to detect the SOT switching and to calibrate the SOT efficiency4 8 . In

Chapter 2, the details of the growth and the fabrication of the Bi2Se3/CoTb devices will

be introduced. And the characterization of crystalline structure and magnetic properties

will be presented.

The experimental results will be discussed in detail in Chapters 3 and 4. Current-

induced magnetic switching in Bi2Se 3/CoTb at room temperature will be presented and

compared with the SOT switching induced by heavy metals (Chapter 3). In the next step,

we will carry out quantitative calibration of the SOT efficiency of topological insulators

(Chapter 4). A more straightforward calibration method compared with the previous

indirect measurements, current-induced shift of the hysteresis loop 4 9, will be utilized.

Besides demonstrating the robust SOT generated by topological insulators, we will

address another important issue associated with topological insulators, the bulk and

surface contributions to the SOT. We propose to employ another topological insulator

with more insulating bulk states50
,5 1, (Bi,Sb)2Te3, as a control sample. The comparison of

the SOT efficiency between Bi2Se 3/CoTb and (Bi,Sb)2Te3/CoTb would be helpful to

clarify the possible origins of the SOT generated by TI. Finally, the spin Hall angle and

the power consumption during the magnetic switching are chosen as the comparison

metrics to show the advantages of the topological insulators over the heavy metals.

18



2 Sample fabrication and characterization

2.1 Growth of the topological insulators: molecular beam epitaxy

Molecular beam epitaxy (MBE) is an important technique to grow epitaxial thin

films of single crystals. It has been widely utilized in the semiconductor industry and

become a fundamental tool for the studies in quantum materials and nanotechnologies. A

solid source MBE has separated evaporation cells that contain different elements. The

materials sublime slowly when the cells are heated up and the atoms are deposited on the

substrates. Appropriate substrates, ultrahigh vacuum (<1 0-8 Torr), and low deposition

rates are the key to obtain high-quality epitaxial films.

In our work, the topological insulator thin films were prepared by Nitin Samarth's

group at the Pennsylvania State University. The Bi2Se3 films were grown by MBE on 2-

inch GaAs (11 1)A wafers at a substrate temperature of approximately 300 C using

thermal evaporation of high purity elemental Bi and Se from Knudsen cells. The growth

rate was 0.8 quintuple layers per minute. Before taking the sample out to air, the films

were capped with 13 nm thick Se to protect the surface 2 9 ,52 . The thickness of the Bi2Se3

film is determined to be 7.4 nm by the X-ray reflection. The width of the Bi2Se3 (006)

reflection rocking curve is 0. 13'. The films were also characterized by X-ray diffraction

(XRD) (Fig. 2.1) and atomic force microscopy (AFM) (Fig. 2.2). As shown in Fig. 2.1,

only expected beaks from the Bi2Se3 film and the GaAs substrate are detected in XRD,
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which indicates the high quality of the epitaxial Bi2 Se3 films. Fig. 2.2 shows the AFM

image of a Se-capped Bi2Se3 film. The Se capping layer appears to be continuous without

pinholes and the roughness is 0.41 nm. After removing the Se capping layer by heating

the sample up to 250 *C for 1 hour in vacuum, we did another AFM measurement to check

the surface of Bi2Se3 (Fig. 2.3). The triangular flakes suggest good epitaxial growth of the

Bi2Se3 film. The root mean square value of the surface roughness is 0.65 nm.

Besides GaAs, InP have been considered as another good substrate for epitaxial

growth of the Bi2Se3 films. However, the semi-insulating InP substrates become highly

conducting after the ion etching, which is an indispensable step in the device fabrication.

On the contrary, the GaAs substrates remain semi-insulating after etching. Therefore,

GaAs substrates are chosen in our experiments.

19*
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Fig. 2.1. XRD spectrum of the Bi2Se3 sample grown on GaAs (1 I)A substrate. The peaks

of Bi2Se3 and GaAs are marked.
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Fig. 2.2. AFM image of the Bi2 Se3/GaAs sample with the capping layer of 13 nm thick

Se. Se cap appears to be continuous without pinholes.

5 nm

Onm

Fig. 2.3. AFM image of the Bi 2Se 3/GaAs sample after removing the capping layer of 13

nm thick Se.
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2.2 Growth of the ferrimagnetic alloys: magnetron sputtering

Magnetron sputtering can be used to grow elemental or binary compound films with

a wide range of thickness (from nanometers to microns). This technique has been

industrialized and is compatible to back end of line fabrication technology. The targets

are placed on the stages with magnets in the sputtering chamber. The chamber should

reach a base pressure lower than 10~7 Torr to get high quality films and then filled with

Ar gas. de power source is used for deposition of electrically conducting materials, such

as metals and alloys. A high voltage is applied between the target and the shell, which

ignites the Ar plasma. The Ar ions are accelerated by the high electric fields and hit the

target with the restriction of the magnetic fields. The atomic clusters escape from the

surface of the targets and condense on the substrates to form the thin films.

