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ABSTRACT OF THE DISSERTATION

Quest for High Temperature and Functional Quantum Anomalous Hall states

by

Lei Pan

Doctor of Philosophy in Electrical and Computer Engineering

University of California, Los Angeles, 2019

Professor Kang Lung Wang, Chair

Quantum anomalous Hall effect (QAHE) is the zero-field version of the quantum Hall
effect which shows dissipationless chiral edge electron transport and quantized Hall resistance
without the help of external magnetic field. In this Dissertation, we study the growth of magnetic
topological insulator (MTI) Cr-doped (BiSb).Tes thin film, which is the host of the QAH states,
using molecular beam epitaxy. We report the first observation of QAHE in a milli-meter sized
device with the thin film thickness beyond the two-dimension (2D) limit. In addition, by
controlling the thin film thickness down to the 2D limit, we observe a metal-to-insulator transition

behavior due to the hybridization effect introduced by the vertical quantum confinement.

We further investigate the temperature limiting factors of QAHE in the Cr-doped
(BiSh).Tes system by studying the thickness and doping effects. We identify that for thin film
thickness larger than 6 quintuple layers (QLS), the limiting factor is the overlap of Fermi level with
the trivial bulk band. For thin film thickness equal to 6 QLs, weak ferromagnetism and pronounced
superparamagnetism are the temperature limiting factors. However, modulation doping technique

can significantly strengthen the ferromagnetism at this thickness. In addition, the metal-to-



insulator transition behavior can also be tuned according to the doping profile of the thin film

which can potentially affect the phase transition behavior in this material system.

To manipulate the QAH states, we investigate the heterogenous integration of the QAH
insulator or TI with antiferromagnets. We first study the QAH insulator/Cr.O3 bilayer structure
and realize the QAHE on a magnetically ordered system for the first time. We identify the positive
exchange bias in this structure and discover the magnetic coupling between the two material
systems using polarized neutron reflectometry (PNR). We then study the undoped TI/CrSe
heterostructure and realize the antiferromagnet induced magnetic proximity effect in the T1 layer
confirmed by both PNR and X-ray magnetic dichroism techniques. We also discover the interface-
dependent proximity behavior in the heterostructure that may help our understanding towards high

temperature and functional QAH states.
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Chapter 1

Introduction

1.1. Topological insulator

Topological insulator (T1) is a new class of quantum material which possesses a bulk band
gap and topologically protected surface states when interfaced with vacuum or a trivial insulator[1-
3]. Such unique property arises from its inverted bulk band structure caused by the strong spin-
orbit coupling (SOC). In common semiconductors with a trivial band gap, the conduction band is
often formed from electrons in s orbitals while the valence band is formed from electrons in p
orbitals. The conduction band is always above the valence band which results a positive band gap
Eg. In the TI case, which usually consists of heavy elements, possesses strong SOC so that the p
orbital band is pushed above the s orbital band. The band structure is effectively inverted in this
case and the band gap Eq4 can be considered as negative. When T1 is interfaced with a positive-gap
material (e.g., vacuum or trivial semiconductor), due to the continuity of wavefunction at the

boundary, the energy gap will close and results exotic surface/edge state.
1.2. Quantum spin Hall effect

The spin Hall effect describes the phenomenon where a spin current flows perpendicular

to an applied electric field in a strong SOC material[4-6]. The quantized version of the spin Hall



effect, known as the quantum spin Hall (QSH) effect, describes the spin current that is carried by
helical edge states in two-dimensional materials without dissipation. Being protected by time-
reversal symmetry, odd number of pairs of helical states cannot open a gap at the edge which
ensures that the back-scattering by non-magnetic impurities are forbidden. It is also found out that
such time-reversal property is associated with a novel Z, topological invariant. This topological
invariant defines the QSH state as a topologically distinct new state of matter which is the first

topological insulator system to be understood.

The first theoretical approach to realize QSH effect was done by C. L. Kane and E. J. Mele
back in 2005 when they tried to introduce SOC into a graphene strip[7, 8]. They studied the
topological number of the system and concluded a large enough SOC could drive the graphene
into a state of matter that is gapped in the bulk and with gapless helical edge states. However, in
reality, the gap opened by the SOC in graphene is extremely small[9], on the order of 10 meV,

making it an unrealistic material system to study the QSH effect.

The first viable material system to realize the QSH effect was proposed by B. A. Bernevig
et al. in 2006[10] who suggested the CdTe/HgTe/CdTe quantum well might host the QSH states
after fine tuning the HgTe thickness. Explained in schematic band diagram drawing as shown in
Figure 1-1, the CdTe is a trivial semiconductor with the s-type I's band sitting on top of the p-type
I's band and the quantum well material HgTe is non-trivial with the I's band on top of the I's due
to large SOC. Theoretical calculation suggests that there exists a critical thickness dc = 6.5 nm of
the HgTe layer, below which the heterostructure is merely a trivial semiconductor dominated by
the CdTe band structure. However, when the HgTe thickness is beyond the dc, the whole system
will be driven in the QSH state due to the band inversion in the HgTe layer and the topological

number change at the HgTe/CdTe boundary.
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Figure 1-1 CdTe/HgTe/CdTe quantum wells. (a) Bulk energy bands of HgTe and CdTe near
the I point. (b) Left: quantum well in normal regime E1>H: with HgTe thickness<dc. Right:
quantum well in inverted regime H1>E: with HgTe thickness>d.. Adopted from Ref. [10].

