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ABSTRACT OF THE DISSERTATION
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Doctor of Philosophy in Electrical Engineering
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Spin accumulation originating from relativistic spin-orbit interaction can exert spin-orbit
torque (SOT) on adjacent magnetization and switch the direction of the magnetization. Such
current-driven magnetization switching holds promise for miniaturized magnetic memory devices
with high speed, low power consumption, and non-volatility. One of the promising material
candidates is topological insulator (T1). TI is a novel quantum state of matter with gapped bulk
bands and gapless surface states protected by topology. The spin and momentum of the carriers
from the surface states are locked, and the spin-momentum locked carriers can drive giant SOT on
neighboring magnetization. However, there are still several issues in the study of SOT from TIs.
First, there have been large discrepancies in the reported values of SOT from TIs. Second, the
magnetization switching by TIs requires the assistance of an external magnetic field, which results

in limited applicability.



In this dissertation, | systematically investigate magnetically doped TI thin films and
determine the SOT via both transport and optic approaches, collaborating with other group
members. Large SOT generated by the topological surface states with consistent results is observed.
The experimental results reveal a strong dependence of SOT on temperature and surface state
carrier concentration. The SOT decreases drastically as temperature increases and can be
manipulated by tuning the surface state carrier concentration. A competition between the top
surface and bottom surface in contributing to SOT is also observed. The above phenomena could
account for the large discrepancies in the reported SOT values. Utilizing the SOT from surface
states, | am able to achieve current-driven magnetization switching in magnetically doped TIs. |
also investigate Tl/antiferromagnetic material heterostructures and demonstrate the realization of
field-free magnetization switching in this material system. Accomplished by symmetry breaking
with interfacial exchange-bias, the field-free switching can be driven by pulsed current with ultra-
low current density. The study in this dissertation advances the understanding of SOT from TI as

well as the implementation of practical and energy-efficient magnetic random-access memory.
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Chapter 1

Introduction

1.1.  Spin-Orbit Torque

Flowing electrons generate current. In almost all current semiconductor chips, charge
current induced by electrons is the most fundamental building block for all logic and memory units.
But apart from charge, electrons also possess a spin degree-of-freedom that has yet been fully
exploited. When encountering a spin current, a ferromagnetic layer can manifest distinct resistivity
states depending on whether the spins and the magnetization are parallel or antiparallel, due to its
different spin density-of-states in the conduction band. On the other hand, the spin of an electron
can transfer angular momentum to an adjacent magnetic moment, causing the reorientation of that
magnetic moment. Such phenomena open up a new area of spintronics, and spintronics devices
have become promising candidates for next-generation logic and memory devices with potentially
higher speed, higher density, and better reliability.[1, 2] A well-known example is the discovery
of giant magnetoresistance (GMR) by A. Fert et al., for which the Nobel Prize in Physics 2007
was awarded and it has become the core of the state-of-the-art magnetic sensor technology in hard

disk drives.[3, 4]

Another phenomenon that has attracted intensive research effort in spintronics is spin-
transfer torque (STT).[2, 5] Figure 1-1(a) schematically shows an example of a magnetic tunnel

junction (MTJ) structure composed of a ferromagnetic metal/insulator/ferromagnetic metal trilayer

1



stack. When a charge current passes through the bottom ferromagnet layer (fixed layer), the
electrons first become spin-polarized by the ferromagnetism inside this layer, and the spin-angular
momenta will be transferred to the top ferromagnet layer (free layer) after tunneling through the
tunneling barrier. The transfer of spin-angular momenta will induce the precessional motion of the
magnetization as shown in Figure 1-1(b), and such magnetization dynamics can be analytically

described by the Landau—Lifshitz—Gilbert—Slonczewski equation as

om om
E=—ymxHeff+ame+r 1-1

where m is a unit vector along the magnetization direction, y = gug/h is the gyromagnetic ratio

(up is the Bohr magneton and g is the Lande g-factor), H. ¢ denotes the effective magnetic field,

« is the Gilbert damping constant, and T represents the current-induced STT.[6-8] If a sufficiently
large current is applied, the STT exerted on the magnetization can lead to the switching of its
direction in its final state after it returns to equilibrium. Consequently, this results in two distinct
states of the magnetization after switching: ‘up’ state and ‘down’ state, which resemble ‘0” and ‘1’
in logic operations and can be harnessed to store information. The read-out operation in this
structure can be realized by utilizing a phenomenon similar to GMR called tunneling
magnetoresistance (TMR). In this phenomenon, if a spin-polarized current in an MTJ tunnels
through the tunneling barrier and encounters the ferromagnet layer, the MTJ will manifest different
resistance depending on how the spin-polarization aligns with the magnetization due to the spin

density-of-states. Therefore, the different magnetization states can be distinguished by the TMR

after passing through a small current in this structure as described by TMR = @, where TMR
P

is the relative resistance change, R,p is the electrical resistance in the anti-parallel state, Rp is the

electrical resistance in the parallel state.
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Figure 1-1. Spin-transfer torque and the precession of magnetization upon experiencing torques. (a)
Schematic illustration of a magnetic tunneling junction (MTJ) consisting of a
ferromagnet/insulator/ferromagnetic sandwiched structure. When a current is vertically applied on the MTJ,
spins polarized by the bottom ferromagnet layer will transfer angular momenta and exert torques on the
magnetization in the top ferromagnet layer, named as spin-transfer torque. (b) The precession of
magnetization around its equilibrium state, driving by a field-like torque, a damping-like torque, and a spin-
transfer torque. The magnetization dynamics can be analytically described by the Landau—Lifshitz—Gilbert—

Slonczewski equation. Figure adapted from Ref. [6]

Through this approach, such a system can be implemented as a fundamental unit in memory
devices, and the random access memory based on this structure is called spin-transfer torque
magnetic random access memory (STT-MRAM). The structure of a basic memory cell of the STT-
MRAM is schematically illustrated in Figure 1-2. A transistor with its source connected to the

source line has its drain linked to an MTJ. The ‘write’ operation is achieved via the ‘on’ and ‘oft’



states of the transistor manipulating the tunneling current, which is controlled by the gate voltage
from the word line. The ‘read’ operation can be fulfilled by measuring the voltage on the read bit
line from the TMR across the MTJ. Compared to the conventional hard disk drive and flash
memory, STT-MRAM has already demonstrated a number of advantages, such as higher speed
(<10 ns) thanks to the fast dynamics of ferromagnetism, and theoretically almost unlimited
endurance (>10%°) owing to the stability of the magnetization states over a long period of time.[2,
9, 10] It also possesses the advantage of non-volatility when compared to dynamic random access
memory. Recently, the conversion of STT-MRAM from in-lab prototypes to mass production is
considered in the roadmap of many enterprises, and pioneer STT-MRAM products have been

successfully manufactured by Everspin® and Samsung®.

Read Bit Line

AN

Magnetic
~ tunneling
junction

Word Line —I

Source Line

Figure 1-2. Schematic of a memory cell in STT-MRAM. Information is stored in the magnetization of

the free layer in the MTJ, which can be switched between ‘0’ and ‘1’ states after passing a vertical current
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from the source line. ‘Write’ operation is controlled by the transistor connected to the word line, while ‘read’

operation is fulfilled by determining the tunneling magnetoresistance from the read bit line.

However, due to the fact that STT-MRAM relies on the tunneling of spin current, reliability
issues arise as a result of the deterioration of the tunneling barrier, owing to dielectric breakdown
after certain read/write cycles. It also suffers from high power dissipation due to the highly resistive
tunneling barrier. To circumvent these issues, another spin-torque mechanism to manipulate the
magnetization without a tunneling barrier has become attractive and is currently under wide
investigation, which is called spin-orbit torque (SOT). In special relativity, the orbital motion of

an electron under the electric field E from the nucleus experiences an equivalent magnetic field of

B =— ”CX—ZE that interacts with its spin. The Hamiltonian of such interaction can be expressed as[11]

1@y . g (1-2)

B
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where m,, is the electron mass, r is the orbit radius, U is the potential in the atom, and the
interaction between spin and orbit is called spin-orbit interaction or spin-orbit coupling (SOC).
Such SOC can give rise to an anomalous group velocity of the electrons and thus the conversion
between charge current and spin current via the spin Hall effect, where the spins of opposite
directions accumulate in opposite sides of a material transverse to the applied current direction as
shown in Figure 1-3(a).[12-14] Spin Hall effect is more pronounced in heavy elements that have
stronger SOC, and it was experimentally observed for the first time in a GaAs device by Kerr
rotation microscopy (Figure 1-3(b)).[14] In this figure, when a longitudinal current passes through

the GaAs devices, lateral spin accumulation on both edges of the device owing to the spin Hall

5



effect can be observed under Kerr rotation microscopy indicated by red color (spin-up) and blue

color (spin-down).

Another origin of spin accumulation is the Rashba effect, which is caused by the strong
electric field at the interface of two different material layers due to the breaking of inversion
symmetry.[15, 16] As displayed in Figure 1-3(c), the inversion symmetry breaking can induce
Rashba spin-splitting of two spin-subbands of the band structure and result in spin-polarization
transverse to its momentum on the Fermi circles in k-space. Once generated by a charge current
flow, the spin accumulation from either spin Hall effect or Rashba effect can exert SOT on the
adjacent magnetic moment as schematically demonstrated in Figure 1-3(d).[17, 18] If the SOT is
sufficiently strong, it can also switch the direction of the magnetization similar to STT but with
lower power dissipation due to the absence of a tunneling barrier. Such SOT-driven magnetization
switching can be a desirable approach in realizing miniaturized spintronic memory devices with
high efficiency. Compared to STT-MRAM, magnetic memory devices utilizing SOT offer the

advantages of lower power consumption, higher endurance, and better scalability.
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Figure 1-3. Spin accumulation and SOT arising from spin Hall effect or Rashba effect. (a) A sketch
of spin Hall effect. In this phenomenon, a charge current can induce a transverse spin current as a result of
SOC. Figure adapted from Ref. [19]. (b) Observation of spin accumulation due to spin Hall effect by Kerr
rotation microscopy. The red color and blue color regions indicate spin-up and spin-down, respectively.
Figure adapted from Ref. [14]. (c) Illustration of a band structure with Rashba spin-splitting. A spin on the
Fermi circles is polarized and perpendicular to its momentum in k-space. Figure adapted from Ref. [20]. (d)
SOT driven by spin accumulation on an adjacent ferromagnetic layer. The SOT can cause reorientation and
even switching of the magnetization, which can be implemented as the ‘write’ operation in magnetic

memory devices.



1.2.  Spin-Orbit Torque-Driven Magnetization Switching

At an early stage, SOT by spin-orbit coupling and spin Hall effect was demonstrated by
Buhrman et al. in a heavy metal/ferromagnet (HM/FM) bilayer structure.[21] Figure 1-4(a) shows
the material structure composed of a Pt layer and a permalloy (Py) layer for SOT measurement.
When an AC current with a frequency that is close to the ferromagnetic resonance (FMR)
frequency of the Py layer (typically a few GHz) is fed into the heterostructure device, the current-
induced SOT can drive the precession of the magnetization at its resonance frequency. The
precession subsequently causes the oscillation of the anisotropic magnetoresistance of Py, which
can be further detected by measuring the DC voltage signal Vmix generated across the sample from
the mixing of the radiofrequency current and the oscillating resistance (Figure 1-4(b)). By fitting
to Vmix and separating its symmetric and asymmetric components, the strength of the SOT effective
field Hefr, as well as the ratio of spin current density Js over charge current density Jc, can be

extracted. Here, the ratio of Js over Jc is defined as the spin Hall angle 6y described by

Js
Osy = I (1 - 3)

and it is a crucial term that quantitatively describes the capability of a material in converting charge
current to spin current. Here in the Pt/Py system, a spin Hall angle of 65, = 0.05~0.06 was
demonstrated. Almost at the same time, the observation of SOT was also reported by Gambardella
et al. in Co/Pt nanostructures as displayed in Figure 1-4(c).[18] In this material structure, inversion
symmetry is broken at the interface between Co and Pt such that spin accumulation is induced by
the strong Rashba effect at the interface. After applying current pulses with an adequate amplitude,

it can be observed under differential Kerr microscopy that the magnetic domains inside the



nanostructures expand or contract depending on the direction of the current. The observation of
the effective field provides a visualized experimental signature that a SOT effective field Hes is

established on the magnetization by current-induced SOT.
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Figure 1-4. Magnetization dynamics and effective field induced by SOT. (a) Precession of
magnetization by SOT in a Py/Pt bilayer structure after feeding in an AC current at radiofrequency. (b)
Detected voltage across the Py/Pt device owing to the mixing of its anisotropic magnetoresistance under
ferromagnetic resonance and the radiofrequency current. Figure (a) and (b) adapted from Ref. [21].(c)
AlO,/Co/Pt structure with fabricated nano-devices. (d) Domain formation in the AlO,/Co/Pt nano-devices

driven by Rashba effect-induced SOT. The input of a pulse current can generate a SOT effective field and



lead to the expansion or contraction of the domains similar to an external magnetic field. Figure (c) and (d)

adapted from Ref. [18].

Soon after, switching of perpendicular magnetization driven by SOT was achieved in
HM/FM structures by L. Liu et al. and | Miron et al.[17, 22] Among those research efforts,
Gambardella et al. investigated a thin film stack comprising Co/Pt and an AlOx capping layer as
schematically shown in Figure 1-5(a).[22] The Co layer is perpendicularly magnetized, and the
Rashba interaction induced by the asymmetric platinum and AlOy interface layers generates the
spin accumulation as well as SOT to switch the magnetization. An image of the prototypical
reconfigurable ferromagnetic switch based on this structure is demonstrated in Figure 1-5(b). After
passing pulsed current through the device in the x-direction, the magnetization along the z-
direction is able to switch between “up’ state and ‘down’ state, depending on the current direction
(Figure 1-5(c)). The magnetization switching is robust and repeatable after multiple switching

cycles.

In the meantime, L. Liu et al. took another approach of utilizing Ta/CoFeB and Pt/CoFeB
heterostructures, where the CoFeB layer possesses magnetization with perpendicular anisotropy
and the heavy metal (Ta and Pt) layers provides spin current via spin Hall effect (Figure 1-5(d)).[17]
When an in-plane magnetic field of B,,, = £10mT is applied to break symmetry, the
perpendicular magnetization can be switched by DC current and detected by anomalous Hall effect
as displayed in Figure 1-5(e). The detected magnetization can be either in ‘up’ state or ‘down’
state inferred from the anomalous Hall resistance, while the switching loops exhibit certain
coercivity during switching owing to the magnetic hysteresis of CoFeB itself. These device

10



prototypes are simple, scalable and also compatible with present-day magnetic recording
technology. Besides, the perpendicular magnetization in these devices is also amenable to

miniaturization for further scaling of memory devices.

LI &2 il
30 A A o 2 ~EBog=-10mT

OO
s e 0 -2 -1 0 1 2
8 10 12 14 16 | (mA)

M, (a.u.)
o -A-I‘ o -
==
T E‘:E
— B
og
!

o

o

M, (@.u)
X
[
N af‘
e
>[8
W
o
1
N
=
1

Figure 1-5. Switching of perpendicular magnetization by SOT. (a) AlOx/Co/Pt structure with Rashba
effect due to inversion symmetry breaking. (b) Scanning electron microscope image of the device for
magnetization switching. (c) Switching of perpendicular magnetization in the AlO./Co/Pt device by pulsed
current. The magnetization can be switched between ‘up’ and ‘down’ states repeatedly by reversing the

current direction for multiple cycles. Figure (a), (b) and (c) adapted from Ref. [22]. (d) Ta/CoFeB structure
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and SOT on the CoFeB magnetization by spin Hall effect. (¢) SOT-driven perpendicular magnetization
switching in CoFeB after applying a DC current. The magnetization has opposite final state depending on
the current direction and is detected by measuring anomalous Hall resistance. Figure (d) and (e) adapted

from Ref. [17].

1.3.  From Quantum Hall Effect to 3D Topological Insulators

In 1980, von Kilitzing et al. unexpectedly discovered that in silicon-based MOSFET
devices with high-mobility electrons, the Hall conductance can be quantized under a high magnetic
field.[23] This quantum mechanical phenomenon of an electronic system is later known as the
quantum Hall effect (Figure 1-6(a)).[24-26] The discovery of the quantum Hall effect was awarded
the 1985 Nobel Prize in Physics and opened up a new era of exploring condensed-matter systems
from a topological point-of-view. Consider a free-electron system where electrons circularly move
under an external magnetic field at a certain cyclotron frequency w.. When the magnetic field is
sufficiently high, the circular orbits of electrons can be quantized and lead to discretized Landau
levels in its band structure with energy E,,, = Aw.(m+ 1/2) (m = 0, 1, 2, ...) as shown in Figure
1-6(b) and 1-6(c). If the Fermi level resides between two Landau levels with N Landau levels filled
by electrons, the interior of the systems can be considered as an insulator and is topologically non-
trivial compared to a normal band insulator. Consequently, on the edge of the system, the band
structure with discretized Landau levels cannot be continuously deformed without closing its
energy gap. This gives rise to the dissipationless transport of the electrons at the edge, i.e., chiral

edge states, and a quantized Hall conductivity of o, = Ne?/h.
12



The above scenario serves as the most fundamental toy model in topological band theory.
More specifically, electrons can be characterized in terms of the Berry phase given by the line
integral of A4,,, = i{u,,|Vi|u',,) (Berry connection), where |u,,,(k)) is the Bloch wave functions.