In this work, the topological insulator samples were transferred via air to an AJA

magnetron sputtering chamber with a base pressure of 6x 10-9 Torr. The sample was firstly

heated to 250 'C for 1 hour to remove the Se capping layer and cooled down to room

temperature before deposition. A co-sputtering technique was employed to deposit CoTb

alloys using separated Co and Th targets at the Ar pressure of 2 mTorr. The power of Co

was fixed at 100 W while that of Th was varied to get different composition. Magnetic

properties including anisotropy energy coefficient, coercivity, and saturation

magnetization could be tuned within a wide range of values through thickness and

22



chemical composition engineering. After the growth of the CoTb layers, the samples were

capped by a 3 nm thick SiNX layer to protect the CoTb from oxidation.

2.3 Magnetic properties of CoTb alloy films

In ColTb, alloys, the sublattices of Co and Th elements are antiferromagnetically

coupled due to the exchange interactions of d and f electrons. By increasing the atomic

ratio of Tb, the magnetization changes from Co dominance to Tb dominance across a

compensation point (xo). When x < (>) xo, the magnetic moments of Co (Th) sublattice

align parallel with the external field and the other is antiparallel (Fig. 2.4). At xo point, the

magnetic moments of Co and Th sublattices are fully cancelled with each other and the

film shows rigidity to the external field. The compensated ferrimagnets not only maintain

the basic properties of traditional antiferromagnets such as zero magnetic moment and

the rigidity to external magnetic perturbations, but also show advantages in the aspect of

magnetic state detection. It is known that probing the antiferromagnetic moments is one

of the most challenging issues in antiferromagnet spintronics because of the cancellation

of the equal sublattices. However, in transition metal-rare earth compensated

ferrimagnets, despite zero magnetic moment, electrical transport and magneto-optic

properties are uniquely determined by the transition metal sublattice because the Fermi

level only crosses the transition metal sub-band. Therefore, the switching of Co and Th

moments can be directly detected through the anomalous Hall effect or the magneto-optic

23



Kerr effect45-48. Interestingly, recent experiments show the enhanced SOT efficiency 4 853 -

55 and the increased mobility of the magnetic domain wall motion5 6 near the compensation

point of ferrimagnetic alloys.

Co rich

Increasing Tb I I tCo moment
Tb rich ext m

Tb moment

Fig. 2.4. Schematic of the magnetic moments in CoTb alloys. Co (Tb) moments are

aligned parallel with the external field in Co (Th) rich films and the other are antiparallel.

In order to detect the SOT switching, CoTb layers with relatively low thickness for

small magnetic volume, strong PMA for sharp switching between up and down magnetic

states by magnetic fields, and low coercivity would be favorable, which will result in a

clear current-induced switching effect and a moderate switching current5 7. Unlike the

commonly used ferromagnetic materials such as Co and CoFeB whose PMA strongly

relies on interfacial conditions, the bulk PMA in CoTb is less sensitive to the interface,

which can be enhanced by increasing the film thickness. However, we note that the

thickness cannot be too large as both the magnetic volume and the coercivity increase

24



with the thickness. On the other hand, the magnetic properties show strong dependence

on the chemical composition. When the composition is close to the compensation point,

the low net magnetization reduces the in-plane anisotropy and assists the formation of

PMA, which makes it possible to use a lower thickness. Unfortunately, the coercivity

reaches maximum at the compensation point (infinite in the ideal case). Therefore, it is

essential to find optimized materials parameters to balance the competitions among the

aforementioned factors.

We grew a series of Coi-Th films with different composition and thickness and

measured the out-of-plane magnetic hysteresis loops to find the optimal sample. The

optimized parameters are x = 0.23 and thickness = 4.6 nm, which is in the Co-rich region.

The hysteresis loop of this sample measured at room temperature is plotted in Fig. 2.5.

The film shows moderate coercivity (< 300 Oe) and saturation magnetization (< 300

emu/cm3) as well as strong PMA, which makes it possible to use the current-induced SOT

to switch its magnetic moments.