In 2007, the QSH effect was experimentally realized by Konig et al. in the
HgTe/(Hg,Cd)Te quantum wells[11]. Transport properties of the molecular-beam-epitaxy-grown
guantum wells were measured as a function of gate voltage, sample thickness and external
magnetic field. The authors found that when quantum well thickness is below 6.3 nm, which is in

good agreement with the theoretically predicted critical thickness, the sample behaved like an
3



insulator with a vanishingly small conductance at low temperature. However, when the quantum
well thickness was above the critical thickness, a residual 2 e?/h (where e is the electron charge
and h is Planck’s constant) longitudinal conductance was measured as shown in Figure 1-2. The
residual quantized conductance was independent of the sample size and could be destroyed by a

small external magnetic field which further confirmed its helical quantum transport nature.
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Figure 1-2 Quantum spin Hall effect in HgTe/CdTe quantum wells. The longitudinal four-
terminal resistance, Ruia23, of various normal (d = 5.5 nm) (1) and inverted (d = 7.3 nm) (I, 111, and
IV) quantum well structures as a function of the gate voltage measured for B=0T at T = 30 mK.
Adopted from Ref. [11].

More recently, the QSH effect was observed in another two material systems including the
InAs/GaSbh quantum wells[12] and the single layer WTe»[13]. Both material systems demonstrated

QSH state’s transport signature at higher temperature (4 K for InAs/GaSb quantum wells, 100 K



for WTey). Specifically, for the WTe, system, the importance of this finding is twofold: firstly, the
observation of the dissipationless edge transport surpassed liquid nitrogen temperature (77 K);
secondly, it is the first intrinsic QSH insulator discovered so far which have many advantages in

terms of preparation and heterogenous integration with other condensed matters.

1.3. Three-dimensional topological insulators

Despite the early effort in realizing the QSH insulator in two-dimensional (2D) materials,
the topological insulator theory quickly extended to three-dimensional spaces[14-16]. Being
similar as the 2D TI case where the insulating bulk coexists with the metallic edge states, in three-
dimensional (3D) T, the bulk band coexists with the gapless surface states which are protected by
time-reversal symmetry. The surface states of a 3D TI consist of an odd number of massless Dirac

cones ensured by the Z topological invariant of the bulk band[14].

The first proposed 3D Tl is the Bi1-xShy alloy[14] and later confirmed experimentally using
angle-resolved photoemission spectroscopy (ARPES)[17]. The ARPES technique since then
became a standard approach to verify materials’ topological property because it can present direct
evidence of the topological surface states. However, the TI property other than the hints of the
Dirac cone on the Bi1xShy alloy surface is hard to access due to its complex band structure. Another
class of layered and stoichiometric tetradymite compound including Bi>Tes, BiSes and Sh,Tes
were proposed after the Bi1-xSbx alloy to be 3D Tls with a single Dirac cone on the surface[18]. In
addition, they were predicted to have a bulk band gap as large as 0.3 eV. Such signatures were
quickly confirmed using ARPES technique[19]. A typical Bi-Ses ARPES image is shown in Figure

1-3 depicting the detailed bulk band and Dirac surface band information.
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Figure 1-3 Electronic band structure of undoped Bi2Ses measured by ARPES. (a) The bulk
conduction band (BCB), bulk valence band (BVB), and surface-state band (SSB) are indicated,
along with the Fermi energy (E), the bottom of the BCB (Eg), and the Dirac point (Ep). Adopted
from Ref. [20].

The tetradymite 3D TI family (Bi>Tes, SboTes, and Bi>Sez) has multiple advantages making
it the most studied topological materials to date. The first advantage is the simple band structure
and accessible surface states. The topological surface state is within the ~0.3 eV bulk band which
can provide pure surface state signature using transport measurement. Also, there is only one Dirac
cone at the I point which is helpful to achieve clean measurement results. Secondly, the Bi>Tes
and Sh,Tesz 3D Tls are able to form ternary 3D TI compound (Bi1-xSbx)2Tesz using molecular beam
epitaxy (MBE). The Bi to Sb ratio can be tuned freely to achieve truly bulk-insulating TI[21].
Thirdly, long range ferromagnetic order can be introduced into this 3D TI system using transition

metal doping method also by the MBE technique[20, 22, 23]. The introduction of ferromagnetism
6



will break the time-reversal symmetry of the T1 and result a gap opening at the Dirac point which
makes the surface Dirac fermion massive[1]. The breaking of time-reversal symmetry may lead to
many other exotic physics including the quantum anomalous Hall effect (QAHE), axion
electrodynamics, induced magnetic monopole, etc.[1, 24, 25] The fourth advantage is similar as
the WTe> which is an intrinsic TI, tetradymite 3D TI family is also intrinsic. The accessible TI
surface states can be heterogeneously integrated with other material systems including

ferromagnets[26, 27], antiferromagnets[28, 29] and superconductors[30].