The surface integral of the total Berry flux in the Brillouin zone gives rise to a topological invariant
N = 5= [ d2k V X Ay, (1-4)

which is called the Chern number and topologically classifies condensed-matter systems gapped
band structures.[11] In quantum Hall systems, the Berry phase is generally introduced by an
external magnetic field. However, besides magnetic field it can also be induced by SOC, which
leads to spin Hall effect and ultimately quantized version of spin Hall effect called quantum spin
Hall effect, if the SOC is sufficiently strong. Such a new phase was theoretically proposed by
F.D.M Haldane and then developed by C. Kane and E. Mele in graphene systems with strong
SOC.[27-29] The quantum spin Hall phase is time-reversal invariant, and instead of the Chern
number as in quantum Hall effect it is classified by a Z, topological invariant. Moreover, unlike
spin-less quantum Hall effect, up-spins and down-spins on the edge of the quantum spin Hall
system propagate toward opposite directions known as helical transport and are protected by time-
reversal symmetry (Figure 1-6(d)). This time-reversal symmetry leads to the destructive
interference of the forward and backward paths such that backscattering by non-magnetic

impurities is strictly prohibited.

13



Uyl Upp IV W p-SUBSTRATE -
25125 E
20120
15115
— v=6
v=5
10110
v=4
R 1&
5105 v=2
v=1
oL, x=0 x=W
0! 5
: n=0 n=2
Vg v
b d
W ]
Quantum Hall state Quantum spin Hall state

Q Q Q % v Spin “down”
QO Q° [yt

Y Y YO Y YY) >

Figure 1-6. Quantum Hall effect and quantum spin Hall effect. (a) The discovery of the quantum Hall
effect in a Si-based MOSFET device, where the Hall resistance becomes quantized under a high magnetic
field and the longitudinal resistance vanishes to zero. Figure adapted from Ref. [23]. (b) Discretized Landau
levels in the band structure due to the circular motion of electrons under a high magnetic field. (c) Cyclotron
motion of electrons with quantized energies and orbits in the quantum Hall state, causing an insulating state
in the interior of the material. On the edge of the material, the chiral ballistic transport of electrons gives
rise to the chiral edge state that is dissipationless. Figure adapted from Ref. [25]. (d) The motion of electrons
can also be altered by SOC instead of an external magnetic field, which in some cases leads to the quantized

version of the spin Hall effect or quantum spin Hall effect. In the quantum spin Hall state, electrons with
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opposite spin direction propagate in opposite directions and are protected by time-reversal symmetry.

Figure (b) and (d) adapted from Ref. [30].

Although the quantum spin Hall phase was first proposed in graphene systems, the SOC in
graphene is too weak to introduce a large Berry phase. Later, it was predicted by B. A. Bernevig
and X. Qi et al. that the quantum spin Hall effect could exist in a CdTe/HgTe/CdTe quantum well
structure, where the SOC is strong enough to invert the HgTe band structure as displayed in Figure
1-7(a).[31, 32] Specifically, in Figure 1-7(b) the Iy subband in the conduction bands in HgTe
becomes valence band, while the Iy subband in the valence bands is lifted to be above the I. Since
the inverted bands in HgTe are topologically nontrivial compared to the trivial bandgap in CdTe,
the band structure cannot continuously deform without closing the bandgap at the interfaces, and
the valence and conduction bands must cross with each other at the interface of the sandwiched
structure. This leads to the quantum spin Hall phase in the system with metallic edge states and
gapped bulk bands, where the dissipationless edge states are protected by time-reversal symmetry.
Following the theoretical prediction, the experimental signature of the quantum spin Hall effect
was demonstrated by B. A. Bernevig, et al. in the CdTe/HgTe/CdTe quantum well structure, which
manifests as a quantized longitudinal conductance of o, = 2e2/h since there are two channels
for opposite spin directions.[33] The quantum spin Hall phase in this system vanishes and becomes
the quantum Hall phase when a large external magnetic field is applied to break the time-reversal

symmetry.

The condensed-matter system with quantum spin Hall phase is called quantum spin Hall

insulator, and later given the name as 2D topological insulator (TI). L. Fu and C. Kane further
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expanded this phase from 2D scenarios to 3D scenarios as 3D topological insulator, where the 1D
topologically protected helical edge states evolve to 2D surface states that exist on the entire
material surface in certain materials with inversion symmetry.[34-36] In 2010 H. Zhang et al.
theoretically demonstrated by ab-initio calculation that chalcogenide compounds Bi>Ses, Bi>Tes
and ShoTes are 3D topological insulators.[37] As shown in Figure 1-7(c), these chalcogenide
compounds share the same hexagonal crystalline structure comprised of quintuple layers, where
one quintuple layer is a five-layer stack of different atoms. Taking Bi-Ses as an example, the P1}
energy level of Bi element and P2 energy level of Se element are inverted at the I" point, resulting
in band inversion and topological surface states inside the inverted bandgap in BizSes from ab-
initio calculation in Figure 1-7(d). Later the technique of angle-resolved photoemission
spectroscopy (ARPES) was adopted to investigate the bandstructure of Bi.Ses and Bi;Tes. An
example of this characterization approach revealed Dirac cone-like surface states in the bulk band
gap (Figure 1-7(e)) similar to the surface states band structure from ab-initio calculation, and
experimentally demonstrated the 3D topological insulator phase in these chalcogenide compound

materials.[38-40]
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Figure 1-7. Discovery of 2D and 3D topological insulators. (a) CdTe/HgTe/CdTe quantum well structure
as a 2D topological insulator. (b) Band inversion in HgTe, where the the I subband in the conduction bands
becomes a valence band and the Iz subband in the valence bands becomes a conduction band. Figure (a)
and (b) adapted from Ref. [32]. (c) Crystalline structure of Bi.Ses, which is one of the predicted 3D
topological insulators. Inside the hexagonal-structure unit cell, five layers of atoms form a quintuple layer
and the quintuple layers are bonded by van der Waals force. (d) Band structure of Bi,Ses; by ab-initio
calculation. A Dirac cone-shaped surface state band emerges between the bulk conduction bands and
valence bands. Figure (c) and (d) adapted from Ref. [37]. (¢) Experimental observation of the surface state

Dirac cone in Bi;Tes by ARPES. Figure adapted from Ref. [38].
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1.4.  Spin-Orbit Torque from Topological Insulators

As discussed in Chapter 1.3, in 2D topological insulators with quantum spin Hall phase,
up-spins and down-spins propagate in the opposite directions on the material edge, forming a 1D
helical edge states that are protected from backscattering by time-reversal symmetry. When it
comes to 3D topological insulators, the spins on the topological surface states (TSS) are
perpendicular to their momenta in k-space as shown in Figure 1-8(a). Such a correlation between
spin and momentum is called spin-momentum locking.[31] In real-space, spin-momentum locking
manifests as transverse spins to their propagation directions. Spin-momentum locking in Tls was
theoretically predicted before the terminology of TI appears in literatures, and it was first
experimentally detected using spin-resolved ARPES to investigate the surface band structure of
Tls.[39] Figure 1-8(b) shows the spin-resolved ARPES image of the surface Dirac cone of Bi>Tes
in the ky-ky plane, revealing a Fermi circle with spin-polarization in the surface Dirac cone. The
spin-polarization in the ky, direction can be quantitatively measured along the cut of the T — M
direction, and the spin profile can be seen in Figure 1-8(c). At k«=0 (T point), the spin-polarization
is essentially zero. It reaches a maximum of 0.2 at kx=0.08 (on the Fermi circle), consistent with

the spin-momentum locking picture of the surface state Dirac cone.
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Figure 1-8. Spin-momentum locking of the topological surface states in topological insulators. (a)
Spin-momentum locking of the surface states in real-space and in k-space. A spin on the Fermi circle in k-
space is perpendicular to its momentum. Consequently, it is transverse to its propagation direction in real-
space. The upper Dirac cone and lower Dirac cone of the surface states have opposite spin-momentum
locking chiralities. Figure adapted from Ref. [41]. (b) Experimental signature of spin-momentum locking
in Bi,Tes using spin-resolved ARPES. (c) Measured spin-polarization transverse to the T — M direction on
the surface states by spin-resolved ARPES. The spin-polarization was estimated to be around 0.2 from

ARPES. Figure (b) and (c) adapted from Ref. [39].

19



Spin-resolved ARPES can be one viable technique to detect the spin polarization in TSS.
However, the instrument setup of such measurement is bulky and is limited to the characterization
of the material property only. If we wish to further harness the spin polarization of the TSS for
device-level applications, all-electrical spin detection on the TI devices is desired. Consequently,
the electrical detection of spin polarization in Tls was demonstrated in Bi>Sez devices with a spin-
detection configuration.[42] Figure 1-9(a) displays a schematic illustration of the device geometry,
where MTJs with a ferromagnetic Fe layer are fabricated on the Bi>Ses bar surface. If a DC current
passes through the Bi>Ses film, carriers on the surfaces states become spin-polarized due to the
spin-momentum locking and the shift of the Fermi circle. When spins tunnel through the MTJs,
the Fe layer will either have a high voltage state or low voltage state depending on whether the
spins and the Fe magnetization are parallel aligned or antiparallelly aligned due to the TMR of the
MTJs. Through this approach, the spin polarization in the TSS can be electrically detected. Figure
1-9(b) shows the measurement result from a magnetic tunneling junction manifesting as a
hysteresis loop. When the magnetic field is swept from negative to positive, the magnetization of
the Fe layer switches direction, causing the spin configuration to change from antiparallel to

parallel and the detected voltage shifting from high state to low state.

At the same time in DRL at UCLA, we also have achieved the electrical detection of the
surface state spin-polarization in our molecular beam epitaxy (MBE)-grown BixSboxTes (BST)
film by adopting a similar device geometry.[43] The device schematic is shown in Figure 1-9(c),
where a ferromagnetic Co layer and an AlOx tunneling barrier are deposited on the BST Hall bar
to serve as the MTJs. A small AC current superimposed on a DC current is applied through the
device such that spin polarization can be induced by the DC current and probed by the AC current.

By scanning the in-plane magnetic field to reverse the Co magnetization, the spin polarization is
20



detected through measuring the voltage of the Co layer (Figure 1-9(d)) as a result of the TMR
across the MTJs, which manifests as a magnetic hysteresis loop similar to the previous experiment.
The above experiments demonstrate that the spin-polarization from spin-momentum locking in the
TSS can be electrically detected in device-level. Therefore, it possesses the potential to be further

utilized in spintronic device applications.
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Figure 1-9. Electrical detection of spin-polarization on topological surface states. (a) Schematic
illustration of spin detection on Bi,Ses surface via magnetic tunneling junctions. When spins tunnel through

the magnetic tunneling junctions, the top ferromagnetic layer will have either high voltage or low voltage

21



state depending on whether the spins and the magnetization are parallel or antiparallel, as a result of
tunneling magnetoresistance. (b) Detected voltage signal on a magnetic tunneling junction. When the
negative external magnetic field is increased, the magnetization in the magnetic tunneling junction reverses
its direction, causing the alignment of incoming spins and the magnetization changes from antiparallel to
parallel. Figure (a) and (b) adapted from Ref. [42]. (c) Schematic illustration of spin detection in an MBE-
grown BixSh,xTes film by a Co-based magnetic tunneling junction. (d) Detected voltage change on the Co
layer due to different tunneling magnetoresistances under a sweeping magnetic field. Figure (c) and (d)

adapted from Ref. [43].

Since spin polarization from spin Hall effect or Rashba effect can generate SOT on adjacent
magnetization, it is natural to consider the possibility that spin-polarized TSS in topological
insulators can exert SOT on magnetic moments as well. The experimental demonstration of SOT
from TI was firstly reported by Y. Fan et al. in DRL, where we also demonstrated SOT by Tl in a
BixShoxTes/Cr-BixShoxTes (BST/Cr-BST) heterostructure.[44] In this system, magnetization is
induced inside TI by doping with Cr, and the bottom surface state directly exerts SOT on the
magnetization in the Cr-BST layer as shown in Figure 1-10(a). A measurement technique called
second harmonic measurement was adopted to quantify the SOT on the magnetization of the MTI
layer from TSS, revealing a giant 8¢5 of 140-425. Moreover, we also achieved magnetization
switching by the SOT in the BST/Cr-BST heterostructure. With the assistance of an in-plane
magnetic field to break symmetry, the application of a sufficiently large DC current can switch the
magnetization perpendicularly in the Cr-BST layer, and the up/down state of the magnetization
can be fully controlled by the applied current direction. In Figure 1-10(b), the anomalous Hall

resistance indicating the magnetization direction switches its sign when the applied DC current is
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higher than 20pA. Although the SOT and current-driven magnetization switching was
demonstrated at a low temperature of 1.9 K, it paved a new way of utilizing TlIs to implement
spintronic devices and magnetic memories. SOT from T was also reported in a Bi.Ses/permalloy
heterostructure, where the SOT is measured by an alternative method called spin-torque
ferromagnetic resonance (ST-FMR) (Figure 1-10(c)).[45] This measurement approach utilizes the
FMR of the magnetic layer driven by SOT with radiofrequency, which is induced by feeding in a
radiofrequency current with modulated frequency through the bias-tee (Figure 1-10(d)). The FMR
can be detected electrically through anisotropic magnetoresistance, and gy is quantitatively
estimated by fitting to the measured magnetoresistance curve. Here 85y in T1 was measured to be
2.0-3.5 at room temperature, which is more than one order of magnitude higher than 6 of heavy

metals and suggests potentially much stronger SOT originated from TIs.
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Figure 1-10. Spin-orbit torque from the spin-polarized surface states and magnetization switching in
topological insulators driven by the spin-orbit torque. (a) SOT in a BixShyxTes/Cr-BixShyoxTes
heterostructure. The bottom surfaces state can exert SOT on the magnetization in the Cr-BixSh..xTes layer,
while the SOT from the top surface state is vanishingly small due to the BixSh..«Tes spacer layer. (b)
Current-driven magnetization switching by SOT in the BixSh,.xTes/Cr-BixSho«Tes heterostructure. Under a
constant in-plane field, an adequate DC current can switch the magnetization between ‘up’ and ‘down’
states, which is detected by measuring anomalous Hall resistance. Figure (a) and (b) adapted from Ref. [44].
(c) Measurement of SOT in a Bi,Ses/Py bilayer structure by ST-FMR. The application of radiofrequency
current causes the SOT from surface state to alternate in the same frequency, driving the magnetization to
precess in its ferromagnetic resonance. The ferromagnetic resonance can be detected via voltage across the

device due to its anisotropic magnetoresistance. (d) Measurement setup of ST-FMR, where radiofrequency
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current from the current source passes through the bias tee and the device bar. The voltage across the device

can be measured on the contact pads Figure (c) and (d) adapted from Ref. [45].

1.5. Dissertation Outline

In this dissertation, we will first discuss the magnetization in topological insulators and the
investigation of spin-orbit torque in magnetic topological insulators through transport and optic
approaches in Chapter 2. The magnetization in topological insulators can be introduced by both
magnetic proximity effect and magnetic doping. The principles of the above techniques and the
details of the experiments will be presented. The systematic measurements of SOT accomplished
by these two methods offer consistent results, revealing a strong dependence of the spin-orbit
torque on topological surface states. We will further explain the correlations among spin-orbit
torque, surface state carriers and temperature in this chapter. In Chapter 3, we will discuss
magnetization switching driven by spin-orbit torque and field-free magnetization switching by
exchange bias-induced symmetry breaking. The investigation on a TI/CrSe bilayer structure will
be presented, which demonstrated field-free magnetization switching assisted by exchange-bias.
Field-free switching is also realized in a Cr-TI/CrSb heterostructure for operation at elevated
temperatures. Lastly, we will summarize the results and give a conclusion of this dissertation in

Chapter 4.
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Chapter 2

Surface State Carrier Dependent Spin-Orbit Torque in Magnetic

Topological Insulators

2.1. Overview

As discussed in Chapter 1.4, the polarized spins on the TSS in Tls can drive strong SOT
on neighboring magnetic moments, holding promise for magnetic memory devices with higher
efficiency and lower power dissipation. However, so far there are large discrepancies among the
reported values of 85y in TIs, which have been causing a major controversy in this field but the
underlying mechanism remains elusive. For instance, in the Bi>Ses/Py heterostructure where the
SOT is measured by ST-FMR, the spin Hall angle 6 is determined to be 2.0-3.5 at room
temperature. But in the BST/Cr-BST heterostructure in our previous work, the second harmonic
measurements revealed 6, = 140 — 425 at 1.9 K, which is almost two orders of magnitudes
larger than the 65, measured by ST-FMR.[44, 46] Several other research groups also reported the
measurement of SOT in TI via different approaches, e.g., spin-pumping which estimated 65y =
0.005 — 0.4 and hysteresis loop shift method which gave 654 = 0.15 — 0.4 .[47, 48] Such
discrepancies exist even when the same measurement setup is employed for different TI
samples.[48] Besides, a fundamental difference between Tls and heavy metals is that the spin
polarization in Tls arises from the topologically protected TSS other than spin Hall effect. But so

far there is little experimental evidence that directly elucidates the true origin of SOT in Tl or the
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correlation between SOT and TSS before this dissertation work. Specifically, TSS is reported to
be quite temperature-sensitive[42, 43, 49] and can be key issues in the application of TI-based

magnetic memory devices, but the temperature dependence of SOT from TSS remains unclear.