The magnetic hysteresis loops were measured by the vibrating sample magnetometer

(VSM). The VSM mains consists of a pair of split coils to apply magnetic fields and an

electrical sensor to detect the induced electromotive force, which is generated by the

vibrating magnetic sample via the Faraday effect. The electromotive force can be further

converted to the magnetization of the measured sample.
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Fig. 2.5. Hysteresis loop of the out-of-plane magnetization in the Bi2Se3/CoTb sample

measured by VSM at room temperature.

2.4 Device fabrication process

The detection of current-induced magnetic switching requires a concentrated charge

current and therefore a well-defined current channel. We fabricated the sample to Hall-

bar devices through the combination of photo-lithography and Ar ion milling. In photo-

lithography, a photomask with designed patterns is used to cover the sample with

photoresist. The photo resist under the transparent region of the photomask is exposed by

ultraviolet rays and then removed by the liquid developer. The unexposed part covered

by the patterns on the photomask remains to work as the shadow mask in the milling. The

ion milling system generates high-speed flow of Ar ions through electrical acceleration,

by which the materials can be etched away. The detailed process is described as follows.

i) Coating of the SPR-700 photoresist with a speed of 3000 round/min for 30 s,

followed by a baking at 110 "C for 1 minute.
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ii) Definition of the Hall bar. Expose the sample by ultraviolet rays for 7 s using the

MA-4 aligner and the photomask. The width of the Hall bar is varied to be 4, 10,

and 20 jim.

iii) Development of the photoresist in CD-26 developer for 40 s.

iv) Etching the sample using the Ar ion miller for 3 minutes. Use the multimeter to

check whether the conducting films are completely removed.

v) Overnight soaking of the etched sample in acetone to remove the residual

photoresist.

vi) Definition of the electrodes. Repeat steps ii and iii. Alignment of the patterns is

needed.

vii) Etching the sample using the Ar ion miller for 0.5 minutes to remove the SiNx.

viii) Deposition of the electrodes consisting of Ta (5nm)/Ru (30 nm) by magnetron

sputtering, where Ta serves as the adhesion layer.

ix) Overnight soaking of the etched sample in acetone for lift-off.

2.5 Transport measurement

The magnetization reversal by either magnetic field or electrical current of the

patterned devices was measured electrically via the anomalous Hall effect. A Keithley

2400 current source was used to provide dc current and an HP 3478A multimeter was
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used to measure the transverse voltage to obtain the Hall resistance. An image of the

device with the illustration of the measurement setup is shown in Fig. 2.6.

Fig. 2.6. Image of the Hall bar device with an illustration of the electrical measurement

setup. The current is applied along the x axis and the Hall voltage is detected in the y

direction. The width of the Hall bar is ~ 4 jim.
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3 Current-induced switching by Bi2Se3

3.1 Anomalous Hall effect of Bi2Se3/CoTb samples

The electrons flowing through a conducting material under a perpendicular external

magnetic field will deflect to the third orthogonal direction. This prominent effect,

discovered by E. Hall in 187958, is well known as the ordinary Hall effect. In conducting

ferromagnets, besides the ordinary Hall effect that scales linearly with the magnetic field,

an additional term proportional to the magnetization also contributes to the total Hall

resistance, which is named as the anomalous Hall effect 9. In ferromagnets with strong

PMA, the linear ordinary Hall component is usually negligible compared with the sharp

switching of the anomalous Hall component. This effect is extensively used to electrically

probe the magnetic states of conducting ferromagnetic materials.

In this work, the anomalous Hall effect in CoTb only depends on the magnetization

of Co sublattices, because the position of Fermi level is at the Co sub-band. Fig. 3.1 shows

the Hall resistance as a function of the out-of-plane magnetic field. The Hall resistance at

zero field is 1.2 n. A sharp reversal can be seen at the field slightly higher than 200 Oe,

which agrees well with the hysteresis loop in Fig. 2.5. Here we note that the magnetic

properties of CoTb can be slightly changed during the fabrication process. Particularly,

the heating can change the composition to more Co-rich regions.
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Fig. 3.1. Anomalous Hall effect (Hall resistance RH VS out-of-plane magnetic field Hz) in

the Bi2 Se3/CoTh sample.

3.2 Current-induced switching in Bi2Se3/CoTb samples

In the heterostructure that contains spin-orbit material and ferromagnetic material

with PMA, the damping-like term of the SOT TDL~ m X (or X m) plays the dominant

role in the magnetic switching. When the SOT competes over the torques induced by the

external field Text~ m x Hext and the anisotropy field Tan~ m x Han, the magnetic

moments can be switched between up and down directions. An in-plane bias field along

the current direction is necessary to obtain deterministic switching57. If the bias field is

along + x axis (Fig. 3.2(a)), the magnetic moments are restricted in the right half plane

and can be switched from up to down direction by a unidirectional charge current. With

an opposite bias field, (Fig. 3.2(b)), the magnetic moments are restricted in the left half

plane and can be switched from down to up direction by the same current and torque.
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(a) M(b)

TDLO T DL

Fig. 3.2. SOT magnetic switching with the same current and torque, under the bias field

along (a) + x (b) - x axis.