1.4. Quantum anomalous Hall effect

In the 3D TI system, one of the most important findings is the quantum anomalous Hall
effect. Sharing the similar topological nature and dissipationless chiral edge state transport
signature, one of the major differences between the quantum Hall effect and the quantum
anomalous Hall effect is that no external field is required for the latter case. Although the first
zero-field dissipationless edge state was discovered as the QSH state in 2007, the theory of QAH
effect was first explored since 1988 by Haldane[31]. In this early approach to realize the zero-field
version of the quantum Hall effect, a graphene-like lattice with a periodic local magnetic-flux was
proposed. To date, this system is still not physically realizable, but it indicates that the quantum
Hall effect does not necessarily require an external magnetic field and can be approached in a

wider context related to phenomena with broken time-reversal invariance.

Another approach to realize the QAH effect is based on the QSH system. Liu et al.
proposed to dope the HgTe quantum well with Mn atoms and introduce ferromagnetism into the

system, such that one pair of the spin sub-band will be driven into a trivial state and hence
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transforms a QSH state into a QAH state[32]. However, Mn-doped HgTe quantum well is a
paramagnet which requires a small external magnetic field to drive the system into quantized

state[33].

In the case of tetradymite 3D TI, ferromagnetism is no longer an issue. Transition metal
(Cr, Mn or V) can be doped into the parent 3D Tl compound in a substitutional manner and induce
out-of-plane ferromagnetic order up to 100 K[34]. Such ferromagnetic ordering can induce an
exchange field along the out-of-plane axis and the Hamiltonian of the surface state can be written

in the form of:

hk +gMO'Z 0

H=[ 0 h, — gMa,

1-1

With the basis: [+71), |=1), [+1), |[=T), where |+1) = (|t T) + |b T)/V/2, |+l) = (|t L
) + |b 1))/+/2. Here t, b represent the top and bottom surfaces and T, | represent the spin up and
down states. In addition, hy = vr(k, 0, — kyoy), Where v is the Fermi velocity, g is the

effective g factor, o is the Pauli matrix and M is the exchange field along the out-of-plane axis.

The surface band evolution when exchange field is introduced into TI is shown in Figure
1-4. It is noted that the starting point to realize the QAH effect does not have to be a Tl where a
sufficiently large exchange field can change the Chern number of the system. If the system starts
from a topological trivial case as shown in Figure 1-4(a), the exchange field can pull the upper
block subbands into a band inversion state and push the lower block subbands further away. On
the other hand, if the system starts from a topological non-trivial case as shown in Figure 1-4(b)

where both subbands are inverted, the exchange field can increase the band inversion in the upper



block subbands and release the inversion in the lower block. Both surface band evolving paths can

result a QAH insulator.
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Figure 1-4 Evolution of the subband structure upon increasing the exchange field. The solid
lines denote the subbands that have even parity at I" point, and dashed lines denote subbands with
odd parity at I" point. The blue color denotes the spin down electrons; red, spin up electrons. (a)
The initial subbands are not inverted. When the exchange field is strong enough, a pair of inverted
subbands appears (red dashed line and blue solid line). (b) The initial subbands are already inverted.
The exchange field releases the band inversion in one pair of subbands (red solid line and blue
dashed line) and increase the band inversion in the other pair (red dashed line and blue solid line).
Adopted from Ref. [24].

Although in theory both approaches to realize the QAH effect may work, in reality, trivial
ferromagnet with simple surface band structure and large enough exchange field to invert one pair

of the spin subband (as shown in Figure 1-4(a)) is very hard to find. The second approach (as
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shown in Figure 1-4(b)) turns out to be much more feasible. In 2013, Chang et al. reported the first
observation of QAH effect in the Cro.15(Bio.1Sbog)1.85Tes thin films grown on SrTiOs substrate
using the MBE technique. The SrTiOz substrate also serves as a back gate because of its large
dielectric constant at low temperature. By applying a gate voltage, the Fermi level of the material
can be tuned into the bulk band gap and the surface subband gap. In this case, Vg at -1.5 V is the
optimal back-gate voltage value which resulted a quantized Hall resistivity pyx at h/e? as shown in
Figure 1-5(a). In the meantime, the longitudinal resistivity pxx dropped to 0.098 h/e? as shown in
Figure 1-5(c). The quantized state only happened at a very small back-gate voltage window around
-1.5 V. The Hall and longitudinal resistivity and the converted conductivity quickly deviated from
the quantized value (marked as dashed line in the graph) when the gate voltage was outside of the

window as shown in Figure 1-5(b) and (d).
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Figure 1-5 The transport signature of the QAH effect in Cr-doped (BiSb)zTes. (a) Magnetic
field dependence of pyx at different back-gate voltage. (b) Dependence of pyx(0) (empty blue
squares) and pxx(0) (empty red circles) on Vg4. 0 means the optimal back-gate voltage. (c) Magnetic
field dependence of px« at different Vq. (d) Dependence of axy(0) (empty blue squares) and oxx(0)
(empty red circles) on Vg4. Adopted from Ref. [35].

1.5. Organization

In this dissertation, we summarize our work on the quantum anomalous Hall insulator and
its related heterostructures. The contents are arranged as follows. In Chapter 2, we show the

molecular beam epitaxy growth of quantum anomalous Hall insulator, topological insulator and
11



their related heterostructures. In Chapter 3, we discuss the quantum anomalous Hall effect we
observed in our material and the temperature limiting factors in the system. In Chapter 4, we show
the magnetic coupling and proximity effect between topological insulator and antiferromagnet

systems. Chapter 5 is the conclusion chapter of this dissertation.