In order to resolve the controversy over the size of 65y in Tl and reveal the correlation
between TSS and SOT, we comprehensively determined 6gy in Tls by adopting multiple
measurement techniques. Since we mainly investigated magnetic Tl systems where the
magnetization in Tls plays a key role in probing the SOT, the magnetic properties of Tls were
firstly investigated. The study was carried out via two approaches, i.e., magnetic proximity effect
and magnetic doping with Cr. In the former approach, the proximity coupling between a Tl and
another ferromagnetic or ferrimagnetic material can give rise to a magnetic order in the TI layer.
Specifically, a proximity-induced magnetic order was observed in a wet transferred
Tl/ferrimagnetic insulator heterostructure from anomalous Hall effect. We found that the magnetic
order by proximity effect is very sensitive to the interface quality, where a thin AIOy layer can
block the proximity effect and eliminate the induced magnetization. However, the induced
magnetization through this approach is quite weak and it is not a desirable method to measure SOT
or magnetization switching. The latter approach is a more conventional method that utilizes Cr
dopants to induce long-range ferromagnetic coupling inside TIs and offers more robust
ferromagnetism with perpendicular anisotropy, which is suitable for high density memory
applications utilizing the SOT from Tls. To quantify the SOT in Tls, we employed both hysteresis
loop shift measurement and SOT magnetometer based on the magneto-optic Kerr effect (MOKE),
where consistent results are obtained by these two approaches. Moreover, 6, from hysteresis loop
shift measurements exhibits a drastic increase as the temperature decreases when the temperature

is below 12 K. The sharp increase of 855 may be explained by a higher spin polarization ratio in
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TSS at lower temperatures, where the electron-phonon scattering is greatly suppressed.
Measurement of SOT is also carried out in a uniformly doped Cr-BST film, where devices are
fabricated into a field-effect transistor (FET) geometry to tune the top TSS Fermi level (EF). While
the carrier concentration of the top TSS is modulated by electrostatic gating, the current-induced
effective field can be effectively manipulated, revealing a competition between the top TSS and
bottom TSS in the contribution to SOT. The strongly temperature- and carrier concentration-
dependent SOT as well as the competition between the top and bottom TSS may be responsible

for the wide discrepancies among the reported .

2.2.  Inducing Magnetic Order in Topological Insulators

2.2.1. Proximity-Induced Magnetic Order

To observe and measure SOT in a TI, first of all a magnetic order needs to be introduced,
and an effective approach points to magnetic proximity effect by interfacing a TI thin film with a
magnet insulator (MI). Magnetic proximity effect is a phenomenon that at the interface of a
magnetic/non-magnetic material heterostructure, the magnetic layer can induce a magnetic order
in the non-magnetic layer via orbital hybridization or exchange-coupling.[50] In a TI/MI
heterostructure, magnetic exchange coupling at the interface can induce a magnetic order in the Tl
layer without the participation of dopants.[51-55] One of the suitable MI candidates points to
yttrium iron garnet (YIG, Y3sFesO12), which is a ferrimagnetic insulator with a high Curie

temperature (Tc) of ~ 550 K, and has been widely used in microwave and magneto-optical
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applications such as microwave filters and transducers. Figure 2-1(a) shows the magnetic
hysteresis loop of a YIG film grown on gadolinium gallium garnet (GGG) substrate measured by
MOKE. It manifests a pronounced magnetization at room temperature with a saturation field of
~0.2 T as shown by the hysteresis loop. The saturation magnetization of the YIG film was
measured to be M; = 142 emu/cc by SQUID, and it has a small coercivity field of H. = 5 Oe.
Using YIG as substrates (lattice constant of a=12.376 A, which is ~3 times the lattice constant of
BixSes, a=4.14 A), our previous study on MBE-grown Bi,Ses/YIG heterostructures has
demonstrated the signature of a proximity-induced magnetic order in the Bi>Ses coupled to the
YIG substrate (Figure 2-1(b)).[53, 55-59]. The proximity-induced out-of-plane magnetization
breaks the time-reversal symmetry in Tl and opens a small exchange-gap in the surface states Dirac
cone, while at the domain boundaries the magnetization points to the in-plane direction and the

surface states remain gapless.
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Figure 2-1. Inducing magnetic order in Tl by magnetic proximity effect in a Bi.Ses/YIG
heterostructure. (a) Magnetic hysteresis loop (out-of-plane direction) of a YIG film grown on a GGG
substrate measured by SQUID at room temperature. (b) A Bi.Ses/YIG heterostructure grown by MBE and
magnetization in the Bi,Ses layer induced by the YIG substrate via magnetic proximity effect. Figure (b)

adapted from Ref. [56].

So far, MBE-growth remains the only approach to preparing high-quality TI/MI
heterostructures, but epitaxial growth may introduce a chalcogenide-rich dead layer during the
annealing of seed layer under Se/Te fluxes owing to a large lattice mismatch[60, 61], which not
only jeopardizes the quality of the film but also hinders the magnetic exchange coupling between
the MI substrate and the time-reversal symmetry protected TSS above the dead layer. Magnetic
impurities are also prone to diffuse into the TI layer from the MI substrate during this procedure.
Moreover, MBE-growth of thin films severely relies on the requirement of lattice matching with
the substrates, and the flexibility of MI substrates for the epitaxial growth of Tls is very limited.

Similar to Tls, two-dimensional van der Waals materials cannot be epitaxially grown on arbitrary
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substrates, but the wide adoption of transfer techniques has offered many possibilities in
engineering device structures. Therefore, we studied a TI/MI heterostructure prepared by

transferring an MBE-grown Bi,Ses film onto a YIG substrate via wet-transfer.

Previous studies suggest that Bi>Ses grown on sapphire (0001) substrates by MBE not only
is among the best in terms of film quality but also can be transferred onto other substrates with
minimal degradation.[62-67] Here Bi>Ses films were also grown on sapphire (0001) substrates for
transfer. The thickness of the MBE-grown Bi»Ses film was optimized to be 6 quintuple layers
(QLs), in order to minimize the bulk conduction and at the same time avoid the hybridization gap
opening in the surface Dirac cone.[63, 68, 69] The 2.3 um-thick single-crystalline YIG was grown
on a GdsGas012 (GGG) (111) substrate by liquid phase epitaxy. The Bi>Ses film was subsequently
transferred to the prepared YIG substrate. As illustrated in Figure 2-2(a), the Bi>Ses/sapphire
sample was firstly spin-coated with a thin polymethyl methacrylate (PMMA) layer once it was
taken out of the MBE chamber. Then the whole sample was immersed in a KOH solution to initiate
the exfoliation of the Bi>Ses film from the sapphire substrate. When the Bi>Ses film just started to
detach from the sapphire substrate, the sample was removed from the KOH solution and left
floating on freshly prepared DI water to complete the exfoliation. The partially detached Bi»Ses
film on DI water slowly got peeled off from the substrate, probably due to a tensile force exerted
by the surface tension of water. After the detachment, the exfoliated Bi>Ses film with PMMA
coating was rinsed in DI water for 5 times. Finally, the Bi>Ses film was fished out by the YIG

substrate and dried up in N2 ambient.

Figure 2-2(b) shows a picture of the transferred Bi>Ses film on the YIG substrate. A visually

smooth and continuous Bi>Ses film is obtained, upon which the color gradient suggests the PMMA
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coating layer. The Bi>Ses film remains largely intact after the transfer, as evidenced by the optical
microscope image in Figure 2-2(c) after the removal of PMMA. The formation of a sharp interface
between Bi,Ses and YIG is further verified by cross-sectional scanning transmission electron
microscope (STEM) imaging. As displayed in Figure 2-2(d), the quintuple-layer structure of
Bi>Ses with van der Waals gaps in between can be clearly noticed. The Bi.Ses/YIG interface is
smooth and clean without any dead-layer. Energy-dispersive X-ray spectroscopy (EDX) was also

conducted, concluding no signature of intermixing between Bi>Sez and YIG.
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Figure 2-2. Transfer of a MBE-grown Bi,Se; film onto a YIG substrate via wet transfer and

characterizations after transfer. (a) Schematic illustration of the procedures in transferring the Bi,Ses
film. (b) An image of the TI/YIG before removing PMMA in comparison with a dime. (c) An optical
microscope image of the transferred TI film on YIG, showing a smooth and crack-free surface. (d) High-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the TI/YIG,

revealing a high crystallinity and a clean interface. Figure (a)-(d) adapted from Ref. [70].

To systematically study the interfacial proximity coupling under different interface

conditions as well as to realize a better comparison, three samples were prepared in our
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experimental design, which are Bi>Ses/YIG (BS1), Bi.Ses/YIG with a thin AlOx insertion layer
(BS2), and Bi,Ses/GaAs (BS3) (see Figure 2-3(a)). All three samples were prepared through the
same transfer procedures. Particularly, in BS2 the AlOy insertion layer was inserted by depositing
a 0.7 nm-thick Al on the YIG substrate using electron-beam evaporation, after which it naturally
oxidized into AlOx with a thickness of about 1 nm. In principle, single-crystalline Bi»Ses cannot
be epitaxially grown on amorphous AlOx. But by exfoliation, we avoid heterostructure growth and
are able to engineer the trilayer structure despite the amorphous AlOx layer. Here the Bi>Ses films
on all these samples were transferred from the same Bi>Ses/sapphire sample (BS0), which offers
better quality control among different samples. All samples were patterned into devices with Hall

bar geometry through standard photolithography (see the inset of Figure 2-3(b)).

Magneto-transport measurements with perpendicular external magnetic field were
subsequently carried out to investigate the magnetic proximity effect. For all three samples, the
Hall effect curves display negative slopes due to the n-type nature of Bi>Ses as shown in the inset
of Figure 2-3(b). The extracted 2D carrier concentrations n,, of the BiSes; layer are
8.7 X 10'2cm?, 8.9 x 10*2cm?, and 3.9 x 10'3cm? for BS1, BS2, and BS3, respectively. It is
interesting that the carrier concentration of the transferred Bi>Ses film is comparable or even lower
than the as-grown Bi,Ses/sapphire sample (4.1 x 103cm?), suggesting almost no impact from the
environmental doping (mostly n-type from oxygen) on the BizSes film during the transfer. A
plausible mechanism for the lower carrier concentration in BS1 and BS2 may be due to interfacial
charge transfer or neutralization of surface charge defects, which were reported in transferred
Bi>Ses films.[66] After removing the linear Hall background, it becomes clear that BS1 displays a
distinct anomalous Hall curve with a saturation behavior at ~ 0.2 T, while such behavior is not

observed for both BS2 and BS3. The anomalous Hall effect in the Bi>Sez may originate from an
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interfacial proximity-induced magnetic order, which can be further explained as the hybridization
between the p-orbital of Bi>Ses and the d-orbital of Fe in YIG at the interface. Meanwhile, it is
noticed that the ~1 nm AlOx layer separating Bi>Sez and YIG basically obstructs the interfacial
proximity coupling as anomalous Hall signal is no observed for BS2. This suggests the crucial role

of a sharp Bi»Ses/YIG interface in inducing a magnetic order in Bi>Ses through proximity effect.

Figure 2-3(c) shows the temperature-dependent anomalous Hall effect curves in BS1 under
perpendicular magnetic field after subtracting the ordinary Hall background. The anomalous Hall
resistance reaches its maximum of ~ 2.8 Q at 1.9 K, slowly decreases as temperature increases,
and eventually vanishes ~ 30 K. A natural question may arise that the Tc of the Bi>Ses layer seems
to be much lower than that of the YIG substrate (~ 550 K). In fact, both Tc much lower than that
of the magnetic substrate and Tc well above room temperature have been reported from the
magnetic proximity effect in T1.[53, 56, 71] While the underlying mechanism is yet unclear, it is
reasonable that the induced magnetic order is not as strong as the exchange interaction in the
interior of YIG. Moreover, the induced magnetic order also suffers from finite-size effect,
imperfections at the interface, and sample-to-sample variations, which may account for the low Tc
in this system. The anomalous Hall signal of the Bi>Ses layer is similar to the magnetic hysteresis
of the YIG substrate along the out-of-plane direction measured by the magneto-optical Kerr effect
(see the inset of Figure 2-3(c)), again suggesting the proximity coupling between Bi,Ses and YIG.
No obvious coercivity is observed in the Bi>Ses layer, since YIG is a soft magnetic material with

almost zero coercivity in its magnetic hysteresis.[50, 72, 73]
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Figure 2-3. A comparative study of the Hall effect in the Bi,Se; samples with different device
structures. (a) Three distinct sample structures prepared by the same wet-transfer procedures, named as
BS1 (Bi.Ses/YIG), BS2 (Bi,Ses/AlOy/YI1G) and BS3 (Bi,Ses/GaAs), respectively. (b) Hall measurement
results of the three samples at 1.9 K after subtracting the linear background. BS1 displays a nonlinear Hall
signal with a saturating behavior at ~0.2 T compared to BS2 and BS3. Inset 1. Device geometry for
magneto-transport measurements with a schematic of the instrument setup. Inset 2: Hall measurement
results of the three samples at 1.9 K before subtracting the linear background (c) Anomalous Hall resistance
of BS1 at different temperatures. Inset 1: A schematic illustrating the interfacial magnetic proximity effect
in BS1. Inset 2: Normalized out-of-plane magnetic hysteresis loop of YIG measured by MOKE at 300 K.

Figure (a)-(c) adapted from Ref. [70].
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2.2.2. Ferromagnetism Introduced by Cr Doping

For the TI/YIG heterostructure demonstrated in the previous section (2.2.1), it can be
noticed from the hysteresis loops that the magnetic order is soft and lacks adequate perpendicular
magnetic anisotropy, as there is no obvious coercivity in the out-of-plane hysteresis loops. This
can be attributed to the in-plane magnetic anisotropy of the YIG substrate, which is not capable of
inducing a robust perpendicular magnetization via magnetic proximity effect. Because of this, the
induced magnetization in T1 by proximity effect is weak as can be seen from the small anomalous
Hall resistance in Hall measurement (~2.5 Q at 1.9 K). Such weak magnetization will strongly
hinder the determination of SOT in TI, since the reorientation of magnetization by SOT can be
subtle and the determination of SOT heavily relies on the accurate detection of small magnetic
dynamics. It will be challenging to measure SOT by either transport method or optical method
with a small proximity-induced magnetization. Besides, the switching of magnetization between
‘up’ and ‘down’ states in the out-of-plane direction is preferred for high-density applications. Thus,

a perpendicular magnetic anisotropy of the magnetization is required.

A more widely adopted approach to induce magnetic order into Tls is introducing
transitional metal elements such as Fe, Co and Cr as magnetic dopants, similar to the approach
adopted in the study of diluted magnetic semiconductor.[74-76] Among them, Cr has been
demonstrated to be an effective dopant to introduce robust long-range ferromagnetism in Tls. Our
lab has rich experience in growing Cr-doped BST films by MBE with high quality and pronounced
ferromagnetism.[75, 77, 78] Figure 2-4(a) shows a cross-sectional STEM image of a Cr-doped
BST film with high quality grown on a GaAs substrate in our previous study. A clear quintuple-

layer structure with van der Waals gaps in between can be observed. Besides, the EDX image
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reveals a uniform distribution of the Cr atoms throughout the BST film. Ferromagnetism with a
large coercivity and perpendicular anisotropy was observed in the Cr-BST film from Hall
measurement in Figure 2-4(b). The coercivity decreases as temperature increases and vanishes ~30
K. Such robust ferromagnetism may be measured under SOT to demonstrate magnetization

switching devices.

Figure 2-4. Doping TI with Cr in MBE growth and magnetization of a Cr-doped BST film. (a) TEM
image of a Cr-doped BST film on GaAs substrate by MBE growth. The Cr-doped BST film shows high
quality, and Cr dopant distributed uniformly in the BST film from the EDX image (b) Magnetic hysteresis
loop of the Cr-doped BST film at different temperatures from Hall measurements. The Cr-doped BST film
exhibits a pronounced ferromagnetism with a large coercivity at 5 K and a Curie temperature T of ~30 K.