We now turn to studying the current-induced magnetic switching in Bi2Se3(7.4

nm)/CoTb(4.6 nm) bilayer at room temperature. The resistivities of the Bi 2Se3 and the

CoTb layers are determined to be 1060 and 97 pfcm using four-point measurements,

which is consistent with the measured total resistance of Bi 2Se3/CoTh/SiN. multilayer

samples. The current density in Bi2Se3 can be calculated using a parallel circuit model.

The Hall resistance is recorded to reveal the magnetic switching when sweeping a dc

electrical current. An in-plane bias field of 1000 Oe is applied to get deterministic

switching. As shown in Fig. 3.3, the current switches the magnetic moments of CoTb

between up and states, corresponding to the Hall resistance of 0.6 Q. The threshold

current density for switching is 2.8x106 A/cm 2 . The Hall resistance decreases at higher

current because the Joule heating weakens the PMA. Moreover, the switching curve

changes its polarity when the in-plane field is inversed, which is a typical characteristic

57of the SOT switching of PMA layers
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Fig. 3.3. Current-induced magnetic switching in the Bi2 Se3/CoTb sample under a bias

field of (a) + 1000 Oe and (b) - 1000 Oe along the current direction. The measurements

were carried out at room temperature.

We notice that the Hall resistance at zero field is smaller than that in the field-induced

switching shown in Fig. 3.1, which can be ascribed to the following two reasons. First of

all, the anomalous Hall resistance in Fig. 3.1 is measured with the out-of-plane field only,

while the current-induced switching is measured with an in-plane bias field of 1000 Oe,

which tilts the magnetic moments to deviate from the perfect out-of-plane direction. For
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quantitative comparison, we measure the Hall resistance as the out-of-plane field under

an in-plane field of+ 1000 Oe (Fig. 3.4). A small constant current is applied for resistance

measurement but would not generate any scalable SOT. The Hall resistance at zero out-

of-plane field is 0.7 Q, very close to the results obtained by the current-induced switching

(0.6 92, Fig. 3.3). Secondly, the magnetic moments in different regimes of the device are

uniformly switched in the field sweeping measurements. On the contrary, due to the

current spreading in the Hall branches, the charge current density is highly

inhomogeneous at the cross-point of the Hall bar (Fig. 3.5). The current density at the

edges of the cross section is lower than that at the channel center. As a result, the magnetic

domains in these regions cannot be switched at the threshold current density during the

current-induced switching. After taking these factors into consideration, our current-

induced switching induced by Bi2Se3 is an almost full magnetic switching.

(a) m (b) 1.2.H =+ 1000 Oe

j,=4x1 A/cm'

.. 0.0
X

m -0.6-

H
-400 -200 0 200 400

H. (0e)
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Fig. 3.4. Magnetic orientation in CoTh with PMA under an in-plane field. (a) Schematic

of the magnetization of a PMA material under zero (upper panel) and finite (lower panel)

in-plane field. (b) Hall resistance vs out-of-plane field measured in the Bi2Se3/CoTh

sample, under an in-plane bias field of + 1000 Oe and a small constant current with the

density of 4 x 104 A/cm 2.

Current
distribution

Fig. 3.5. Illustration of the inhomogeneous distribution of charge current in the cross

section of the Hall bar device.

3.3 Comparison of the current-induced switching with heavy metals

To better understand the SOT switching induced by the topological insulator Bi2Se3,

we also measured current-induced switching induced by heavy metals Pt and Ta. Pt(3

nm)/CoTb(2.1 nm)/SiNx and Ta(5 nm)/CoTb(2.1 nm)/SiNx samples were prepared. The

resistivities of Pt and Ta are determined to be 23 and 193 pv2cm. The magnetic hysteresis

loops were measured by VSM and plotted in Fig. 3.6. The coercivity is reasonable for
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current-induce switching (-500 Oe for Pt/CoTb and -60 Oe for Ta/CoTb). The saturation

magnetization is 180 and 240 emu/cm 3, respectively.
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H,(Oe)

Ta/CoTb (1.7 nm)

-120 -60 0 60 120
H. (Oe)

Fig. 3.6. Hysteresis loop of the out-of-plane magnetization in (a) Pt/CoTb and (b)

Ta/CoTb samples measured by VSM.