12



Chapter 2
Molecular beam epitaxy growth of topological

Insulator and related heterostructures

In this dissertation, all the topological insulators were grown using the molecular beam
epitaxy technique in a Perkin-Elmer made ultra-high vacuum (UHV) system. Depending on the
specific heterostructure, thin films other than the topological insulator were integrated into the
structure by serving as a substrate, in-situ grown in the same molecular beam epitaxy (MBE)

chamber or ex-situ grown in a different chamber.
2.1. Molecular beam epitaxy

Molecular beam epitaxy technique is a thin-film epitaxy growth method to achieve high
quality single-crystals. It was first developed by Alfred Cho and John Arthur in the late 1960s[36,
37]. MBE has several advantages owing to its unique growth method and environment. Firstly, the
growth is performed in UHV allowing low impurity density and slow layer-by-layer growth at the
same time. Secondly, the growth temperature is relatively lower than other growth technique, e.g.,
chemical vapor deposition and liquid phase epitaxy, which enables stable heterostructure or
superlattice formation that is far from the thermodynamic equilibrium. Thirdly, during the growth,

powerful in-situ monitoring technique including the reflective higher-energy electron diffraction
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(RHEED), low-energy electron diffraction (LEED), etc., can provide real-time crystal growth

information down to atomic scale.

In our Device Research Lab at UCLA, all MBE growths are performed in a Perkin-Elmer
ultra-high vacuum system (shown in Figure 2-1) with a base pressure in the range of 10° Torr.
The system is equipped with 8 effusion cells capable of growing Bi, Sb, Te, Se, Al, Cr, Sn, Mn.
The Sb and Se cells are specially designed with a cracker to achieve pure and controllable
molecular flux. The Te cell uses a unique hot-lip design to avoid material condensation at the
crucible end and to extend the source refilling cycles. In addition to the Knudsen cells, the system
is also equipped with an e-gun evaporator that can generate W, Mo, V and Nb fluxes using high
power electron beam heating. The main chamber is maintained at UHV through an integration of
a three-stage transfer process. During the transfer of the sample between the atmospheric pressure
(760 Torr) and the UHV growth chamber (107*° Torr, maintained by one ion pump and one cryo-
pump), sample will go through a load-lock first (10 Torr, maintained by a turbomolecular pump)
and then a transfer tube (10 Torr, maintained by an ion pump). In that way the main chamber’s
UHV environment’s exposure towards impurities is minimized which is critical for realizing
consistent and high-quality MBE grown thin films. The growth environment is actively monitored
by an ionization gauge which shows the total pressure in the chamber and a residual gas analyzer
(RGA) that can provide accurate residual gases’ mass spectrum. The RGA system may also serve
as a leak detector when needed by monitoring the helium partial pressure inside the chamber when

exposing possible leakage spot with ultra-high purity helium gas.
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Figure 2-1 MBE system in Device Research Lab, UCLA. The system is equipped with 8
Knudsen cells (2 have crackers), 1 e-gun evaporator with 4 crucibles. The system is capable of
growing 12 elements including Bi, Sb, Te, Se, Cr, Al, Sn, Mn, W, Nb, Mo and V.

During the MBE growth, the first step is to fill the source panel’s cooling shroud with
liquid nitrogen (shown in the schematic drawing in Figure 2-2). This step further lowers down the
growth chamber’s pressure by trapping both gas vapor with higher condensation temperature than
liquid nitrogen and unused beam fluxes. Also, in the case of evaporating element at relatively

higher temperature (> 600 °C), the liquid nitrogen filled shroud serves as a protection layer to
avoid structural damage towards stainless steel made chamber.

After that, clean substrate will be mounted onto the molybdenum-made substrate holder
using indium as the glue at elevated temperature (~ 200 °C to melt the indium). Using the indium

as glue has the advantage of avoiding introducing organic materials into the UHV system, and in
the meantime, it provides a superior thermal conductivity which ensures uniform substrate

temperature and fast temperature responses during the change of the substrate heating power.
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The substrate holder will then be transferred to the growth chamber. Depending on the
substrate, different thermal treatment will be applied to further clean the surface at an elevated
temperature. Being different from the substrate temperature, the source temperatures are usually
maintained at elevated growth temperature since the beginning of the growth day to ensure stable
and high-purity molecular beam for the subsequent growth. After the thermal treatment of the
substrate, its temperature will be lowered down to the growth temperature according to the recipe
for which we have optimized. During the growth, computer controlled pneumatic shutters will be
opened for different sources depending on the molecular beam we would like to have. The shutter
opening schedule is also programmable allowing fast switching between different beam elemental

compositions which enables the superlattice growth.
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Figure 2-2 Schematic drawing of DRL MBE setup. This system is equipped with effusion cell

cooled by LN shroud, pneumatic shutter and RHEED system.