Figure (a) and (b) adapted from Ref. [77].
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For this thesis, we prepared a modulation-doped Cr-BST/BST bilayer film as illustrated in
Figure 2-5(a) to examine its magnetic properties before measuring SOT. The Cr-BST/BST
heterostructure was grown on an insulating GaAs (111) B substrate by molecular beam epitaxy
(MBE) in an ultra-high vacuum environment (~10° Torr). The bottom layer of the TI film is not
magnetically doped and has a thickness of 2 quintuple layers (QLs), while the top layer is Cr-
doped with a thickness of 5 QLs. The bilayer film was then fabricated into devices with a Hall bar
geometry by standard photolithography for magneto-transport and magneto-optic measurements.
Hall measurements were carried out at different temperatures to check the magnetic property. As
shown in Figure 2-5(b), the bilayer film exhibits a robust magnetic order with an obvious coercivity
at different temperatures below 17 K. The magnetic order of the Cr-BST develops at a relatively
low temperature due to a low T, of magnetically doped Tls (T, ~ 30 K).[77] Superconducting
quantum interference device (SQUID) measurement was also carried out in vibration sample
magnetometry (VSM) mode at different temperatures to investigate the Cr-BST/BST bilayer film.
Figure 2-5(c) shows the magnetic hysteresis loop measured by sweeping an out-of-plane magnetic
field at 2 K, where it can be noticed that the out-of-plane magnetization of the bilayer film becomes
saturated when H, = 5 kOe. The saturation magnetization Ms was plotted in Figure 2-5(d) for
different temperatures. The established magnetization in the Cr-BST/BST bilayer film shows
M; = 35 emu/cc at 2 K, and Ms weakens as temperature increases and vanishes around 30 K,

again indicating its T, = 30 K.
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Figure 2-5. Magnetization in a Cr-doped BST/BST heterostructure. (a) Schematic illustration of the

Cr-BST/BST bilayer film with perpendicular magnetic anisotropy. (b) Out-of-plane magnetic hysteresis

loops of the bilayer sample by Hall measurements at different temperatures. (c) Out-of-plane magnetic

hysteresis loop of the Cr-BST/BST bilayer film at 2 K measured by SQUID. (b) Saturation magnetization

Ms measured between 2 K and 32 K. Ms reaches the highest value of 35 emu/cc at 2 K and approaches 0 at

30 K. Figure (b)-(d) adapted from Ref. [79].
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2.3.  Experimental Determination of Spin-Orbit Torque
2.3.1. Measuring Spin-Orbit Torque by Hysteresis Loop Shift Method

In the previous section (2.2.2), we have examined the magnetic properties of the Cr-
BST/BST bilayer film by both transport and SQUID. It can be confirmed that the Cr-BST/BST
bilayer film has a robust ferromagnetism with perpendicular magnetic anisotropy. Therefore, this
material system can be suitable for SOT measurement and perpendicular magnetization switching
test for potential memory applications. In this section, we determine the SOT in this system with
different measurement methods. We first employed the current-induced hysteresis loop shift
method to investigate the SOT. This measurement approach utilize the shift of the magnetic
hysteresis loop under DC current due to the effective field to quantitatively measure the SOT.
Experimental details of this technique are explained below with the schematic illustration in Figure

2-6(a).

In the Cr-BST layer, Né&l-type domain walls form during the magnetization reversal
process as a result of the interfacial Dzyaloshinskii-Moriya interaction (DMI). Generally, DMI
exists in B20-type ferromagnetic materials with a particular crystal symmetry, which is known as
bulk DMIL. It also exists at the interfaces of HM/FM heterostructures due to the breaking of
inversion symmetry and the SOC of the HM layer, known as interfacial DMI.[80] Similar to
HM/FM heterostructures, in a Cr-BST/BST bilayer film the inversion symmetry is broken at the
interface, and the SOC from TI is strong enough to induce interfacial DMI that promotes the
stabilization of Nezl-type domain walls.[81, 82] When a DC current is applied on the device, the

top TSS exerts a damping-like SOT t, proportional to m X (m X &) on the magnetization in the

Cr-BST layer, which is equivalent to a spin-orbit effective field H‘;ff proportional to m X &. Here
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o represents the spin magnetic moments in TSS and m is the unit vector denoting the Cr-BST
magnetization direction. The directions of damping-like torque and field-like torque on a magnetic
moment have been discussed in Chapter 1.1 (see Figure 1.1b). Here, the damping-like torque can
induce the switching of perpendicular magnetization, while the field-like torque primarily
contributes to the magnetization reorientation in the in-plane direction. Specifically, in the domain
walls m lies in the in-plane direction with the local anisotropy pointing along the x-axis
characterized by the DMI effective field Hpyy;. In the measurement, an in-plane bias field H,
along the x-axis is required to overcome Hp, and align the magnetic moments in different
domain walls towards the same direction as shown in Figure 2-6(a). In this scenario, the effective
field either facilitates or suppresses the domain wall expansion process and causes a horizontal
shift of the hysteresis loop in the anomalous Hall resistance plot. Hence, the effective field can be
directly quantified from the shift of the hysteresis loop. It should be noted that in this bilayer system,
we presume that the SOT primarily originates from the top TSS since it is much closer to the
magnetization in the Cr-BST layer compared to the bottom TSS and overwhelms the SOT from

the bottom TSS.[44]
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texture in the Cr-BST layer under a positive in-plane bias field H, and a perpendicular scanning field H,.

A damping-like effective field Hﬁ” (see illustration of Hﬁ” in Figure 1.1b and discussion in Chapter 1.1)
proportional to m x & is exerted on the spins in the domain wall by the damping-like torque from TI,
causing the hysteresis loop shift toward the right direction. (b) Schematic of the domain wall spin texture

under a negative in-plane bias field H, and a perpendicular scanning field H,. The damping-like effective

field Hﬁf ! points to +z direction and shifts the hysteresis loop toward the left direction.

The hysteresis loop shift method has been demonstrated to be an effective approach in

quantifying the SOT efficiency in both HM/FM system and TI/FM system.[47, 83] However, this
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approach needs an in-plane field and an out-of-plane field that are simultaneously generated. Such
requirement poses a limitation in the measurement because in most of the magneto-transport
measurement setups there is only one set of magnetic coil in the instrument. In order to circumvent
this hardware limitation, we employ an alternative technique to carry out the hysteresis loop shift
measurement by utilizing the rotation functionality in our instrument as displayed in Figure 2-7.
In the measurement, the total external field H is simply a vector sum of the in-plane field H,, and
the out-of-plane field H, as H = H,, + H,. Consequently, the two separate external magnetic
fields can be replaced by one external field while both its magnitude H and its angle to the x-axis 6
are modulated simultaneously. Since the key of the hysteresis loop shift method in determining
SOT is maintaining a constant Hx to overcome Hpwmi, the magnitude of the applied magnetic field
is set to be H = H, /cos(6) where Hy is a preset constant value. In the meantime, H provides an
out-of-plane component of H, = H,tan(6). Next, we scan H, to obtain the magnetic hysteresis
loop, which is accomplished by taking multiple data points under different combinations of H and
6. These data points constitute a complete hysteresis loop with a saturated anomalous Hall

resistance Rang, equivalent to the hysteresis obtained under a sweeping H, and a constant H,,.
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Figure 2-7. An alternative technique to perform the SOT measurement by hysteresis loop shift
method without the requirement of two separate external fields. The Cr-BST/BST bilayer sample was
rotated in the xz plane under an external magnetic field H. While the in-plane component of the external
field Hx maintains a constant value, the applied total external field can be expressed as H = H,./cos(6) and
the out-of-plane component will be H, = H,.tan(6). Data points are collected at different combinations of
certain H and angle 6, resembling a changing H, and a constant in-plane bias H,.. Figure adapted from Ref.

[79].

Now that the hysteresis loop shift method is feasible with our experimental setup, the

measurement of SOT utilizing this technique was carried out for the Cr-BST/BST sample. The

shift of the anomalous Hall hysteresis loop at 7 K as a result of Hzeff is shown in Figure 2-8(a). It
can be seen that, under a positive in-plane bias field of H, = 5 kOe, the reversal of the DC current

direction causes the hysteresis loop shifting toward the opposite direction owing to a sign change

44



of Hzeff. Furthermore, if H, is negatively biased while the current direction remains unchanged,

the hysteresis will also have a reversed shift direction as a result of an opposite m at the domain
walls and a sign change of Hzeff(Figure 2-8(b)). From the hysteresis loop shift, Hzeffcan be

determined as ijf = —(Hf + H;)/2, where Hf and H; represent the shift of the positive

switching field and the negative switching field in the hysteresis loop, respectively. Here an

effective field of ijf ~ 143 Oe is extracted under a current density of J. = +2.86 x 10* A4 -
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Figure 2-8. Determining SOT in the BST/Cr-BST heterostructure by hysteresis shift measurement.

(a) Shift of the out-of-plane magnetic hysteresis loop as a result of Hﬁf T 'in the Hall measurement for the
bilayer sample. The measurements were carried out at 7 K under a positive in-plane bias field H, = +5 kOe.
Insets: zoomed-in images of the hysteresis loops and the current-induced effective field on the domain wall

spins when a positive current is applied. (b) Shift of the out-of-plane magnetic hysteresis loop as a result of

Hﬁff in the Hall measurement for the bilayer sample under a negative in-plane bias field H,, = —5 kOe.

The hysteresis loop shift has an opposite shift direction comparing to (a) due to the reverse of H,.. Insets:
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zoomed-in images of the hysteresis loops and the current-induced effective field on the domain wall spins

when a positive current is applied. Figure (a) and (b) adapted from Ref. [79].

Here we use a term called SOT efficiency y to quantify the strength of SOT in a system,

defined as y = H'/ /].. From the above data it is calculated that y ~ 5 x 1073 Oe - A™1 - cm?
under H, = 5 kOe at 7 K. However, the experimentally measured value of y could be smaller than
its real value if the domain wall magnetic moments are not fully aligned in the same direction. It
is not physically meaningful until H, is sufficiently large to overcome the DMI effective field
Hpy. Therefore, a series of measurements with different applied H, were carried out to further
determine the intrinsic value of y, which can be referred to as the saturated value y$%t. The
evolution of y under an increasing in-plane field H, is shown in Figure 2-9(a). It first increases
when H, < 5kOe and eventually reaches ys* = (4.5+0.67) X 1073 Oe - A~! - cm? when
H, = 5 kOe. The saturation field in turn reveals Hp,,; = 5 kOe for the bilayer TI. The value of
Hppyp can be of significance in the study of Skyrmions and topological Hall effect in T1 systems.[81,

82, 84]

The evolution of y is further investigated to understand the temperature dependence of SOT
in TI. As plotted in Figure 2-9(b), x at different temperatures exhibit a saturation behavior as Hpp;
is overcome by H,, and both Hp,, and x5 significantly vary with temperatures, which are
further determined in Figure 2-9(c). It can be seen that both Hp,,; and xS%¢ increase rapidly as the
temperature decreases from 12 K to 2.5 K. Here the diminishing Hp,; at elevated temperature can
be explained by a less pronounced magnetization in the Cr-BST layer, since the Cr-BST has a

relatively low T, of ~30 K. The small Hy,,; at elevated temperature also explains why topological
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Hall effect in magnetic TI system is only observed at low temperatures.[81, 82] More importantly,
x5% shows an increase of almost 2 orders of magnitude to (2.7 + 0.6) X 1072 0e - A™1 - cm? at
2.5 K comparing to (6.7 + 0.7) x 107* 0e- A~ - cm? at 12 K in Figure 2-9(d). Such a sharp
increase of y*?¢ reveals a significant enhancement of SOT in Tl at low temperatures. Because y 5
also depends on M, and the thickness of the magnetic layer tg,,, the dimensionless spin Hall angle
Osy IS a better term to quantify the intrinsic SOT in a material system. The relationship between

Oy and yS% can be described by[17]

sat

gy =~ P @-1

It should be noted that for heavy metal systems, electron transport is usually treated as 3D, while
for Tl the TSS are actually 2D sheets of carriers. In order to address such difference for better
clarity, we use the term 627 for spin Hall angle and we also use the 2D interfacial charge-to-spin

conversion efficiency term g2% defined as follows[85, 86]

p3p — 150 _ B2 . _ 2, 2-2
SH =730 = }2D ts = Qqics " ts (2-2)

where J3P is the spin current density, /3P is the charge current density, J22 represents the 2D
charge current density of the TSS, t, denotes the effective thickness of TSS or the spin diffusion
length. The determination of 637 as well as the correlation between 637 and temperature will be

further discussed in the next section.
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Figure 2-9. Quantifying the SOT efficiency y and the DMI effective field Hpyy in Cr-BST/BST at
different temperatures. (a) SOT efficiency y extracted from the shift of the hysteresis under different bias
field H, at 7 K, where y reaches its saturation value y %" when H, overcomes the DMI effective field
H pyy- (b) Evolution of y under an increasing H, at different temperatures. y exhibits a saturation behavior
at every temperature when adequate H , is applied. Inset: Zoomed-in figure of the curves at 12 K and 17 K.
(c) Temperature dependence of the Hpyy in comparison with the coercivity of the out-of-plane hysteresis.
Inset: Zoomed-in figure of the data points at 12 K and 17 K. (d) Sharp decrease of the y*¢ as the

temperature increases from 1.9 K to 16 K. Inset: Zoomed-in figure of the data points at 12 K and 17 K.

Figure (a)-(d) adapted from Ref. [79].
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2.3.2. Measuring Spin-Orbit Torque by Magneto-Optic Kerr Effect

As mentioned at the beginning of this chapter, though the variation of material
compositions and sample qualities in Tl-based systems may contribute to the large discrepancies
among the reported 637, different experimental approaches could also be accounted for the
deviations. Therefore, it is necessary to adopt another independent method to corroborate the
measured SOT, and MOKE measurement has been demonstrated to be an effective approach in
optically quantifying the strength of SOT in a previous report from our lab (DRL). The details of
the experimental setup are demonstrated in Ref [87]. In this measurement method, magnetization
and its dynamics are captured optically by the polarization of light through the Kerr effect. Figure
2-10(a) shows the mechanism of the Kerr effect, or more specifically, polar MOKE if the surface
magnetization of the sample is pointing to the out-of-plane direction. The magnetization of the
material gives rise to an anisotropic permittivity £ due to the off-diagonal components of the
dielectric tensor. When light is reflected from the magnetized surface, it will obtain an additional
phase after incidence because of the anisotropic permittivity and change its polarization. Thus,
magnetization can be quantitatively characterized via the change of the polarization, i.e., Kerr

rotation 6.

During the measurement of SOT via MOKE, the magnetization of the sample is firstly
aligned toward the in-plane direction by an external field Hx. When an AC current is applied, the
alternating current amplitude drives a modulated SOT with the same frequency on the
magnetization, causing it to oscillate periodically around its equilibrium state (Figure 2-10(b)).
The magnetization oscillation in the out-of-plane direction can be approximated as Am,.The set-

up of our MOKE-based magnetometer adopts a nearly normal incidence and reflection
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configuration. With a linearly polarized laser beam focused perpendicularly onto the sample
surface as shown in Figure 2-10(c) and (d), the magnetization and SOT-related dynamics is
captured by the changes in polarization plane of the laser reflected from the sample surface. Since
O captures the out-of-plane component, longitudinal component and transverse component of

magnetization, it is described by[87]

Ok = fim, + fimm; (2-3)

where m,, is defined as the out-of-plane component of m, m, and m,; are the longitudinal and
transverse in-plane components of m with respect to the polarization plane of laser; f, and f,are
the first- and second-order dimensionless coefficients that parameterize the coupling between the
light and magnetic moments. With this formulation, f, is equal to the saturation value of Kerr
rotation (6s) extracted from the out-of-plane field scan of 8. Generally, the first term on the left,
which is given rise from polar MOKE, predominates 8y, while the second term describes the minor
contribution from the in-plane component via quadratic MOKE. The separation of these first- and
second-order contributions can be done by carefully investigating the dependence of 8 on the

polarization plane of the laser.[88, 89]
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Figure 2-10. MOKE mechanism and capturing magnetization oscillation by Kerr rotation. (a)
Schematic of the polar MOKE mechanism. The linearly polarized light obtains a phase and changes its
polarization after being reflected from a magnetized surface. (b) SOT-driven magnetization oscillation
around its equilibrium with an out-of-plane component Am,.(c) Device for MOKE measurement where a
linearly polarized laser beam is focused perpendicularly on the sample. (d)A detailed schematic illustration
for the MOKE measurement that was adopted to determine SOT in a heavy metal/ferromagnetic metal

bilayer structure. Figure (b)-(d) adapted from Ref. [87].

In the MOKE measurement, the change of the Kerr angle (A68) is induced by the
oscillation of the magnetic moments around their equilibrium position driven by alternating SOT.
Clearly, this current-induced A8y is dominantly sensitive to the out-of-plane magnetization
oscillation (Am,) in our configuration and quantitatively captures the information about SOTs. Of

particular interest in the damping-like SOT, we focus on the case when the H, is large enough to
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align all magnetic moments to the in-plane direction. With the magnetic moments polarized by H,
validating the macro-spin approximation, the quantitative relation between A6k and the damping-

like SOT is given by the following equation[87]

Lers
AHK =~z = fl
Hy—Hg

(2—-4)

where Hy is the effective perpendicular anisotropy field. To extract 8, and A8, the reflected
beam was sequentially passed through a half-wave plane, a Wollaston prism and collected by a
balanced amplified photodetector that outputs a voltage signal proportional to cos(wi)[fk +
cos(w2)Abk], where w1 ~ 100 kHz is the modulation frequency of laser intensity and w2 ~ 673 Hz
is the frequency of the AC current the drives the magnetization oscillation. The output voltage is
then fed into 2 consecutive lock-in amplifiers to extract 6« and Adk (Figure 2-11(a)). Noticeably,
the ferromagnetic precession frequency of Cr-BST is on the order of a few GHz which is much
higher compared to the frequency of AC current (~673 Hz), and hence, the magnetization
oscillation in the Cr-BST layer can be assumed to adiabatically follow the current-induced ijf.
To ensure the accuracy of temperature, which might be influenced by laser heating effect and

thermal radiation through the optical window, the local temperature of the device was carefully

calibrated using its longitudinal resistance.