Current-induced magnetic switching in Pt/CoTb and Ta/CoTh under positive in-

plane fields were measured and plotted in Fig. 3.7. We can observe that the polarity of the

switching curve with Bi2Se3 is the same as Pt but opposite to Ta. This indicates the sign
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of the effective spin Hall angle of Bi2Se3, which corresponds to the direction of the

current-induced spin accumulation, is the same as Pt but opposite to Ta. This also rules

out the possibility that the spin-orbit coupling from the heavy element Tb plays the

dominant role in the SOT switching, which will otherwise lead to the same switching

polarity in all three samples. Furthermore, the threshold current density for switching with

Bi2Se3 (2.8x106 A/cm2 ) is much smaller than that with Pt (4x107 A/cm 2) and Ta (1 x107

A/cm 2), even if the Bi2 Se3/CoTb sample has the largest magnetic volume, which suggests

the high efficiency of the charge-to-spin conversion in the topological insulator Bi2Se3.
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Fig. 3.7. Current-induced magnetic switching in (a) Pt/CoTb and (b) Ta/CoTb samples

under positive bias fields along the current direction.

3.4 Review of recent work on SOT switching using topological insulators

In this section we will briefly review the existing results of the SOT switching

induced by topological insulators. Fan et al. demonstrated for the first time that the Hall

resistance can be reversed by a small amount of dc charge current in Cr-doped (Bi,Sb) 2Te3

heterostructures 37
,
38 . Due to the low Curie temperature of the Cr-doped (Bi,Sb)2Te 3, the

switching was only observed at -2 K. In 2017, Yasuda et al. showed the current-induced

magnetic switching in similar structure with the replacement of the dc current by current

pulses, which excludes the possible contributions of the current-nonlinear effects to the

Hall resistance 44 . As to room temperature experiments, Mahendra et al. showed current-

induced switching in perpendicularly magnetized sputtered-BiSei,/Ta/CoFeB

multilayerso. The usage of sputtering technique in topological insulator growth may

attract interest as it is more comparable to the semiconductor industry. Moreover, BiSbi.

,-type topological insulators was demonstrated by Khang et al. to be an efficient SOT

source through the switching measurements in epitaxial Bio.9 Sbo.i/MnGa bilayers 1 .

Besides PMA materials, magnetic layers with in-plane anisotropy are also accompanied

with topological insulators for switching detection. Wang et al. detected the current-

induced magnetization reversal in Bi2Se-/NiFe through magneto-optic Kerr effect62 .

Unlike the SOT switching of PMA materials, in their work the anti-damping torque is
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proposed as the origin of the magnetic switching. Despite different materials systems,

these results as well as our work show that the topological insulators can induce efficient

magnetic switching with the current density of 104~ 106 A/cm 2.
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4 Calibration of the SOT efficiency in topological insulators

4.1 Review of the methods to calibrate the SOT efficiency

The precise measurement of the SOT or the conversion between charge and spin

currents is a central topic in the studies of spin-orbit physics. In the past few years, various

methods have been utilized to subtract the merit of the charge-to-spin conversion, the spin

Hall angle. Bauer and colleagues developed the method of spin pumping,4 where the

ferromagnets at the ferromagnetic resonant condition can inject spin current to the

adjacent heavy metal layer. Due to the inverse spin Hall effect, where a spin current with

perpendicular spin polarization will be converted to a charge current in the third

orthogonal direction, the spin Hall angle can be calculated by the ratio between the charge

current and the spin current. Later, Liu et al. observed that the ferromagnetic resonance

of a magnetic layer can be significantly influenced by the charge current in the adjacent

heavy metal layer65 . This is because the spin current generated by the spin Hall effect in

the heavy metal layer exerts SOTs onto the magnetic moments. Both the field-like and

the damping-like SOTs can be subtracted from the ferromagnetic resonance spectra. In

2014 this spin-torque ferromagnetic resonance was applied by Mellnik et al. to

topological insulator/ferromagnetic metal structure29 , which is a pioneering work to

demonstrate the SOT generated by topological insulators.
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Besides high frequency experiments in which ferromagnetic resonance at several

GHz is required, low frequency or dc measurements can also be applied to the SOT

measurements. Kim el al. used the anomalous Hall resistance to reveal influence of the

field-like and the damping-like SOTs on the magnetic moments through low-frequency

harmonic measurements66 . The field-like and the damping-like effective fields can be

subtracted from the first and the second harmonic signals. In 2014, Fan et al. showed the

ultrahigh charge-to spin-conversion ratio (> 400%) in magnetically doped topological

insulator heterostructures using this harmonic method37 ,38 . Similarly, dc measurement is

also applicable by utilizing the planar Hall effect60 ,67 . Moreover, non-local spin

injection30,3941 or spin-polarized tunneling spectroscopy 42 as well as the spin Seebeck

effect 43 have also been used to show the charge-to-spin conversion in topological

insulators.