One of the key advantages of MBE is the in-situ monitoring of the as-grown crystals using

electron diffraction technique, our MBE system is also equipped with the RHEED system (KSA
Associates.) which provides pivotal information regarding the on-going growth. As shown in the
schematic drawings in Figure 2-2, the electron gun that is attached to the side of the growth
chamber will emit high energy electron beams (>8 keV) towards the substrate in a shallow angle

(<5°). 8 keV electron energy corresponds to a wavelength around 0.26 A that is sufficient to
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resolve crystal details down to atom-to-atom scale. The shallow angle of the incident electron
beam is to make sure a small penetration depth and ensures that the technique is only surface

sensitive. The diffraction process follows the Laue diffraction condition [38]:
koue — kin =0k =G 2-1

where k,,; and k;, are the outgoing (diffracted) and incoming (incident) beams’
wavevectors and G is the crystal’s reciprocal lattice vector. The crystal surface in ideal case during
the growth can be viewed as an infinite two-dimensional lattice point spaced in a periodic way. In

such case, the reciprocal lattice for the crystal surface is an infinite arrays of lattice rod (with

infinitesimal radius) spaced by (Zﬂ,f—m) where n and m are integers; a1 and a. are the lattice
1 2

constants of the real space lattice in the orthogonal direction(assuming rectangular lattice). To
fulfill the diffraction condition, an Ewald sphere can be constructed using the incident beam’s
wavevector as the radius shown in Figure 2-3(left). The intersection between the reciprocal lattice
rod and the Ewald sphere fulfills the Laue diffraction condition and will result a diffraction pattern

on the phosphors screen.

However, in real case, the reciprocal lattice rod always has finite radius. There are three
major factors limiting the technique generating an ideal diffraction pattern. The first one is that the
electron beam is not perfectly monochromatic, electron beams with different wavelength will
create an Ewald sphere with finite thickness and broadens the diffraction pattern. The second one
is the coherent length of the crystal surface, due to unavoidable defects at the crystal surface, it can
no longer be viewed as a two-dimensional periodical lattice with infinite size. Imposing such

boundary conditions onto the reciprocal lattice conversion, the lattice rod will have finite radius.
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The third one is called transfer width which is strongly related to the instrument limit and its

response.
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Figure 2-3 Schematic drawing of RHEED pattern formation. Left: Ideal Ewald sphere
construction to determine the diffraction condition that is satisfied by incident beam, outgoing
beam and reciprocal lattice rod. Right: In real case scenario, the reciprocal lattice rod will have
finite radius and result streaky RHEED pattern with finite size.

Beyond the monitoring of the crystal quality, RHEED system can also provide important
growth rate information when the crystal is growing in a layer-by-layer mode as shown in Figure
2-4. During the layer-by-layer growth, the crystal surface undergoes a series of island nucleation,
island expansion and finally the formation of a new layer process. In this period, the crystal
surface’s roughness also evolves in a cycle from smooth to rough then back to smooth. Reflected
in the RHEED pattern intensity, the smooth surface results a brighter coherent spot while the rough
surface results a dimmer spot. Counting the period between two RHEED intensity peaks can
provide us an accurate growth rate for 1 monolayer of the thin film. This technique plays a pivotal

role in our later thickness dependent quantum anomalous Hall insulator study.
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Figure 2-4 RHEED intensity oscillation during layer-by-layer growth mode. Smooth surface

results brighter RHEED pattern and rough surface results dimmer RHEED pattern. The oscillation

period is equal to the monolayer growth time.

After the growth of the thin film, the substrate will be cooled down to room temperature.
Depending on the purpose of the study, capping layer may be deposited onto the surface at this
temperature. 2 nm Aluminum capping is the most frequently used technique which shows robust
protection of the thin film against ambient oxidation and degradation[39]. Tellurium and Selenium
capping will be used if the capping layer is to be removed in the future for other surface sensitive

studies.

2.2. MBE growth of Tl on GaAs

Since the proposal of topological insulator, multiple material systems have been
theoretically and experimentally investigated regarding its topological property, including

HgTe/CdTe quantum well[10, 11], InAs/GaSb bilayers[40], BiSb alloys[41, 42] and Bi>Tesz based
20



crystals[18, 19]. Among all the materials, the Bi,Tes based tetradymite-type 3D TI is the most
intensively studied material system due to its stable chemical property, large bulk bandgap and
readily mature growth technique. In this dissertation, all the topological insulator materials are

based on it.

To utilize the advantage of MBE for Tl growth, the first task is to identify a suitable
substrate. The Bi>Tes T1 family has a rhombohedral crystal structure. It also has a layered structure
consisting of five atomic layers as a basic unit cell that is named as quintuple layer (QL). The five
atomic layer stacks in the order of Te-Bi-Te-Bi-Te where Bi and Te are strongly bonded in a
covalent manner. Between QLs, Te and Te atoms are bonded through weaker van der Waals force.
Single QL of Bi,Tes is effectively a 2D material similar as graphene without dangling bonds. In
the hexagonal representation of the rhombohedral crystal structure, the stacking of the QLs align
in the [0001] direction of the crystal and the van der Waals gap is also in the (0001) plane. In such

representation, Bi>Tes possesses a lattice constant of a=4.38 A and ¢=30.49 A.

After trying multiples substrate for T1 growth, GaAs(111)B substrate was chose because

of the following reasons:

1. GaAs(111)B in hexagonal representation has a lattice constant of a=4 A. The lattice
mismatch is below 10%. By growing along the [0001] axis, we are likely to utilize the
unique van der Waals epitaxy mechanism that is more tolerant towards lattice
mismatch[43].