An example of the A6k at 12 K probed with our MOKE-based magnetometer is displayed
in Figure 2-11(b). Hzeff can be extracted by fitting the experimental results to Equation 2-4 at the
high field region, and the analysis of the linear current dependence of Hzeff yields the SOT
efficiency y = 4.91 x 107* Oe - A~1 - cm? at 12 K, consistent with that obtained by hysteresis

loop shift measurement. It should be noted that thermal artifacts (~J?) that usually manifest in
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transport measurements should appear at higher harmonics and would not contribute to our first-
harmonic optical results. MOKE measurements were also carried out at different temperatures
from 12 K to 21 K, where fittings to Equation 2-4 at all temperatures confirm that the A6k
originates from the current-induced macroscopic magnetization oscillation via SOT. The optical

signal became vanishingly small above 21 K because of a small magnetization in the Cr-BST layer.
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Figure 2-11. 3D in Cr-BST/BST determined by MOKE measurements. (a) Schematic of the MOKE-
based magnetometer with normal incidence and reflection geometry of the probe laser beam. The changes
in polarization of the reflected laser are analyzed using a Wollaston prism and balanced photodiodes. Two
successive lock-in amplifiers are used to extract the Kerr angle 0« and the modulated Kerr angle Aéfk
induced by the AC current. (b) Differential Kerr rotation signal (blue circles) from the MOKE measurement

capturing the magnetization oscillation Am,, in the z-direction. The magnetization oscillation is induced by

a periodic modulation of effective field H;”ff from damping-like torque under an AC current. Fitting to the

curve is shown by the red curves. Figure (a) and (b) adapted from Ref. [79].
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2.4.  Strong Temperature and Carrier Density Dependence of Spin-Orbit Torque

2.4.1. Temperature Dependence of Spin-Orbit Torque

In Chapter 2.3, Hzef T from the optical method has been extracted from the fitting. Thus,
632 can be determined by Equation 2-2 with the saturation magnetization M; measured by SQUID
at different temperatures. For comparison, 837 is also calculated from xSt obtained in hysteresis
loop shift measurements, and the temperature dependence of 637 determined by both methods is
plotted together in Figure 2-12(a). When T> 10 K, the value of 837 from MOKE is very close to
the value acquired by hysteresis shift, indicating that the 637 independently measured from the
above two essentially different approaches is consistent. When T < 10 K, it is noticed that 837
rapidly increases as temperature decreases. At T= 2.5 K, 837 reaches a maximum value of ~90,

which is more than 2 orders of magnitude larger than the value of 0.2 at T=17 K.

The values of 832 in TI measured by different methods are summarized in Figure 2-12(b),
in corresponding to their measurement temperatures (compared to Pt/CoFeB system[90]). As
mentioned above, large discrepancies among measured 632 can be noticed for the data to date.
Although this could be attributed to instrument-related errors, the quality variation of the TI film,
or other plausible mechanisms such as unidirectional spin Hall magnetoresistance that cause
deviations of the measured values, the temperature-dependent data of the 837 in this work fills in
the large gap between the low temperature results and the high temperature results and explains
why 3% is much larger at 1.9 K.[44] Because TSS is a semi-2D carrier channel confined in the
vicinity of T1 surface, the charge-to-spin conversion process is primarily an interface phenomenon.

Consequently, in TI systems the interfacial charge-to-spin conversion efficiency 2% could be a
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better term to characterize this process. While in the heavy metal case, carrier transport is treated
as 3D and 637 is more commonly used, the term g7% can also be calculated as a phenomenological
term for comparison with TI systems. Given 635 and the Tl thickness t,, g% of the Cr-BST/BST
system is calculated to be ~ 5 nm™ at T=2.5 K using Equation 2-1. On the other hand, it is found
that g7% < 0.1 nm™1 in most of the heavy metal systems at room temperature. Though measured
at low temperatures, g% in the T1 system is much larger than that in heavy metal systems and this
again suggests a higher interfacial charge-to-spin conversion efficiency in TI, thanks to its spin-
polarized TSS. Additionally, at 10 K q?% of the Cr-BST/BST system is estimated to be

~0.5nm™1, consistent with the experimental value in TI/FM structure determined by ST-

FMR.[85]
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Figure 2-12. Temperature dependence of the spin Hall angle 83D in Cr-BST/BST. (a) Temperature
dependence of the spin Hall angle 835 in the bilayer sample, in comparison with the spin polarization ratio
Pss in BST. Consistent values in the determination of 837 are obtained by both methods at 12 K and 17 K,

whereas below 12 K a dramatic increase of 637 as the temperature further decreases is revealed. The
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enhancement of 637 follows the trend of the increasing spin polarization ratio in TI, as the higher spin
polarization at low temperature contributes to a stronger damping-like torque. (b) Summary of 637
measured in different material systems and by different measurement approaches. Figure (a) and (b) adapted

from Ref. [79].

The dramatic increase of 637 indicates a strong correlation between 632 and temperature,
and it will be of interest to further explore the underlying physics that accounts for the increase of
632 in Tls. Intuitively, a straightforward explanation is that a larger 837 can be resulted from an
enhanced surface state conduction in Tl at low temperature, since Tls such as Bi>Sez and Bi.Tes
are prone to have additional bulk conduction at high temperatures apart from surface conduction
due to a high Er in the bulk conduction band. However, in our Cr-BST/BST bilayer film Ef is
carefully tuned into the bulk bandgap by adjusting the Sb/Te ratio during the MBE growth. The
small film thickness of only 7 QLs also minimizes the bulk conduction. To further examine the
surface and bulk contributions to conduction, the carrier concentrations from the above two
contributions can be quantitatively estimated. The total 2D carrier concentration n,, in the Cr-
BST/BST bilayer comes from a combination of the TSS carrier concentration n,g¢ from two TSS

and the bulk carrier concentration n,,,;; as

Nyp = 2 X Npgg + Npyui (2-5)

Here the extra carriers originating from two-dimensional electron gas (2DEG) due to Rashba
effect[15, 16, 18] is not considered because unlike the HM/FM or the TI/FM heterostructure,

inversion symmetry is preserved in the Cr-BST/BST bilayer system and a quantum well that

56



confines interfacial states is unlikely to be present between the Cr-BST and BST layer. Now, nygs

can be estimated by

nrss = [ D(E)f(E)A(E) (2-6)

where f(E) = (1 + eE_EF/’ﬂa’T)‘1 is the Fermi-Dirac distribution, D(E) is the TSS density of
states, E is the Fermi level, kg is the Boltzmann constant and T is temperature. Due to the Dirac
cone dispersion of the TSS, E can be expressed as Ep = hVgky + Epp, Where Ve =~ 5 X 10°m/s
is the Fermi velocity in TSS[40], & is the reduced Plank constant, kg is the Fermi wave vector and

Epp is the Dirac point energy. The band dispersion of the TSS also gives the density of states as

_ 1 (E-Epp) _
D(E) = 2n (WVF)2 @=7

With Equation 2-6 and 2-7, nygs can be calculated as

© 1 (E-Epp) 1
nTSS = fEDPE (hVF[;IZD E-Ep d(E) (2 - 8)

1+e kBT

When it comes to the bulk carrier concentration ny,,;;, Equation 2-6 becomes

3 1
8m*2 foo (E-E.)2

N = [, DEVF(EYA(E) = s [ 5 A(E) 2-9

1+e kBT

Here m* =~ 0.14m, is the electron effective mass and E is the bulk conduction band minimum.
At 100 K, from the Hall measurement it can be estimated that n,, = 6.9 x 1012 cm~2 (Figure 2-
13(a)). By numerically solving Equation 2-5, 2-7 and 2-8, Er, nygs and ny,;;, are calculated to be

Er =0.216 eV, npgs = 3.45 X 1012 cm™2, and ny,,y, = 1.19 x 107 cm™2, respectively. It can
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be noticed that the bulk carrier concentration is several orders of magnitude smaller than the TSS
counterpart, which confirms surface-dominated conduction in the Cr-BST/BST bilayer film after

a careful tuning of the Bi:Sb ratio during growth.

It is necessary to investigate the dependence of nygg and ny,;, on temperature as well,
since a rather straightforward explanation for the drastic increase of 85y could be the enhancement
of the spin-polarized TSS contribution at low temperature. Here the temperature dependence of
nrss and ny,,;, can be theoretically estimated from Equation 2-7 and 2-8 as shown in Figure 2-
13(b). Interestingly, nygs almost maintains constant as temperature decreases from 300 K to 2 K
and no sign of nygs increase can be found at low temperatures. On the other hand, the bulk state
carriers have been mostly frozen out below 100 K, which cannot result in the dramatic
enhancement of the surface conduction ratio. Hence, the possibility of the TSS contribution
enhancement at low temperature can be generally excluded, and the increase of 65y is most likely

to be triggered by the intrinsic temperature-dependent behavior of TSS itself.
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Figure 2-13. Decoupling the surface and bulk contributions to the total carrier concentration. (a)
Total 2D carrier concentration n,, calculated from Hall measurement at 100 K. n,p, = 6.9 X 102 cm™2
can be estimated from the plot, suggesting a Fermi level of Er = 0.216 eV above the Dirac point by
numerical calculation. (b) Theoretical estimation of the TSS carrier concentration nygs and the bull carrier
concentration ny,,;, at different temperatures. The TSS contribution is unlikely to be significantly enhanced
at low temperature due to an almost constant n;¢s and a vanishingly small n,,;;. Figure (a) and (b) adapted

from Ref. [79].

While a more reasonable explanation should consider the intrinsic temperature-dependent
properties of the TSS itself, the spin-polarized TSS in TI is considered to be the most critical
ingredient in generating SOT, and the temperature-dependent spin polarization ratio should
significantly affect 632. In our previous study, it is found that the spin polarization ratio also
exhibits a similar trend in temperature dependence, which is plotted in Figure 2-12(a) for
comparison.[43] Therefore, it is plausible that 835 is enhanced by a larger spin polarization ratio

at low temperature. While it can be calculated via Boltzmann transport that the thermal broadening
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of the Fermi-Dirac distribution at elevated temperatures cannot lead to a diminished spin

polarization, the electron-phonon scattering can possibly suppress the spin polarization.

Given the Boltzmann transport distribution (f, + f;), the effective spin concentration with

polarization along ky direction can be expressed as

<o>= [[og-D(E) (fo + f1)dEd6 (2-10)

Here oy, is the projection of the spin polarization on ky direction, D(E) = 1 (thE’;’z’) is the TSS

density of states, f, is the Fermi-Dirac distribution function in equilibrium and f; is the
displacement of the distribution function under an electric field €. Since < ¢, > = [ o - D(E) -
fodE = 0 in steady-state, < o > can be rewritten as < o >=< 0, >= [0, D(E) - fdE. In
the meantime, if a spin has an angle 6 to the x-direction in k-space, because of spin-momentum

locking its projection on the ky direction can be represented by a;, = ( Sme

) cos@ as shown in
Figure 2-14(a). Under the relaxation time approximation, the displacement of the distribution

function is f; = —eSr—dE and < o > becomes

eet
(hvg)? 70

<o>= [ - Epp) 2 dE 77 Smg)costG 2 - 11)

Now if we assume a constant t, the integration result from numerical calculation reveals the
temperature dependence of < ¢ > as shown in Figure 2-14(b). It can be seen that < ¢ > is almost
immune to temperature change, indicating that the thermal broadening effect of the distribution
function is not the primary reason that explains the drastic temperature dependence of the spin

polarization ratio.
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Nevertheless, if the electron-phonon scattering effect on the carrier relaxation time is taken

into consideration from the Boltzmann transport equation, the relaxation time can be expressed as

3
JE2fo(1~fo)dE

In metallic systems, it has been studied that the approximation of Equation 2-12 gives a canonical

T° dependence of < t >,n 88 < T >, —atT < Op, and a T dependence as < 7 >, — at

() ()

T » 0, where 0 is the Debye temperature.[91] From Equation 2-11, these temperature

dependences of <7 >,, in turn yields <o > “W and <o > “ﬁ for the above two

temperature ranges, respectively. Now it becomes apparent that the electron-phonon scattering
effect has a significant impact on the spin-polarization and is likely the predominant origin that

triggers the drastic increase of 6 at low temperatures. Fitting to the curve in Figure 2-14(c) yield

a temperature dependence of Oy which falls in between the canonical T° dependence

()25’

range and T dependence range. There might be other contributions in the temperature dependence
of < 7 > besides the electron-phonon scattering such as electron-electron scattering, which

requires future studies to further clarify.
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Figure 2-14. Thermal broadening and electron-phonon scattering effect on spin-polarization. (a) Spin
polarization direction in the Fermi circle of the TSS if the spin has an angle of 8 with the x-direction. (b)
Theoretically calculated temperature dependence of the effective spin concentration normalized by its value
at 300 K, if the relaxation time is presumed to be constant and only thermal broadening is taken into

consideration. (c) Power law fitting to the temperature dependence of 6, yielding a best fit of 8, ~T 2.

2.4.2. Carrier Density Dependence of Spin-Orbit Torque

Apart from temperature as discussed in the previous section, another issue that can
significantly affect the value of 835 in a Tl is the TSS carrier concentration, which is directly
associated with the position of Er. It has been reported that a higher carrier concentration when Ef
is away from the Dirac point can give rise to a larger 837 and conversely, 832 diminishes if Er is
in the vicinity of the Dirac point.[85] Moreover, in a more complicated scenario, the top and
bottom TSS may simultaneously drive opposite SOT on the magnetization and cancel out each

other.[46] It will be intriguing if the contributions by the top and bottom TSS to the SOT can be
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decoupled. To investigate the SOT contributed by different TSS, another Cr-BST film with a
thickness of 6 nm was grown by MBE. Unlike the Cr-BST/BST bilayer film, here the Cr-BST film
is uniformly doped with Cr so that the magnetization can be altered by the torques from both top
and bottom TSS. The Cr-BST film was subsequently fabricated into similar Hall bar devices but
with a top gate geometry, where the 20 nm AlOy deposited by atomic layer deposition serves as
the gate dielectric, and metallization is completed by electron beam evaporation of Au (see cross-

section in Figure 2-15(a)).

After applying a certain gate voltage, the carrier concentration of the top TSS can be
effectively manipulated by shifting the top surface Er. On the other hand, the Er of the bottom
TSS has a very limited change because of the screening effect.[46] The modulation of the carrier
concentration by gate voltage can be inferred from the longitudinal resistance R as well as the
Hall resistance Ry at 100 K as displayed in Figure 2-15(b). When V4>0 V, Er of both the top and
bottom TSS are located in the upper Dirac cone and lead to an n-type behavior with a negative Rn.
Re also reaches a minimum value of 10 kQ at Vg=15 V because of a high electron concentration.
When Vg=-2.5 V, Er of the top TSS is near the Dirac point (or the exchange gap opened by
magnetization), which results in a minimum Ru value since the carriers in the top TSS are close to
depletion. As Vq further decreases, Er moves to the lower Dirac cone and the carriers of the top
TSS become p-type. Because the dominant carriers are still electrons from the bottom surface, this
gives rise to an increasing but still a negative number of the Ru. The top surface holes almost
outnumber the bottom surface electrons at Vq=-17.5 V, leading to a positive R+ and a maximum

RL.
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Figure 2-15. A uniformly-doped Cr-BST sample with electrostatic gating. (a) Schematic of the Cr-BST
FET device cross-section with a top-gate geometry and its band diagram under a gate bias Vg. (b)
Longitudinal and Hall resistance (R. and Ry) of the device under different Vq at 100 K. While Er of the
bottom TSS locates in the upper Dirac cone, the top TSS Er can be manipulated by tuning Vg, causing the

change of both R, and Ru. Figure (a) and (b) adapted from Ref. [79].

The modulation of the carrier concentration by gate voltage can also be indicated by the
coercivity of a magnetic hysteresis loop. Measurements of both longitudinal and Hall resistance of
the Cr-BST device were carried out at 2.5 K to further confirm the Fermi level position in the Cr-
BST. At 2.5 K, robust ferromagnetism with pronounced anomalous Hall effect in the Cr-BST has
already established, and it will be inaccurate to determine the Fermi level position simply by
calculating the carrier concentration from the ordinary Hall effect. Nevertheless, the evolution of
the carrier concentration under different V4 can be qualitatively inferred from the coercivity of the
magnetic hysteresis loop. This is because in a magnetically doped TI, one underlying mechanism
that rules the ferromagnetism is the carrier-mediated RKKY exchange interaction. As a result, the

coercivity of the hysteresis is strongly dependent of the carrier concentration, e.g., more
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electrons/holes will lead to a larger coercivity. Such a correlation between coercivity and carrier
concentration can be noticed in Figure 2-16a and 2-16b, where the hysteresis loops of both
longitudinal and Hall resistance significantly rely on the carrier concentration under gate
modulation. When Vj is between 0 V and -5 V, the Fermi level of the top TSS is in the vicinity of
the Dirac point and the Cr-BST device has the lowest carrier concentration. As a result, the
coercivity of both longitudinal and Hall resistance is the smallest under these gate voltages. When
a positive Vg of 5 V and 10 V is applied on the device, the Fermi level is elevated to the upper
Dirac cone such that more electrons are present in the top TSS. Thus the coercivity is expanded in
this scenario. On the other hand, if a negative Vg of -10 V is applied, the Fermi level will be shifted
to the lower Dirac cone and the top TSS will be dominated by holes, which also gives rise to a
larger coercivity. It can be found that the estimation of the carrier concentration and Fermi level
based on the coercivity at 2.5 K is consistent with the analysis from the ordinary Hall effect at 100

K.
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Figure 2-16. Modulating both longitudinal and Hall resistance of the Cr-BST device by the
top gate at 2.5 K. (a) Longitudinal resistance of the Cr-BST device under different gate voltages
from Vg=-10V to V¢=+10V. (b) Hall resistance of the Cr-BST device under different gate voltages
from Vg=-10V to Vg=+10V. The coercivity of both the longitudinal and Hall resistance loops

suggests a minimum carrier concentration in the Cr-BST device when Vg is between -5V and 0V.