4.2 Current-induced shift of the hysteresis loop in Bi2Se3/CoTb samples

Given the discrepancy in the sample quality, the performing temperature, and the

complex spin-orbit physics involved, the obtained spin Hall angles of topological

insulators in previous works vary by orders of magnitude (from 10-3 to 102), which

obscures the fundamental understanding of the SOT mechanism. In this work, we utilize

a more straightforward method developed by Pai et al., current-induced shift of the

hysteresis loop 49, to calibrate the SOT efficiency. Compared with the previous indirect
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measurements, this method is closely related to the magnetic switching scheme as it can

directly probe the effective field for switching. The principle of this method in heavy

metal/ferromagnetic metal bilayer is discussed as follows.

Unlike magnetic nanopillars with single magnetic domain, multiple domains with

opposite magnetic orientations are formed in micrometer-size magnetic devices. The

magnetic domain walls between two opposite domains paly the dominant role in the

magnetic switching4 9' 68' 69 . Due to the interfacial Dzyaloshinskii-Moriya interactions

(DMI), Nel type domain walls with the same chirality are formed. The magnetic

moments at the center of the up-down and down-up domain walls point to opposite

directions. The damping-like SOT drives the domain walls to move towards the same

direction with the same velocity, which can be described as a pair of effective magnetic

fields with the same magnitude but opposite sign (Fig. 4.1(a)). When an external field is

applied along the current direction, it competes with the DMI effective fields. As a result,

the movement of up-down and down-up domain walls appears with different velocity,

corresponding to domain expansion. The total effect of the damping-like SOTs in all the

domain walls can be described by an out-of-plane effective field (Fig. 4.1(b)), which leads

to an overall shift of the hysteresis loop. When the external field is large enough to

overcome the DMI effective fields, the magnetic moments inside the domain walls tend

to be aligned parallel with the external field. Consequently, the domain wall expansion

has maximum velocity and the SOT efficiency reaches saturation. We note that although
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this mechanism is described in ferromagnetic systems, it can also be applied to

ferrimagnetic materials like CoTb 48 56.

(a) - p VOW

IDL jHr= 0

(b) VoW - VW

DOHX

Fig. 4.1. Magnetic domain wall motion driven by the SOT under (a) zero and (b) finite

in-plane bias field.

In order to measure the SOT effective field in the Bi2Se3/CoTh sample, we applied

both a charge current and a magnetic field along x direction. At the same time, we swept

the magnetic field along z direction (Hz) to measure the Hall resistance (RH). As plotted

in Fig. 4.2(a), under an in-plane bias field of H =+ 800 Oe, the R11 vs H hysteresis loop

shifts from zero to right and left in the presence of positive and negative charge current,

respectively, where the SOT effective field (H~f) is revealed by the deviation of the loop

center from zero. The RH vs HL hysteresis loops were measured under a series of applied
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current and lb. Hj as a function of the current density (j,) is plotted in Fig. 4.2(b). The

slope defined as X = Hja/e represents the damping-like SOT efficiency, the sign of

which depends on the direction of R.

We then summarize the SOT efficiency x as a function of the in-plane bias field H

in Fig. 4.2(c). At low field regions, x grows linearly with H. This is consistent with the

microscopic picture that magnetic domain walls tend to move with different velocity,

resulting in domain expansion. When H, exceeds a certain value (H'at ~ 200 Oe), the

SOT efficiency reaches its saturation (Xsat) and remains unchanged, corresponding to the

domain expansion with maximum efficiency. The effective spin Hall angle (aSH, defined

as the ratio between the generated spin current density 2e-j, and the average charge

current density in the spin-orbit layerje) of the Bi2Se3/CoTh heterostructure is calculated

using 49

sat - i aSHh
2 2euoMst

where h = 1.054 x 10- 34 J/s is Planck's constant, e = 1.602 x 10-1 9 C is the

electron charge, go = 47T x 10- 7 H/m is the vacuum permeability, M, = 280 emu/

cm 3 is the saturation magnetization obtained from Fig. 2.5, and t = 4.6 nm is the

thickness of the CoTb layer. With Xsa = 6.1 x 10-6 Oe A- cm 2 obtained in Fig. 4.2(c),

the effective spin Hall angle is determined to be 0.16 0.02.