2. GaAs surface is self-passivated with native oxide and the treatment before the growth is

well-established with clear surface reconstruction.
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3. Semi-insulating GaAs substrate is widely available which is essential for clean electrical
signal measurement.
4. GaAs substrate is much cheaper than InP(a=4.15 A) and CdS(a=4.12 A) substrate which

also share similar lattice constant with the Bi;Tes TI family.

To start the growth, the GaAs substrate will first be ultrasonically cleaned using acetone to
remove possible organic contaminations. After that, the substrate will be loaded onto the substrate
holder and then be transferred into the growth chamber. The substrate temperature will be raised
to 300 °C and be kept at this temperature for 30 minutes to thermally clean the surface. Then the
temperature will be raised to 580 °C to remove the native oxide. During the annealing, Se
molecular beam will be supplied to suppress the As atom escaping which will generate unwanted
pits on the substrate. The Se rich environment will also form a monolayer of GaSe on GaAs surface
as a passivation layer which promotes van der Waals epitaxy[44]. The growth temperature for
BioTes based Tl is at 200 °C. There are usually two other elements being introduced into the
material system. The first one is Sb which proves to be able to fine tune the thin film’s Fermi level
without sacrificing its topological property[21]. The Fermi level position is crucial to access the
transport property of topological surface states. The preferred position is the bulk band gap which
greatly reduces trivial bulk carriers’ involvement in the transport signal. It is later found out that
the observation of quantum anomalous Hall effect also relies on the correct Sb doping level. The
second element that is frequently introduced into the Bi>Tes based Tl is Cr. The purpose of Cr
doping is to introduce ferromagnetism into the system which can break the time-reversal symmetry
of the topological surface states and introduce an exchange gap[22, 23, 45]. During the growth,
the (1x1) RHEED pattern of GaAs(111)B quickly evolves into the (1x1) Bi>Tes based pattern as

shown in Figure 2-5. The d-spacing between the first order RHEED stripes which is inversely
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proportional to the crystal’s lattice constant also quickly decreases as Bi;Tez based TI family has
larger lattice constant. This particular sample shown in Figure 2-5 which is a Cr-doped (BiSh)2Tes
thin film provides an estimated lattice constant around 4.21 A using its relative relationship with
the initial GaAs lattice constant. This is an indication of successful Sb incorporation into the system

because of the smaller lattice constant of ShaTes(4.25 A).
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Figure 2-5 RHEED image of Cr-doped (BiSb).Tes growth on GaAs substrate. Left: RHEED
image of GaAs(111)B substrate after the Se-rich pre-annealing and after the Cr-doped (BiSb).Tes
growth. Right: The change of pixel number between the first order RHEED stripes known as the
d-spacing during the Cr-doped TI growth. The change percentage when converted back to the

lattice constant is around 5.3% which corresponds to high Sb:Bi atomic ratio.

During the TI growth, there are few parameter or parameter pairs that have great impact
towards the material quality and the doping level. The first parameter pair is the substrate
temperature (Tsus) and the tellurium flux. The Bi>Tes based TI growth is very similar to the GaAs
MBE growth where the Ga flux determines the growth rate while the As flux is oversupplied

because of its lower sticking coefficient than Ga. In Bi,Tes case, Te is oversupplied by around 20
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times more than Bi/Sb flux. The Tsus in this case is dynamically adjusting this ratio by controlling
the sticking coefficient of Te which is more sensitive than Bi/Sb. Shifting away from the optimized
atomic ratio will result unwanted 3D growth as shown in the RHEED image in Figure 2-6. The
second important parameter pair is the Bi and Sb flux. The Bi-to-Sb ratio will not affect the
crystallinity of the thin film as long as the growth is in 2D mode, but it can control the material’s
Fermi level and its carrier type. More details will be discussed in the session regarding realizing
quantum anomalous Hall effect in Cr-doped T1 thin films. The third parameter is the Cr flux during
the growth. The purpose of Cr in our study is to introduce ferromagnetism into the TI system while
keeping TT’s topological property. Generally speaking, high Cr-doping usually results higher Curie
temperature, larger coercive field and hole-type doping while low Cr-doping usually gives lower
defect density and stronger superparamagnetic behavior at low temperature. To serve different
study purposes, we actively adjust our Cr flux to create Tl with different doping levels or even

selective doping at different positions to create unique elemental depth profile.

Over-supply of Tellurium Ideal 2D growth Under-supply of Tellurium

Figure 2-6 Tellurium flux's effect on T1 growth. (a) Over-supply of Te will form Te clusters on
the crystal surface. RHEED will show 3D pattern. (b) Ideal Te flux will result 2D growth. (c)
Under-supply of Te also generates 3D pattern overlapped on 2D TI’s pattern.
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The as-grown material is characterized by the atomic force microscope and the
transmission electron microscope (TEM) to acquire key crystal quality information regarding the
thin film as shown in Figure 2-7. The AFM image usually shows atomically flat surface of Tl with
single QL islands sitting on top of it for good growth. Such island is unavoidable in layer-by-layer
growth mode where nucleation of new Tl island can happen at any time and any location during
the growth. Figure 2-7(b) shows a high angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) image of the cross-section of the Cr-doped (BiSh).Tes. The lighter
GaAs atoms show typical darker color as compared to heavier elements in Tl due to the atomic
mass correlation of such technique. The thin film’s crystal shows clear quintuple-layer structure
consisting of 5 layers of atom stacking together. The TEM image also shows a clear van der Waals
gap in between neighboring QLs. The colored electron-dispersive x-ray (EDX) scan of the cross-
section shows a uniform Cr doping throughout the whole structure without obvious clustering or

phase segregation.