More importantly, the SOT can be manipulated by gate voltage through the hysteresis shift
measurement method that has been demonstrated in Chapter 2.3.1. When Vg=-10 V is applied on
the device, the almost identical carrier concentrations in the two TSS but with different carrier
types (holes in the top TSS and electrons in the bottom TSS) eventually result in a vanishingly
small torque on the magnetization as shown in Figure 2-17(a), since the torques from both TSS
almost cancel out each other. However, at V4=0 V the carrier concentration of the bottom TSS
exceeds that of the top TSS and contributes to a net torque on the magnetization in the bulk, hence

the hysteresis moves toward the opposite direction when the DC current direction is reversed
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(Figure 2-17(b)). It should be noted that Hzeffhere is a positive value comparing to the previous

Cr-BST/BST bilayer device that has a negative Hzeff (Figure 2-8(a)). Such a sign reversal of Hfff
is caused by the fact that the net torque in the Cr-BST device under V4=0 V is contributed by the
bottom TSS, whereas in the bilayer Cr-BST/BST device the torque originates from the top TSS
with an opposite spin polarization direction. If a positive gate bias of V4=10 V is applied on the

device to elevate Er of the top TSS, the hysteresis shift by torque can barely be observed due to
similar electron concentrations in these two TSS (Figure 2-17(c)). The evolution of ijf under

different gate biases are summarized in Figure 2-17(d), where ijf reaches a maximum value of

~130 Oe under zero gate bias but is much weaker when Vg= +10 V. At V4=10 V, the sign reversal

of H;"f T can be attributed to a higher top TSS electron concentration that exceeds the bottom TSS
electron concentration under a sufficiently large Vq. The gate modulation of SOT confirms the
important role of both TSS in generating SOT, and moreover, the strong dependence of SOT on
carrier concentration and the competition between two TSS potentially accounts for the wide
discrepancies among the measured value of 837 in TI. If a bottom gate geometry that separately
tunes the bottom TSS could also be employed at the same time, the Cr-BST FET device may be
conceived as a prototypic gate-controlled spin-orbit torque-magnetic random-access memory

(SOT-MRAM) devices with even lower energy consumption.
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Figure 2-17. Decoupling the top and bottom TSS contributions of the anti-damping-like torque. (a)-
(c) Hysteresis shift (zoomed-in) after applying DC current under different gate voltages. Though the top
TSS is hole-dominated in Fig. (a) as Er crosses the lower Dirac cone under a gate bias of V4=-10 V, the top
and bottom TSS have similar carrier concentrations that cancel out the anti-damping like torque from both
TSS and lead to a vanishingly small hysteresis shift. (b) Under zero gate bias, Er of the top TSS is in the
vicinity of the Dirac point, whereas the bottom TSS E crosses the upper Dirac cone. In this scenario, the
carrier concentration in the bottom TSS overwhelms the top TSS and results in an imbalanced anti-damping
like torque exerted on the magnetization of Cr-BST. (¢) The hysteresis shift becomes less pronounced again

when V4=10V is applied, due to similar TSS carrier concentrations, noting that the top TSS is now electron-
dominated in this case comparing to Fig. (a). On the other hand, the effective field Hzeff exhibit a possible
sign reversal, which could result from a slightly higher carrier concentration in the top TSS than the bottom
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TSS. (d) Gate voltage dependence of the SOT effective field and SOT efficiency. Figure (a)-(d) adapted

from Ref. [79].

2.5.  Pulsed Current-Driven Magnetization Switching

As the ultimate goal of understanding the physics behind the SOT in Tl is to achieve SOT-
driven magnetization switching for memory applications, it should be examined whether the SOT
is sufficient to switch the magnetization or not. In the Cr-BST/BST heterostructure, the strong
SOT from TSS is able to drive efficient magnetization switching as demonstrated in Figure 2-18.
The experiment was carried out by applying pulsed current with different amplitudes and a pulse
width of 1 ms, after which probe current of 20 ©A was applied to detect the magnetization through
anomalous Hall effect. Such pulse width and probe current are chosen to minimize the Joule
heating effect and at the same time obtain an optimal switching signal. The switching pulses and
reading pulses were separated, and the reading pulses were applied At=1 s after the switching
pulses since the magnetization switching should be non-volatile. A constant in-plane field of H, =
+200 Oe was applied during the experiment in order to break symmetry for deterministic

switching.

Under an in-plane field of H, = +200 Oe, it can be seen from the anomalous Hall
resistance that the magnetization switches its direction from “up’ state to ‘down ’state when the
pulsed current reaches a critical current of I, = 0.9 mA. When negative pulsed current with a

similar amplitude is applied, the magnetization switches back to ‘up’ state due to the reversed SOT.
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In a similar manner, under an in-plane field of H, = —200 Oe the magnetization switches between
‘up’ state and ‘down’ state when a critical current of I, =~ 0.9 mA is applied. Here the polarity of
the switching loop is opposite compared to the positive in-plane field scenario because the
symmetry is broken in the opposite direction. In both scenarios, the critical current for
magnetization switching is I, ~ 0.9 mA, equivalent to a current density of J,, ~ 6.25 X 10> A4 -
cm~2 and is more than 2 orders of magnitude lower than the switching current density in
conventional HM/FM systems[17, 22], suggesting a stronger SOT generated by TSS. In addition,
we also expect a lower power dissipation in the Tl system comparing to HM/FM systems, since
Jsw i ~2 orders of magnitude lower than HM/FM systems though the sheet resistance R, of Tl

(Rs = 7.8k at 2.5 K here) is ~1 order of magnitude larger (typically R, = 1 kQ in HM/FM).
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Figure 2-18. Pulse current-driven magnetization switching in the Cr-BST/BST heterostructure. The

experiment was carried out at 2.5 K and under an in-plane field of H,, = £200 Oe, with a pulse width of 1
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ms. The magnetization can be switched when the applied current is larger than 1 mA, and the reverse of
either current direction or magnetic field direction can result in an opposite final state of the magnetization.

Figure adapted from Ref. [79].

While the above experiments were carried out under a fixed external magnetic field, to
further investigate the magnetization switching behavior of the Cr-BST/BST heterostructure,
additional switching experiments were carried out under different in-plane magnetic field and
reading current. A microscope image of the Hall bar device for the switching experiment is shown
in Figure 2-19(a), and the switching experiments were carried out at T=2.5K. It is reported that
when a large in-plane field is applied during SOT-driven magnetization switching, it could
compete with the perpendicular magnetic anisotropy of the magnetization and cant the
magnetization toward the in-plane direction. Due to this reason, the observed switching window
will drop with a large in-plane field.[92, 93] As displayed in Figure 2-19(b), because of the above
phenomena the switching behavior is the most pronounced at H, = +£200 Oe Oe but vanishes at
a higher field of ~3000 Oe. The switching experiment was also performed with different applied
read current densities (Figure 2-19(c)). When the reading current increases, the switching window
reduces due to temperature increase and demagnetization caused by Joule heating. Such Joule
heating can be attributed to a relatively high resistance of T1 (sheet resistance ~8 k) in our case)
and a relatively large device size. On the other hand, the in-plane field applied is much smaller
than the DM effective field would result in partial switching. The Joule heating effect and partial

switching could result in the small switching window in the Cr-BST.
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From the switching current density obtained in Figure 2-19(b), spin Hall angle 6y can be
subsequently estimated. The relationship between spin Hall angle and the switching current density

can be described as[94-96]

SH __ 2e Mgtyp Hg, ff H
Cperp — Osy ( Ze \é) (2 - 13)

where ]gge,p Is the current density to switch perpendicular magnetization, My is the saturation
magnetization, tr is the magnetization layer thickness, and Hy . s is the effective perpendicular
anisotropy field. From Figure 2-19(b) it can be seen that at H, = 3000 Oe the in-plane field
overcomes Hy .rr and ]g_’;erp reduces to zero. Consequently, Hy .¢r can be estimated to be ~4200
Oe. Using this Hy ¢, the switching current densities from Figure 2-19(b), and the other
parameters extracted before, we are able to estimate 65, from different switching loops as shown
in Figure 2-19(d). The switching current under different fields yields a quite consistent spin Hall
angle of 65, = 44. It should be noted that the Joule heating effect could result in an increased
temperature and a reduced fgy in switching experiment. Therefore, 8y estimated by the
switching current density is a bit smaller than the data from the hysteresis loop shift method (~90

at 2.5 K) but still generally agrees with the result.
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Figure 2-19. Additional magnetization switching results under different conditions. (a) Microscope
image of the device for switching experiment. (b) Switching loops under different in-plane magnetic field.
(c) Switching loops with different applied read current densities. (d) Switching current under different field

density and estimated spin Hall angle. Figure (a)-(d) adapted from Ref. [79].
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2.6. Summary of Chapter 2

In summary, we demonstrate a quantitative determination of the SOT in a Cr-BST/BST
bilayer system by both the hysteresis loop shift method and the MOKE-based magnetometer. The
above two approaches give consistent values of the spin Hall angle 637 in the same device.
Moreover, the temperature dependence of 837 in Tl is investigated and a drastic increase of 637
is observed when the temperature is below 12 K. The enhancement of 832 at low temperatures
suggests a strong correlation between the temperature and SOT in TI, which can be further
explained by a higher spin polarization ratio in the TSS at low temperatures. By applying a gate
voltage on a uniformly doped Cr-BST film, we are able to separate the top and bottom TSS
contributions of the SOT and manipulate the effective field, revealing an important role of both
TSS in generating SOT. The significantly carrier concentration-dependent SOT as well as the
competition between the top and bottom TSS could account for the large discrepancies among the
reported value of 835 in TI. Our work furthers the understanding of the unique role of the TSS in

generating SOT and takes a step further in realizing Tl-based magnetic memory devices.
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Chapter 3

Symmetry Breaking and Field-Free Magnetization Switching in

Topological Insulator/Antiferromagnet Heterostructures

3.1. Overview

SOT-driven magnetization switching can be an applicable approach to implement magnetic
memory prototypes with faster speed, low power consumption and non-volatility. As is
demonstrated in Chapter 2, Tl as a promising material candidate can exert stronger SOT and
accomplish magnetization switching with much lower current density. However, unlike the STT-
driven magnetization switching approach, in SOT-driven magnetization switching with
perpendicular magnetic anisotropy, a critical issue lies that the magnetization final state is not
deterministic due to the mirror symmetry of the perpendicular magnetization and the damping-like
SOT. It requires the assistance of an in-plane external field to break the mirror symmetry of the
SOT, which is not desirable in practical applications. Several approaches have been reported to
break the symmetry, such as particular geometries[97], wedged structures[83], and interlayer
exchange-coupling[98]. Another viable method is to introduce an antiferromagnetic (AFM) layer
adjacent to the FM layer so that the exchange-bias from the AFM layer can break the mirror
symmetry.[92, 99-101] In addition, it has been demonstrated that the ferromagnetic order of Tl in
a TI/AFM heterostructure can exchange-couple with the AFM order in the AFM layer.[102]

However, the field-free switching in TI-based material system has not yet been demonstrated.
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In this chapter, we demonstrate field-free magnetization switching in TI/AFM exchange-
biased material systems. A BST/CrSe heterostructure grown by MBE is firstly investigated, where
a proximity-induced magnetic order and an exchange-bias both in the out-of-plane direction and
in-plane direction is observed in magneto-transport measurements. The SOT generated by the spin-
polarized surface states on the proximity-induced magnetization is quantitatively characterized by
the hysteresis loop shift method and the spin Hall angle is estimated to be at least 5.3. After that a
BST/Cr-BST/CrSe film is synthesized, where the BST layer is doped by Cr at the interface to
enhance its perpendicular anisotropy, and robust pulsed current-driven magnetization switching is
achieved with a switching current density of ., = 5 X 10°4/cm?. More importantly, in this
system we realize magnetization switching at zero field with the assistance of the in-plane
exchange bias from the CrSe layer after in-plane field-cooling (FC). Next, we investigated a Cr-
BST/CrSb heterostructure that has an enhanced T of ~100 K due to the exchange coupling
between the ferromagnetism in Cr-BST and the Neel order in CrSb with Ty of ~700 K. The SOT
in the Cr-BST/CrSb heterostructure is quantitatively studied by second harmonic measurement,
which reveals a spin Hall angle of ~3 at 10 K and is generally consistent with our previous results.
Field-free switching is achieved in this system both at 1.9 K and at an elevated temperature of 100
K, thanks to the enhancement of T¢ by the exchange coupling. Such field-free switching at elevated
temperatures in T1 exchange-biased material systems could be a promising candidate for magnetic

memory device prototypes.
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3.2.  Symmetry Breaking for Deterministic SOT-Driven Magnetization Switching

Generally, in a magnetic system with perpendicular anisotropy and current-induced SOT,
mirror symmetry of the damping-like SOT and magnetization preserves.[83] Such mirror
symmetry causes equal probability for ‘up’ and ‘down’ magnetization when a current of the same
direction is applied, resulting in non-deterministic magnetization switching., Figure 3-1(a) shows
a prior work of DRL at UCLA that illustrates a typical HM/FM heterostructure, where the current-
induced damping-like SOT H,* exhibits mirror symmetry for different magnetization states under
the same current. As a result, there is no favorable final state for the magnetization after SOT-
driven switching. In experiments, magnetization switching behavior with the switching loop will
not be observed in such a structure. However, if an in-plane external magnetic field is applied,
mirror symmetry will be broken as shown in Figure 3-1(b). In this case, the ‘up’ and ‘down’
magnetization states are no longer equal and the SOT-driven magnetization switching will favor
one certain direction for the applied current (‘up’ state is favored for the applied current in this
figure). If the current direction is reversed, the favorable magnetization final state will also reverse

and lead to an opposite magnetization state after switching.
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Figure 3-1. Mirror symmetry in current-induced SOT and symmetry breaking by an in-plane
external magnetic field. (a) When a current J is applied in an HM/FM heterostructure, the current-induced
damping-like SOT HJL,’L for the magnetization pointing to ‘up’ and ‘down’ directions preserve mirror
symmetry. In this scenario, for the same current direction the magnetization is permitted to be in both ‘up’
and ‘down’ direction, which results in non-deterministic magnetization switching. (b) By applying an in-

plane magnetic field H,,, mirror symmetry is broken by the external field such that ‘up’ and ‘down’

ap
magnetization states are not equal for the same current direction and only one state is favored by current-

driven switching. Figure (a) and (b) adapted from Ref. [83].

Although an in-plane external magnetic field can break mirror symmetry as illustrated in
Figure 3-1 and lead to deterministic magnetization switching, such an approach is not desirable in
application since it would be rather challenging to introduce a constant magnetic field inside a
semiconductor chip. One of the alternative solutions to realize field-free magnetization switching

is utilizing exchange-bias to break the symmetry. Exchange-bias is a phenomenon present at the
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interface of an AFM/FM heterostructure.[103, 104] The strong AFM coupling in the AFM layer
can exchange-couple with the magnetization in the FM layer and even reorient the direction of the
magnetization. As an example, Figure 3-2(a) schematically shows a PtMn/CoNi structure, where
the CoNi layer is FM and the PtMn layer is AFM.[92] The CoNi layer possesses a magnetization
with perpendicular magnetic anisotropy, but here the exchange-bias at the interface is strong
enough to tilt the magnetization toward the x-direction, which breaks mirror symmetry of the
magnetization. The magnetic hysteresis loop of the CoNi layer in x, y and z directions are shown
in Figure 3-2(b). While the hysteresis loops in the y and z directions remain centered, it can be
noticed that the hysteresis loop in the x-direction (green curve) is shifted due to the exchange-bias
in that direction. As a result, field-free magnetization switching can be achieved as demonstrated
in Figure 3-2(c) and (d). Without applying an external magnetic field, the magnetization can be
switched between ‘up’ and ‘down’ states by pulsed current. The magnetization switching is robust
after a series of switching cycles, and the switching polarity can be controlled by manipulating the
exchange-bias via different field-cooling. Since field-free magnetization switching has been
realized in heavy metal systems but not in TI systems, we focus our work on field-free switching

in T systems that will be discussed in the next section.
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Figure 3-2. Symmetry breaking by exchange-bias in an AFM/FM structure and field-free
magnetization switching. (a) In a PtMn/CoNi structure, the exchange-bias from the AFM PtMn layer can
tilt the perpendicular magnetization in the CoNi layer toward the in-plane direction, thus breaking the mirror
symmetry in this structure. (b) Due to the exchange-bias along the x-direction, the magnetic hysteresis loop
of the CoNi layer in the x-axis is shifted (green curve), while the hysteresis loops in the y and z direction
remain unchanged. (c) and (d) Field-free magnetization switching under different maximum pulsed current.