The DMI energy density D can also be estimated from the saturation bias field (Hat)

using48 D = HDMIMstpoIA HatMytpoA. The domain wall width A= (A/Ku)/ 2 can
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be calculated using the reported exchange stiffness 70 A ~ 1.4 x 10-"J/m and the

anisotropy energy Ku = 2"Ms(Hn+41rMs) = 6.4 x 104J/m3 , where the anisotropy field

Han and the saturation magnetization Ms can be determined from magnetization curve.

The value of D is calculated to be 0.38 pJ/m, comparable to that reported in Ta/CoTb

systems 48. Accompanied with theoretical evaluations 7 1,72, our result experimentally

suggests the DMI in topological insulator/ferromagnetic metal heterostructures. In

addition, we note that the DMI is not necessary to detect current-induced switching,

because the in-plane bias field can convert Bloch type domain walls to chiral Neel type

domain walls.
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Fig. 4.2. Calibration of the SOT efficiency in the Bi 2Se3/CoTb sample. (a) Hall resistance

vs applied out-of-plane field under positive and negative dc currents with the density of

1.0 x 106 A/cm 2 through Bi2Se3 and a bias field H, = + 800 Oe. The center shift

corresponds to the SOT effective field (HJff). (b) Hef as a function of applied current
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under different bias fields I= 0, 200 Oe. (c) SOT efficiency y as a function of the bias

field H. X saturates at the field Hat.

4.3 Comparison of the SOT efficiency with heavy metals

The SOT efficiency in Pt/CoTb and Ta/CoTh samples were also measured using the

same method. Fig. 4.3 shows the SOT efficiency as a function of the in-plane bias field.

Both results show similar characteristics with the Bi2 Se3/CoTb, where the SOT efficiency

firstly grows linearly with the bias field and then reaches saturation. As expected, the bias

field along + x axis results in positive SOT efficiency in Bi2Se3/CoTb and Pt/CoTb, but

negative efficiency in Ta/CoTb, which indicates that the spin Hall angle of Bi2Se3 has the

same sign as Pt, but opposite to Ta. The spin Hall angles of Pt and Ta are calculated to be

0.017 0.002 and - 0.031 0.002 using Eq. (1), much lower than that obtained in

Bi2 Se3/CoTb, which indicates the high charge-to-spin efficiency in topological insulators.

Here we note that the values obtained in our experiments are smaller than some existing

results1 6,2 6,5 7 . We attribute this discrepancy to the low interfacial transparency 73 between

the spin-orbit layer and the antiferromagnetically coupled alloy layer, which will reduce

the spin current injected to the CoTb layer48. Nevertheless, by utilizing the same

ferrimagnetic materials and calibration methods in all these measurements, we make sure

that a fair comparison is made. In addition, it is noted that the saturation field that
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corresponds to the DMI effective field in Pt/CoTh is much larger than that in Bi2Se3/CoTb

and Ta/CoTb, which suggests the stronger DMI at the Pt/CoTb interface.

(a) 8 Pt/CoTb (2.1 nm)
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Fig. 4.3. SOT efficiency X as a function of the bias field H, in (a) Pt/CoTb and (b) Ta/CoTb

samples.

4.4 Bulk and surface contributions to the SOT in topological insulators

Topological insulators are proposed to generate large non-equilibrium spin

accumulation due to the spin-momentum locking at the topological surface states.
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However, the bulk spin Hall effect is naturally involved due to the heavy elements in

topological insulators such as Bi. It is nontrivial to separate the surface and the bulk

contributions to the charge-to-spin conversion or the SOT, as both effects lead to the spin

Hall angle with the same sign as Pt. This issue becomes more significant when dealing

with Bi2Se3, as both surface states and conducting bulk states exist at the Fermi level.

Experimentally, despite numbers of studies on the charge-to-spin conversion in different

types of topological insulators, few of them have addressed this issue3 ' 2 3 4

To get further insights on this topic, we employed another topological insulator with

more insulating bulk states, (Bi,Sb) 2Te3, as a comparison. By tuning the atomic ratio

between Bi and Sb, the Fermi level of(Bi,Sb) 2Te3 can be modified to stay in the band gap

of the bulk states and cross the surface bands only, which has been verified by angle

resolved photoemission spectroscopy 50'51. This is also consistent with the electrical

transport measurements 32,42 in previous and our experiments, where the resistivity of

(Bi,Sb)2Te3 (4020 pcm) is determined to be 4 times larger than that of Bi2Se3 by 4 point

measurements. Here we note that the conductivity of the bulk states in (Bi,Sb) 2Te3 is

reduced but not zero at finite temperature.