0 nm
Figure 2-7 Microscopic image of T1 grown on GaAs. (a) Atomic force microscopy image of Cr-

doped (BiSb).Tes grown on GaAs. (b) HAADF-STEM image of the cross-section of Cr-doped
(BiSb)2Tes. (c) EDX spectroscopy of Cr atom inside the TI structure. Adopted from Ref. [46].
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To sum up, the Tl and Cr-doped TI on GaAs growth using the MBE technique is the
foundation throughout my study because of its high reproducibility and superior quality over other
substrates. It enables accurate Cr doping control and Fermi level control which is the key to access

the quantum anomalous Hall states in this material.

2.3. MBE growth of Tl on Mica

Muscovite mica with a stoichiometry of KAI2(SizAl)O10(OH): is a layered material that is
commonly used for van der Waals epitaxy[47-49]. It is highly insulating which facilitates
epilayer’s transport study. In the meantime, mica substrate is highly transparent and flexible which
can be an advantage to study epilayer’s optical property as well as its strain response. The cleaved
mica surface is atomically flat and in hexagonal symmetry[50, 51]. The key advantage of mica
over other semiconductor substrate is the ability to control its thickness before growth. Utilizing
mica’s dielectric property, we may use the substrate as a back-gate to tune the Fermi level of the
thin film without any further fabrication procedures. The challenge here is to cleave the mica to

thin enough so that the epilayer can be effectively tuned with a reasonable back-gate voltage.

We start the work by establishing a good T1 growth recipe on thicker mica. Mica substrate
is first glued to a piece of silicon substrate using melted indium. Then we use scotch tape to remove
the top few layers of the material and expose the fresh surface. After ultrasonic cleaning by acetone
to remove any organic residual during the cleaving process, the silicon wafer with mica on it is
then glued onto the substrate holder. After loading the sample into the growth chamber, 500 °C
thermal cleaning is conducted for half an hour. The growth temperature for Bi>Tes based Tl on

mica is also at 200 °C. During the first 300 seconds of the MBE growth, electron gun of the
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RHEED system is kept off to avoid any charging effect on the insulating substrate. The as-grown
material shows atomically flat surface as shown in the atomic force microscopy image in Figure
2-8. The TEM image shows clear boundary between the two layered materials with very good

crystallinity on both sides.

110 nm
|Onm

Figure 2-8 Microscopic image of Bi2Tes T1 family grown on mica substrate. Left: Atomic force

microscopy image of Bi2Tes grown on mica substrate. Right: TEM image of Cr-doped (BiSb)2Tes

on mica substrate.

We further carried out HRSTEM and EDX mapping of the entire structure as shown in
Figure 2-9. The result is very similar to our Cr-doped (BiSb).Tes grown on GaAs substrate shown
in reference [23]. The magnetically doped T1 shows clear van der Waals layered structure. The Cr-
doping in the structure is uniformly distributed as well as other elements that constitutes the TI.
We do observe additional aluminum and oxygen signals on both the top of T1 and at the bottom of
TI. On top of the TI, the aluminum and oxygen signal come from the aluminum capping after the

TI growth. The naturally oxidized alumina contains both elements. The bottom signal comes from
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the mica itself as aluminum and oxygen are both rich inside the mica. The platinum signal comes

from an additional capping layer for TEM measurement.

!F m-.

Figure 2-9 Cross-section HRSTEM and EDX of the Cr-doped (BiSb)2Tes on mica structure.

Cr, Bi, Te and Sb which constitute the magnetic T1 material distribute uniformly in the structure.

Al and O are seen at the bottom and the top of TI because they are part of the mica substrate and
they are in the naturally oxidized Aluminum capping on top of TI.

After establishing a suitable growth recipe for TI on mica substrate, the next object is to
thinner down the mica thickness. But there are quite a few challenges including: 1. How do we
handle the sub-1 um thin film considering it is mechanically unstable. 2. How to overcome the
thermal stress during growth. 3. How to fabricate a back-gate device and make contact onto it
without damaging it. To overcome all these challenges, we developed a fabrication procedure as
shown in Figure 2-10. To strengthen the mica’s mechanical robustness and prepare it for future
thermal cycles, we first deposit a 100 nm tungsten layer followed by 100 nm copper as a protection
layer onto the substrate. Tungsten is chosen because of its relatively matching thermal expansion

coefficient with mica (mica: 3 x 10 m/mK, tungsten: 4.3 x 10°® m/mK). A comparison of mica’s
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shape after TI growth between using non-thermal-matching material nickel (13 x 10 m/mK) and
tungsten is shown in Figure 2-11(a). The nickel coated mica wrinkled more significantly, and the

final sample was not suitable for further device fabrications, but the tungsten coated sample

survived the whole process.