Figure (a)-(d) adapted from Ref. [92].
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3.3.  Exchange-Bias and Field-Free Magnetization Switching in Topological
Insulator/CrSe Heterostructures
3.3.1. Magnetic Properties of Topological Insulator/CrSe Heterostructures

In this section, we study the exchange-bias and field-free magnetization switching in
TI/AFM structures, and one of the suitable AFM material candidates points to CrSe. Similar to
many of the selenides and tellurides in transitional metal compounds, CrSe has a NiAs crystalline
structure with a hexagonal close-packed unit cell. It is also known as an AFM material that has a
non-collinear magnetic texture.[105, 106] The magnetic moments of the three neighboring Cr
atoms in a unit cell point to three different directions from top-view and have certain z-components
in the side-view, forming an umbrella-like spin configuration in the unit cell (see Figure 3-3(a)).
The BST/CrSe heterostructure film consisting of 8 QL BST (8 nm) in the bottom and 3 nm CrSe
on the top was grown on GaAs (111) substrates by MBE. High crystalline quality and a sharp
interface of the film are revealed by the cross-sectional STEM image in high-angle annular dark-
field (HAADF) mode with atomic resolution (see Figure 3-3(b)). The BST/CrSe film was
subsequently fabricated into pm-size devices with Hall bar geometry for magneto-transport

measurement as shown in Figure 3-3(c).

To investigate the transport and magnetic properties of the BST/CrSe film, FC
preprocessing under different magnetic field from Ty, to 1.9 K was firstly performed for the sample,
after which magneto-transport measurements were carried out. Figure 3-3(d) displays the Hall
measurement results at T=1.9 K after FC of H, = +10 kOe along the z-axis, where magnetic
hysteresis loops with pronounced coercivity and an anomalous Hall resistance of Ryyr = 15 Q
were observed after subtracting the ordinary Hall background. It should be noted that the CrSe

layer itself cannot give rise to a hysteresis loop with coercivity due to its AFM nature. In addition,
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our MBE-grown CrSe film is relatively insulating (~10° ) compared to the BST/CrSe film
(~10* Q) and its contribution to the transport result is vanishingly small. The magnetization in the
BST does not stem from unexpected Cr doping during the growth either. Consequently, the
hysteresis loops in Hall measurements mostly capture the magnetic properties of the BST layer,
which reveals proximity-induced ferromagnetism in the BST layer through the interfacial
exchange interaction with the CrSe layer. Such magnetic proximity effect in Tls has been discussed
in Chapter 2.2.1, and is also reported in several FM/TI systems as well as in AFM/TI systems.[56,

70, 71, 107]

Apart from the magnetic hysteresis loop, an out-of-plane exchange-bias after FC is also
observed in the Hall measurement indicated by a horizontal shift of the hysteresis loop. The
exchange-bias originates from the interfacial uncompensated spins at the interface between the
CrSe and BST layers, and it is estimated to be HEZ = 1.5 kOe after subtracting the linear Hall
background. Since CrSe has a non-collinear magnetic structure and there is a finite projection of
the magnetic moments in the xy-plane, we expect that exchange-bias can also exist in the in-plane
direction. This is similar to an IrMn/CoFeB heterostructure where both out-of-plane and in-plane
exchange-bias exist due to a non-collinear AFM structure of IrMn. To examine the in-plane
exchange-bias in the BST/CrSe heterostructure, magneto-transport measurements were also
performed after different FC with the external field along the x-direction. Detecting the in-plane
exchange-bias via anomalous Hall effect that only captures the out-of-plane magnetization is
challenging, however, the exchange-bias will affect the anisotropic magnetoresistance of the
magnetic layer and can be easily measured through magnetoresistance measurements. The

magnetoresistance after FC with H,, = +20 kOe is shown in Figure 3-3(e), where an in-plane
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exchange-bias of HEZ = 1 kOe is obtained from the horizontal shift of the magnetoresistance

curves.
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Figure 3-3. BST/CrSe heterostructure film and exchange-bias after fielding cooling. (a) Crystalline
and magnetic structure of the non-collinear antiferromagnetic CrSe. Red dash lines denote a unit cell of
CrSe. (b) Scanning electron microscope image of the BST/CrSe heterostructure by high-angle annular dark-
field detector. (c) Hall bar device of the BST/CrSe heterostructure after fabrication. (d) Proximity-induced
magnetic order in the BST layer and an out-of-plane exchange-bias of HEZ = 1.5 kOe in the hysteresis loop

after FC of H, = 10 kOe along the z-direction. Inset: Hall resistance before the subtraction of ordinary
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Hall background. (€) An in-plane exchange-bias of HEB = 1 kOe in the longitudinal resistance after FC of

H, = 20 kOe along the x-direction.

We grew a series of BST/CrSe bilayer films with the same growth parameters but different
CrSe thickness, and Hall measurements were carried out to investigate the evolution of
magnetization in these samples. While the BST layer is fixed to be 8 nm in all three samples, the
thickness of the CrSe layer varies as 1 nm, 3 nm and12 nm. Hall measurements were performed
after positive FC and negative FC of 10 kOe in the out-of-plane direction to establish an out-of-
plane exchange-bias. When the CrSe thickness is 1 nm, only ordinary Hall effect without any trace
of anomalous Hall effect or coercivity is observed as shown in Figure 3-4(a), indicating that the
proximity induced magnetization is not present in this sample. This can be attributed to a weak
AFM order in CrSe due to a finite thickness, which is insufficient to induce a robust magnetic
order in the BST layer. Signature of magnetization appears in the sample with 3 nm-thick CrSe
indicated by the hysteresis loops with certain coercivity (Figure 3-4(b)). Besides, an out-of-plane
exchange-bias can be observed after positive and negative FC. The proximity-induced
magnetization as well as the exchange-bias becomes more pronounced when the CrSe thickness is
further increased to 12 nm (Figure 3-4(c)). Here, it is unlikely that the magnetization stems from
unexpected Cr-doping into the BST layer, since in this scenario the BST/CrSe sample with 1 nm-
thick CrSe would also be magnetized. The enhancement of the proximity-induced magnetic order
as well as the exchange-bias by increasing the CrSe thickness can be explained by the
establishment of a stronger Neel order in thicker CrSe layer that promotes both the proximity effect

and the exchange-bias.[108]
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Figure 3-4. Hall measurement results of BST/CrSe bilayer films with different CrSe thickness after
positive and negative FC. (a-c) Hall measurement results of BST/CrSe films with CrSe thickness of 1 nm,
3 nm, and 12 nm, respectively. No anomalous Hall effect or coercivity is observed in the sample with 1
nm-thick CrSe. Hysteresis and exchange-bias appear when the CrSe thickness is 3 nm, and become more

pronounced in the sample with 12 nm CrSe.

3.3.2. Measuring Spin-Orbit Torque by Hysteresis Loop Shift Method

Since a proximity-induced magnetic order is present in the BST layer at the interface as
demonstrated in the previous section, the spin-polarized TSS could drive SOT on the
magnetization, and it will be of interest if the strength of the SOT in the BST/CrSe system can be
further determined. Here we measure the strength of SOT by hysteresis loop shift measurements
discussed in Chapter 2.3.1. Although this measurement technique requires the simultaneous
application of a constant in-plane field and a modulating out-of-plane field, in material systems
where the FM layer is interfaced with an AFM layer, the exchange-bias from the interfacial

uncompensated spins can fulfill the role of an in-plane external field and assist the measurement
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of the effective field.[92] To determine the SOT in the BST/CrSe bilayer film, the sample firstly
went through a positive FC with H, = 420 kOe in the x-direction that create an in-plane
exchange-bias toward —x-direction. Hall measurements were carried out after FC at the base
temperature of T=1.9 K, and DC current of I = +20 uA with opposite directions are sequentially

applied to generate opposite effect field that horizontally shifts the hysteresis loops as shown in

Figure 3-5(a). The effective field can be calculated as Hzeff = —(Hf + H;)/2, where H} and H;

represent the shift of the positive switching field and the negative switching field in the hysteresis

loop, respectively. Here the effective field is extracted to be ijf = 200 Oe from the loop shift.
Hall measurements were also carried out after negative FC as displayed in Figure 3-5(b). In this
scenario, the magnetic moments at domain boundaries are reoriented toward +x-direction by
exchange-bias. As a result, the effective field on these magnetic moments is reversed, and the

current-driven hysteresis loop shift also becomes opposite comparing to Figure 3-5(a). The

effective field is extracted to be H¢/”

.. = 200 Oe in this measurement, consistent with the result

obtained after positive FC.
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Figure 3-5. Hysteresis loop shift by SOT in the BST/CrSe heterostructure. (a) Hysteresis loops after
+20 kOe in-plane FC when DC current is applied. The magnetic moments at domain walls are reoriented
towards -x directions by the exchange coupling after FC, and the current-induced SOT exerted on the
magnetic moments generate an out-of-plane effective field (see inset). The hysteresis loop shift toward the
opposite direction due to the reversal of the out-of-plane effective field after changing the current direction.
(b) Hysteresis loops after —20 kOe in-plane FC when DC currents are applied. For both positive and
negative DC current, the hysteresis loop shift direction is opposite compared to (a) because the magnetic

moments at domain walls are canted toward +x direction in this scenario.

For comparison, the exchange-bias and SOT effective field measurements were also
carried out in the 8 nm BST/12 nm CrSe sample that has a stronger proximity-induced
magnetization and exchange-bias than the 8 nm BST/3 nm CrSe sample. Figure 3-6(a) shows the
hysteresis loops (ordinary Hall background subtracted) after out-of-plane FC of 10 kOe, revealing
an out-of-plane exchange-bias of HEE = 3.8 kOe. The in-plane exchange-bias is measured to be

HEB = 1.8 kOe in magnetoresistance measurement after in-plane FC of 20 kOe as displayed in
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Figure 3-6(b). It is noticed that the exchange-bias in the 8 nm BST/12 nm CrSe sample is more
pronounced than the 8 nm BST/3 nm CrSe sample both in the out-of-plane and in-plane direction

owing to a larger CrSe thickness and a stronger exchange-coupling. The SOT effective field is also

measured by hysteresis loop shift measurements, and a consistent result of Hfff = 500 Oe is
obtained after positive and negative FC (Figure 3-6(c) and (d)). Because of the larger exchange-
bias in the 8 nm BST/12 nm CrSe sample, more magnetic moments at domain boundaries are

reoriented by the exchange-bias, leading to a more significant SOT effective field in the 8 nm

BST/12 nm CrSe sample than the 8 nm BST/3 nm CrSe sample (Hzeff = 200 Oe). On the other
hand, the larger measured SOT effective field due to an enhanced in-plane exchange-bias also
indicates that the exchange-bias is insufficient to overcome the DMI effective field in the 8 nm
BST/3 nm CrSe sample, where the measured value of the SOT effective field should be lower than

its intrinsic value.[109]
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Figure 3-6. Exchange bias and SOT effective field in the 8 nm BST/12 nm CrSe sample. (a) Out-of-
plane exchange-bias in the sample after 10 kOe out-of-plane FC. (b) In-plane exchange-bias in the sample
after 20 kOe in-plane FC. Both the out-of-plane and in-plane exchange-bias become more pronounced due
to a thicker CrSer layer. (¢) SOT effective field measured by hysteresis loop shift measurement after
positive FC. (d) SOT effective field measured after negative FC. The SOT effective field is consistent in
both measurements, and is higher than the results from the 8 nm BST/3 nm CrSe sample due to a stronger

exchange-bias.

Through the hysteresis loop shift measurements, the strength of SOT was systematically

quantified as a function of DC current densities. Figure 3-7(a) shows the zoomed-in details of the
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hysteresis loops near the coercive field when DC currents ranging from 10 uA to 20 uA are
applied after +20 kOe in-plane FC. Red curves denote the data from the measurement with a
positive DC current and blue curves stand for the data from the measurement with a negative DC
current. The hysteresis loop exhibits the most pronounced shift under I = +20 uA, indicating a
stronger SOT driven by higher current density. The shift of the hysteresis loops near the
magnetization reversal point (R4yr = 0 Q) is summarized in Figure 3-7(b), where the red triangles

are the coercive field of the down-to-up slope H2Y, the blue triangles are the coercive field of the

up-to-down slope HRY, and the effective field (black circles) can be expressed as H/ = (HBY +
HEPY /2. It should be noted that the measured data cannot be artifacts from potential thermal effect
such as spin Seebeck effect or anomalous Nernst effect, since the effect of those phenomena on
Hall voltage can be expressed as V,, o« m x VT and they will only change the anomalous Hall
resistance rather than a horizontal shift of the hysteresis loop. In addition, any contributions from
Joule heating will manifest as a quadratic behavior since VT « 2, but in our measurements the
effective field scales linearly with the applied DC current. Therefore, we generally exclude
potential artifacts from thermal effects and affirms the reliability of the hysteresis loop shift

approach in measuring SOT.

Similarly, the result of hysteresis loop shift measurements after a negative FC of H, =
—20 kOe is shown in Figure 3-7(c). As aforementioned, the exchange bias now reverses its
direction after the negative FC and the magnetic moments in the domain walls during
magnetization reversal are aligned towards +x direction, opposite to the scenario in Figure 3-7(a)
and 3b. Consequently, the SOT effective field established on the magnetization is also reversed

under the same current and we observe a negative sign of the effective field slope. Figure 3-7(d)
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summarizes the measured effective field after both positive and negative FC. While the data
suggest a consistent SOT strength after different FC, the SOT efficiency x can be calculated by
linear fitting to the data points, yielding a result of y = 0.0173 Oe-A~!-cm?. Since the
penetration depth of the proximity-induced magnetic order in Tl is approximately 1nm[55], using
the above-calculated x and a saturation magnetization of M; = 16 emu/cc the spin Hall angle of
BST can be estimated by Equation 2-1 in Chapter 2.3.1, which gives a spin Hall angle of 855 =
5.3. Here, it should be noted that the measured value of y and 6s only set a lower bound of the
actual SOT efficiency and spin Hall angle in this system, since the determination of the actual
values requires a sufficient in-plane field to overcome the DMI effective field Homi and align all
the magnetic moments at the domain boundaries to the same direction, but exchange bias from the
CrSe layer might not be large enough to overcome Hpmi. Nonetheless, this lower bound value of
By is still significantly larger than 65y of the conventional heavy metals in SOT study such as Pt
and Ta[109], suggesting that Tls could potentially drive much stronger SOT for magnetic memory

device applications.
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Figure 3-7. Linear scaling of SOT effective field with current density. (a) Hysteresis loop shift when
DC currents of 10 A, 15 A, and 20 A are applied. (b) Applied magnetic field when the hysteresis loops
in (a) intersect with R4,z = 0 Q. Red dots denote the down-to-up edge of the hysteresis loop, blue dots
represent the up-to-down edge of the hysteresis loop, and black dots are the average of the above two fields.
The data were collected after —20 kOe in-plane FC. (c) The intersection of the hysteresis loops with
R,yyr = 0 Q after +20 kOe in-plane FC. (d) Current dependence of the SOT effective field, which linearly

scales with current density and yields a SOT efficiency of x = 0.0173 Oe - A~ - cm?.
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3.3.3. Field-Free Magnetization Switching at 1.9 K

To further explore the TI/AFM exchange-coupled structure and its SOT-driven
magnetization switching behavior, we investigated a BST/Cr-BST/CrSe (7 nm/1 nm/3 nm) film
with modulated Cr doping in BST, where magnetization can be switched in a non-volatile manner
by pulsed current. More importantly, we took advantage of the in-plane exchange bias from the
AFM CrSe layer and accomplished magnetization switching without an external magnetic field.
Figure 3-8(a) displays the sketch of the device structure. Because perpendicular anisotropy is
required for robust pulse-current switching but the proximity-induced magnetization at the
interface of the BST/CrSe heterostructure cannot support adequate perpendicular anisotropy, we
intentionally doped the BST layer with Cr at the interface during the MBE growth to enhance the
perpendicular anisotropy. Magnetization switching driven by pulsed current was firstly examined
after ZFC with the application of an in-plane external field at T=1.9 K. The experiment was carried
out by applying a switching pulse with a pulse width of 1 ms, after which a reading pulse with
much lower current density was applied to probe the magnetization via anomalous Hall resistance,
and such procedure was repeated sequentially with modulated pulse amplitude. As shown in Figure
3-8(b), the magnetization in Cr-BST can be successfully switched, and the switching current
density is estimated to be J,, = 5 X 10°4/cm?, which is 2 orders of magnitude lower than the
typical switching current density reported in heavy metal/ferromagnetic metal structure and almost
1 order of magnitude lower than Tl/ferromagnetic metal structure.[17, 110] In this case, the
magnetization in the Cr-BST preserves its mirror symmetry at zero field where no obvious
switching hysteresis can be observed. However, after a positive in-plane FC of +10 kOe, the mirror
symmetry is broken by the exchange bias from the CrSe layer and the magnetization in Cr-BST

cants to -x-direction. In consequence, the magnetization can be switched at zero field as shown in
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Figure 3-8(d) while at H, = —100 Oe the exchange bias is compensated by the external field.
Similar field-free switching behavior can be observed after a negative FC of H, = —10 kOe as
displayed in Figure 3-8(e) and (f), with a reversed switching polarity due to a negative exchange-
bias. The magnetization switching at zero field exhibits less switching ratio than the switching at
H, = 1400 Oe, which can be explained by the grain effect where AFM grains with different local

uncompensated spin directions could lead to incomplete switching at zero field.[101]
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Figure 3-8. Field-free magnetization switching in a BST/Cr-BST/CrSe device after in-plane FC. (a)
Pulse-current switching loops of the BST/Cr-BST/CrSe device without FC. The device shows a switching
current density of J;, = 5 X 10°4/cm?, and no sign of magnetization switching can be observed at zero

field. (b) Pulsed current switching loops after a positive FC of H,, = 410 kOe. The positive exchange-bias
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breaks symmetry and the magnetization in the Cr-BST layer can be switched without the assistance of an
external field. (c) Pulse-current switching loops after negative FC of H, = —10 kOe. In this scenario,

magnetization is switched with an opposite switching polarity at zero field due to a negative exchange-bias.