We grew a CoTb layer (8.0 nm, M, = 300 emu/cm 3) with PMA on (Bi,Sb) 2Te3 (8.0

nm). Due to the relatively large coercivity and thickness in this sample (Fig. 4.4), we were

not able to detect the SOT magnetic switching. Alternatively, the SOT efficiency vs in-

plane bias field was measured through the current-induced hysteresis loop shift, the same
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method as the Bi2Se3 sample. The results plotted in Fig. 4.5 show the same trend as that

of Bi2Se3. The effective spin Hall angle of (Bi,Sb)2Te3 is calculated to be 0.40 0.04

according to Eq. (1), 2.5 times larger than that of Bi2Se3. The fact that topological

insulators with reduced bulk conductance leads to higher spin Hall angle suggests that the

topological surface states make significant contributions to the efficient SOT. Still, we

would like to note that this comparison cannot completely exclude the bulk contributions.

400 (BiSb)2TelCoTb (8.0 nm)

200
E

Z -200

-400

-2000 -1000 0 1000 2000

H,(Oe)

Fig. 4.4. Hysteresis loop of the out-of-plane magnetization in the (Bi,Sb)2Te3/CoTh

sample measured by VSM.
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Fig. 4.5. SOT efficiency X as a function of the bias field 1H in the (Bi,Sb)2 Te3/CoTb

sample.

The investigation of the bulk and surface contributions to the SOT can actually add

insights to a more fundamental issue associated with topological insulators. It is known

that the topological surface states are protected by the time inversion symmetry, which

can be broken by a magnetic field. When the topological insulator is neighbored by a

ferromagnet, the magnetic proximity effect may therefore have influence on the surface

states. Some studies on the electron structures suggest that the surface states and the spin-

momentum locking can be maintained with some tilting with the existence of magnetic

impurities on the surface74 . Our studies on the SOT switching and SOT efficiency in

topological insulators provide further information on the spin-orbit interactions at the

topological insulator/ferromagnet interface.
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4.5 Summary of the switching parameters

Here we perform a summary and comparison of the SOT switching parameters with

topological insulators and heavy metals. On one hand, the effective spin Hall angle of

topological insulators is demonstrated much larger than that of heavy metals (Fig. 4.6 (a)),

which identify topological insulators as a promising candidate to generate significant SOT.

On the other hand, given the fact that topological insulators are more resistive than heavy

metals, current-induced Joule heating in the SOT switching becomes a concern. We

calculate the power consumption for switching ferromagnetic electrodes in unit magnetic

volume, which is proportional to p/aSH, as the heating is proportional to the resistivity

of the spin-orbit material (p) and the critical current density for switching scales with the

inverse of aSH. As shown in Fig. 4.6(b), topological insulators still stand out as the

favorable material when power consumption is used as the comparison metric. For further

optimization the SOT efficiency, topological insulators with less conducting bulk states

will be beneficial, as the current is mostly concentrated in the surface states with highly

efficient charge-to-spin conversion and the dissipation in the bulk channel can be avoided.

Finally, we note that in our current sample structure, the current shunting through the

ferrimagnetic alloy layer is large. To fully exploit the SOT efficiency of topological

insulators, magnetic semiconductors/insulators would be desired. Potential candidates

include rare earth iron garnet or barium ferrite with PMA7 5'76.
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Fig. 4.6. Comparison of the SOT switching parameters with different spin-orbit materials.

(a) Absolute values of the effective spin Hall angle of (Bi,Sb)2Te3, Bi2Se3, Pt, and Ta

measured in our experiments. (b) Normalized power consumption (with Ta set to be unity)

for switching ferromagnetic electrodes in unit magnetic volume using (Bi,Sb)2Te3, Bi2Se3,

Pt, and Ta.
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5 Conclusion

Here we summarize the main results achieved in this thesis.

i) SOT magnetic switching induced by the topological insulator Bi2Se3 is observed

at room temperature.

ii) SOT efficiency of topological insulators and heavy metals are carefully calibrated

using the current-induced hysteresis loop shift method.

iii) Topological insulators stand out as the favorable material when the spin Hall angle

or the power consumption is used as the comparison metric.

iv) The comparison between Bi2Se3 and (Bi,Sb)2Te3 suggests the topological surface

states make significant contributions to the efficient SOT.

Accompanied with recent SOT studies in topological insulators, our work adds to

the technical significance of the emerging field of topological spintronics and potentially

points to practicable innovations in topological insulator-based switching devices.
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