3.4. Field-Free Magnetization Switching at Elevated Temperatures in Topological

Insulator/CrSb Heterostructures

3.4.1. Enhancement of Curie Temperature in Topological Insulator/CrSb Heterostructures

In Chapter 3.3, the AFM material we use for field-free switching by Tl is CrSe. Apart from
CrSe, another AFM material candidate that can provide exchange-bias and realize field-free
switching is CrSh, which has a high Néel temperature of Ty = 700 K.[102, 111] Our lab has
adequate experience in growing CrSb film as well as related superlattices composed of Tl and
CrSb by MBE. High quality of the CrSb related structures and a sharp interface between TI and
CrSb has been demonstrated in our previous work.[102, 107] To further study the SOT and field-
free magnetization switching in TI/AFM systems, CrSb/Cr-BST heterostructure films with a
thickness of 10 nm/10 nm were investigated. The crystalline and magnetic structure of CrSb as
well as the schematic illustration of the CrSb/Cr-BST heterostructure are shown in Figure 3-9(a)
and (b). For comparison, we grew another 10 nm-thick single-layer Cr-BST with similar film
quality as a control sample. Both the CrSb/Cr-BST heterostructure and the Cr-BST control sample
were fabricated into devices with Hall bar geometry (Figure 3-9(c)), and magneto-transport
measurements were subsequently carried out to investigate their magnetic properties. Figure 3-

9(d) displays the hysteresis loops of the Cr-BST control sample by Hall measurements at different
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temperatures. The hysteresis loop exhibits a pronounced coercivity of H.=1.3 kOe at 2 K, which
vanishes at ~30 K as the temperature increases. In comparison, the hysteresis loop of the CrSb/Cr-
BST heterostructure has an enhanced coercivity that persists up to 100 K as shown in Figure 3-
9(d). The coercivities of both samples are plotted as a function of temperature in Figure 3-9(e),
where it can be noticed that the CrSb/Cr-BST heterostructure possesses a larger Hc and a Tc
enhancement of more than 3 times. The enhancement of Hc and T¢ can be attributed to the
interfacial exchange-coupling between the CrSb layer and the Cr-BST layer, since the Nél order
in the CrSb layer with a high Ty promotes the magnetization in the Cr-BST layer and raise its T.
On the other hand, it also can be noticed that the hysteresis loop of the CrSb/Cr-BST
heterostructure is more ‘square-like’ comparing to the single-layer Cr-BST film. As
aforementioned, the ‘squareness’ of a hysteresis loop is a good indicator of the magnetic anisotropy
of the magnetic material. Such a hysteresis loop suggests an enhancement of the perpendicular

magnetic anisotropy in the Cr-BST film due to the perpendicular N&l order in the CrSb film.
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Figure 3-9. Schematic of the CrSb/Cr-BST heterostructure and enhancement of Curie temperature
by interfacial exchange coupling. (a) Crystalline and magnetic structure of the CrSb unit cell. (b)
Schematic illustration of the MBE-grown CrSb/Cr-BST heterostructure. (c) Hall bar device after fabrication
for magneto-transport measurement. (d) Hysteresis loops of a 10 nm Cr-BST film in Hall measurement at
different temperatures. (e) Hysteresis loops of the CrSh/Cr-BST heterostructure in Hall measurement at
different temperatures. (f) Comparison of the coercivity between the Cr-BST film and the CrSb/Cr-BST
heterostructure. The coercivity of the Cr-BST film vanishes ~30 K, while the coercivity of the CrSb/Cr-

BST heterostructure persists up to 100 K.
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3.4.2. Measuring Spin-Orbit Torque by Second Harmonic Method

To measure the SOT in the CrSb/Cr-BST heterostructure, experiments were subsequently
carried out after investigating its magnetic properties. It has been demonstrated that second
harmonic measurement is a reliable method to determine SOT, and such a method has been widely
adopted in measuring SOT in different material systems.[44, 112-114] Here we also use the second
harmonic method to quantify the SOT in the CrSh/Cr-BST heterostructure. In such measurement,
an adequate in-plane magnetic field Hy needs to be applied to reorient the magnetization m of the
sample toward the in-plane direction and achieve a single-domain magnetization configuration as
displayed in Figure 3-10(a). An AC current lac with a frequency of w is fed through the sample,
inducing and alternating SOT and SOT effective field H,r from TSS on the magnetization. The
alternating SOT causes periodic oscillation of m around its equilibrium state in the same frequency
w, Which is approximately equivalent to a periodic oscillation of its out-of-plane component Am,.
Since Am, can be captured by the anomalous Hall resistance change AR,y g, the current-induced
voltage change in the Hall channel can be expressed as Vi (t) = AR ug(t) X I(t). On the other
hand, I(t) « I,.cos(wt) and ARuup(t) < Am,(t) = Am,cos(wt) , Vy(t) x cos?(wt) «
cos(2wt) + C and it becomes apparent that a second harmonic signal V2 with a frequency of 2w
manifest in the Hall channel. The relationship between the second harmonic Hall resistance R4

and SOT effective field H,; can be established as

20 _ _ 1RanEHess _
R = =2 0 -1

While H, ¢ can be extracted by adopting the above equation, the spin Hall angle can be determined
by Equation 2-1 in Chapter 2.3.1. Figure 3-10(b) shows the second harmonic Hall resistance R4
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measured under a sweeping in-plane magnetic field Hy and after applying current with different
amplitudes at 100 K. It can be noticed that RZ® increases with larger input lac, since a larger current
density induces a stronger SOT on the magnetization and results in a higher second harmonic
voltage. The extracted SOT effective field H®" under different current density is summarized in
Figure 3-10(c) by fitting to the R3® data using Equation 3-1, here the SOT effective field scales
linearly with the current density, which generally rules out other thermal effects on the
measurement result and clarifies the origin of the second harmonic signal since any thermal effect
on the measured H" would scale with T or J2. The second harmonic measurement was also carried
out at 10 K, with the result shown in Figure 3-10(d) in comparison with the result at 100 K. R
becomes more pronounced at 10 K, and the extracted spin Hall angle at 10 K is also around an
order of magnitude higher than its value at 100 K. Such enhancement of the SOT at a lower
temperature is consistent with our results in Chapter 2.4 and again suggests a critical role of TSS,

in which the spin-polarization is strongly dependent on temperature.
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Figure 3-10. Determination of the SOT in the CrSb/Cr-BST heterostructure by second harmonic
measurement. (a) Schematic illustration of the measurement principle. The AC current generates an
alternating SOT on the magnetization, causing the magnetization to oscillate around its equilibrium state,
and the magnetization oscillation is picked up by the second harmonic signal. (b) Second harmonic signal
R%® measured when AC currents with different amplitudes were applied. R3® becomes more pronounced
after increasing the current density due to a stronger SOT. (c) Extracted SOT effective field Hff ! by fitting
to the second harmonic measurement result, which scales linearly with current density. (d) Comparison of
the second harmonic signal at 10 K and 100 K. Inset: extracted spin Hall angle at 10 K and 100 K, showing

a much larger spin Hall angle at 10 K than at 100 K.
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3.4.3. Field-Free Magnetization Switching at 100 K

As the goal of harnessing the TI/AFM structure is to realize field-free magnetization
switching, pulsed current-driven switching tests were also carried out for the CrSh/Cr-BST
heterostructure sample both with and without the assistance of external magnetic field. The
switching tests were first carried out at 2 K, with the measurement result shown in Figure 3-11(a).
It can be found that the magnetization of the Cr-BST layer can be successfully switched between
‘up’ and ‘down’ states by pulsed current under certain magnetic field. Due to the exchange-bias
from the AFM CrSb layer that breaks symmetry, magnetization switching is still noticeable at zero
field, and the switching loop vanishes under an in-plane field of -17 Oe where the external field
compensates the exchange-bias from CrSb. Nonetheless, the anomalous Hall resistance change
during the magnetization switching at zero field is much smaller (~2 Q) comparing to the switching
loop under £100 Oe (~7-9 Q), indicating a low switching ratio at zero field. This can be explained
by the fact that the Né&l order of CrSb has an out-of-plane spin configuration. As a result, the
interfacial uncompensated spins are also aligned in this direction with very little frustration toward
other directions, which is not adequate to break symmetry in all the magnetic domains. Since it is
possible that the interfacial uncompensated spins are frozen at 2 K and the spin frustration could
be lifted at elevated temperature, magnetization switching tests were performed again at 100 K.
Remarkably, field-free magnetization switching is observed and the switching ratio is comparable
to the switching under positive and negative external field (Figure 3-11(b)). The switching loop

vanishes under -300 Oe, which is much larger than the compensation field of -17 Oe at 2 K in
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Figure 3-11(a) and suggests a stronger exchange-bias at 100 K potentially due to a larger spin-

frustration.

For practical memory application, data retention is one of the most critical issues that are
always required to be optimized. Specifically, it is crucial that the device should be able to retrieve
the correct data after many read/write cycles. In order to preliminarily investigate the reliability of
the CrSb/Cr-BST heterostructure device as a memory prototype, experimental tests of robustness
were carried out for the device by repeating the write and read operations, i.e., applying current
pulses and measure the magnetization state sequentially. As shown in Figure 3-11(c), the current
pulses can switch the magnetization between ‘up’ state and ‘down’ state, and the stored data is still
correct after a series of repeated operations. Although the number of cycles are still too small
compared to commercial memory products, it shows the promise of Tl-based structures as material

candidates for fast and energy-efficient memory devices.
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Figure 3-11. Robust field-free magnetization switching of the CrSb/Cr-BST heterostructure by pulse
current. (a) Pulse-current driven magnetization switching at T=2 K. The magnetization switching at zero
field is not pronounced due to a strong perpendicular AFM order in the CrSb layer at 2 K. (b) Pulse-current
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exchange coupling is compensated by an in-plane field of -300 Oe where the switching loop vanishes. (c)

Robustness test of the field-free magnetization switching. A series of current pulses were applied to switch

the magnetization between ‘up’ state and ‘down’ state sequentially, and the magnetization state is probed

by the anomalous Hall resistance after the current pulse. (d) Schematic illustration of the spin configuration

in the CrSh/Cr-BST heterostructure.

3.5

Summary of Chapter 3

In summary, this chapter demonstrated SOT and field-free magnetization switching in

TI/AFM systems with exchange-bias. A BST/CrSe heterostructure is firstly investigated, and
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exchange-bias both in the out-of-plane direction and in-plane direction are observed after FC. The
spin-polarized surface state carriers can drive strong SOT on the proximity-induced magnetization
at the interface. The SOT in this bilayer system is determined by the hysteresis loop shift method
utilizing the in-plane exchange-bias from the CrSe layer. Detailed measurements of SOT with
different DC current densities reveals a spin Hall angle of at least 5.3 and generally rule out artifact
from thermal effect that would possibly disturb the measurement results. In a BST/Cr-BST/CrSe
device with modulation-doped Cr near the interface, magnetization switching by pulsed current is
achieved with a switching current density as low as 5 x 10°4/cm?. Moreover, we realized field-
free switching in this system by breaking the mirror symmetry of the magnetization with in-plane
exchange-bias after in-plane FC. Apart from BST/CrSe heterostructure, another material system
composed of CrSb and Cr-BST is investigated, which exhibits a much higher T¢ as a result of the
exchange-coupling. SOT efficiency in this system is also quantitatively determined by second
harmonic measurements, showing a spin Hall angle of ~3. Moreover, in the CrSb/Cr-BST
heterostructure field-free switching is achieved at an elevated temperature of ~100K, and the
device is reliable after multiple cycles of read/write operations. The above results demonstrate that
TI/AFM structure can be a promising candidate for more practical and energy-efficient magnetic

memory devices.
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Chapter 4

Summary and Perspective

In this dissertation, we explored the potential of utilizing the SOT in TI to switch
magnetization for non-volatile magnetic memory applications. We systematically investigated the
SOT in different material systems comprised of Tls via multiple independent approaches. Firstly,
we quantitatively determined the strength of SOT in a Cr-BST/BST heterostructure by using the
hysteresis loop shift method and a MOKE-based magnetometer, which demonstrated consistent
values of the spin Hall angle 635 . Furthermore, we carried out the measurements at different
temperatures and studied the temperature dependence of 637 in TI. The SOT measurements
revealed a dramatic increase of 835 at low temperature when the temperature is below 12 K, and
such enhancement of 637 suggests a strong dependence of the SOT on the temperature in TI
systems. The significant increase of 635 at low temperature can be further explained by a higher

spin polarization ratio in the TSS owing to the suppression of electron-phonon scattering.

The dependence of SOT on TSS carrier concentrations was also investigated in a uniformly
doped Cr-BST FET device with gate control. Through applying a gate voltage, the top TSS carrier
concentration can be effectively controlled while the bottom TSS carrier concentration remains
unchanged. In this manner, the contributions from both TSS to the SOT can be manipulated, and
we observed a significant change of SOT as well as a competition between the top and bottom TSS

to the SOT by tuning the gate voltage. The significant temperature dependence, carrier
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concentration dependence and the competition between the top and bottom TSS reveal an
important role of both TSS in generating SOT. These phenomena could account for the large
discrepancies among the reported value of 835 in TI, providing an answer to the controversy on

TSS-generated SOT in this field.

We also demonstrated SOT-driven magnetization switching in the Cr-BST/BST
heterostructure. The magnetization switching is non-volatile and energy-efficient with low
switching current density. However, it requires an in-plane magnetic field to break mirror
symmetry for deterministic switching. To realize field-free magnetization switching, we further
investigated TI/AFM systems where the exchange-bias at the interface can break mirror symmetry.
A BST/CrSe heterostructure was firstly studied, where proximity-induced magnetization at the
interface by the AFM CrSe layer was observed. Meanwhile, the BST/CrSe heterostructure
exhibited exchange-bias after FC both in the out-of-plane and in-plane directions. The TSS spin
polarization exert strong SOT on the magnetization at the interface, and the SOT was quantitatively
measured by the hysteresis loop shift method. The measurements were performed systematically
with different applied DC current densities to rule out artifacts from thermal effect. A spin Hall
angle of at least 855 = 5.3 was estimated, consistent with the previous measurement results in Cr-
BST/BST heterostructures. After this, we studied a BST/Cr-BST/CrSe device with Cr doping near
the interface to show an enhanced perpendicular anisotropy, and magnetization switching by
pulsed current was achieved with a switching current density as low as 5 x 10°A4/cm?. Moreover,
we demonstrated field-free switching in this system at T=1.9 K with the in-plane exchange-bias

after FC to break mirror symmetry.
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To improve the working temperature of the field-free magnetization switching with AFM,
we utilized another AFM material, i.e., CrSb that possesses a higher T of ~700 K. A Cr-BST/CrSh
heterostructure was synthesized, exhibiting a much higher T. due to the exchange-coupling
between Cr-BST and CrSb at the interface. Second harmonic measurements were carried out to
determine the SOT in this system, giving a spin Hall angle of ~3. More importantly, we also
achieved field-free switching in the CrSb/Cr-BST heterostructure and at an elevated temperature

of ~100K. The device was shown to work reliably after multiple reading/writing cycles.

The above results demonstrated that magnetically doped TI-based material systems could
be a promising candidate for fast, non-volatile and energy-efficient magnetic memory devices.
Particularly, TI/AFM structures can offer field-free magnetization switching to implement
practical magnetic memory prototypes. However, several issues still remain in utilizing TI for
memory applications. First of all, the working temperature of magnetization switching in
magnetically doped Tls is still in the low-temperature range. Secondly, the switching ratio of the
magnetization is quite small implied by the anomalous Hall resistance, and the reliability of the
devices in switching/reading needs to be further tested and optimized. Lastly, the material
structures we investigated were synthesized by using the MBE technique. For commercialized
products, CVD synthesis of materials may be further developed to assure high quality. Future
works could focus on tackling these issues by synthesizing TI/FM structures with robust
perpendicular magnetization at high temperature for room-temperature application. The device
reliability could also be enhanced by adopting magnetic materials with stronger magnetization and
faster magnetic dynamics (e.g., ferrimagnetic materials). To achieve compatibility with other
semiconductor process procedures and mass production, sputtering deposition of Tl and FM layers

could be used instead of MBE epitaxial growth. However, the quality of TI films will need to be
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addressed. In addition, thermal budget among multiple processing steps needs to be carefully

considered as well.

The past decades have witnessed the unprecedented prosperity of information technology,
communication, productivity, and entertainment brought by tiny semiconductor chips. Now we
are fortunate enough again to see another new era of artificial intelligence, internet of things and
cloud services, where memories will play an increasingly crucial role in storing the massive data
beyond what we can imagine. | am glad to see that magnetic memory based on T can be a pioneer
in the future to offer fast, reliable, high-density, and energy-efficient data storage devices for these

applications in the future.
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