1 2
Mica

Mica

Tungsten

Sputter grown 100 nm Use indium as glue to attach the
tungsten/100 nm copper mica substrate onto a silicon wafer

3 Pl e 4

Mica Mica
Tungsten Tungsten

Scotch tape peeling of mica to
below 1 um thickness Clean the structure and grow Tl on it.

Figure 2-10 TI-Mica heterostructure fabrication process. Step 1: Tungsten/Copper sputtering
to serve as a thermal-expansion-matched back electrode. Step 2: Use indium as adhesive to attach
mica onto a supporting substrate. Step 3: Thin down the mica thickness using scotch tape peeling.

Step 4: Clean the structure and grow T1 on top of it using MBE technique.
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After tungsten and copper coating, the mica substrate is glued onto the silicon wafer using
indium. The third step is to peel the mica using scotch tape very similar to the cleaving of other
2D materials, for example, graphene. The peeling stops when the mica starts to show different
reflection interference colors. The exact mica thickness can be determined by comparing the
reflectance spectrum of the thin film and the simulation data using mica’s dielectric constant (n =
1.552) as shown in Figure 2-11(b). In this case, the estimated thickness is 385 nm. With this
thickness, mica is able to serve as a back-gate and effectively tune the Fermi level of the Tl by

applying a sub-200 V back-gate voltage.
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Figure 2-11 Metal coating and mica thickness measurement. (a) The nickel coated sample
wrinkles more significantly than the tungsten coated one because of larger thermal expansion
mismatch. (b) Measured and simulated reflectance spectrum for mica thickness estimation. By
matching the peak and valley of the spectrum we can estimate this mica’s thickness is around 385

nm.
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After achieving this thickness, apply voltage across the mica substrate can tune the Fermi
level of the TI. Here we show the Cr-doped TI/mica heterostructure’s low temperature transport

measurement to demonstrate the chemical potential tuning capability using mica as a back-gate.

The mica device fabrication is very challenging due to the following reasons: 1. Mica
substrate is transparent which adds additional difficulty for photolithography process; 2. Ultra-thin
mica substrate is very fragile which may lead to cracking during the fabrication and thus lead to
electrical shorting between the device and the bottom electrode; 3. To make contact toward the
device, traditional wire-bonding machine can no longer be used because the heat-assisted bonding
process may penetrate the ultra-thin mica substrate and compromise its gating capability. The
whole fabrication process limits the device yield, yet we are able to achieve some Tl/mica devices
with both top and bottom gates working. To make contact towards the electrode, a damage-free
contact method was developed by creating silver epoxy droplets at the contact pads using very thin
tungsten wires. Then normal aluminum wire was dipped into the droplet and baked at elevated
temperature to guarantee its mechanical strength as well as the good electrical property. The

fabricated device is shown in Figure 2-12.
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Figure 2-12 Optical microscope image of a double-gate Tl/mica device.

In this sample, the TI layer is Cr-doped (BiSb).Tes which has pronounced anomalous Hall
effect at low temperature. So, we carried out the gate response experiment all at 1.9 K in our PPMS
system. Here we first show the longitudinal resistance’s response to both top and bottom gates as
shown in Figure 2-13(a-b). We can see that both gates can change the longitudinal resistance of
the Hall-bar by a significant amount. The required voltage at the back-gate is much larger than the
alumina top-gate because of the gate thickness difference (10 nm for the top gate and few hundreds
of nm for the bottom gate). More importantly, the Hall channel also has large gate-response
towards both gates as shown in Figure 2-13(c-d). By fixing either the top gate voltage or the bottom
gate voltage and tune the other, we observe a large anomalous Hall resistance change of the
magnetic Tl layer. The anomalous Hall resistance in this material system is very sensitive towards
the Fermi level position which will be discussed more in details in Chapter 3. Here the major
achievement of this work is the successful fabrication of a working double-gate TI device on a

widely available substrate.
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Figure 2-13 Top and bottom gate response of the Cr-doped TI/Mica heterostructure. (a)
Top-gate response of the longitudinal resistance of the magnetic T1. (b) Bottom-gate response of
the longitudinal resistance of the magnetic TI. (c) Top-gate voltage dependent hysteresis loop of
the magnetic Tl at 1.9 K. The bottom-gate voltage is fixed at 0 V. (d) Bottom-gate voltage
dependent hysteresis loop of the magnetic Tl at 1.9 K. The top-gate voltage is fixed at -3.5 V.

2.4. MBE growth of antiferromagnet-T| heterostructure

Antiferromagnets (AFM) do not have macroscopic magnetization, but the short-range
interfacial exchange coupling with neighboring materials does exist when couple this material with
other condensed matters[28, 29, 52]. The integration of Tl and AFM using the MBE technique
allows atomically sharp interfacial engineering and can maximize the proximity and exchange

interaction between the two material systems. The magnetic interaction and its resulted
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modification of the topological surface states brings enormous opportunities to studying T1 in an
exchange coupled system. In the next two sub-sections, we study the growth and preparation of
two AFM-TI heterostructures. One is the Cr.Os-TI heterostructure, the other is the CrSe-TI

heterostructure.

2.4.1. Cr203-T1 heterostructure

Cr203 is a well-studied antiferromagnetic (AFM) material with Néel temperature (Tn)
around 300 K[53]. Its crystal structure is very similar to sapphire and is usually grown on sapphire
substrate using MBE or sputtering technique[54-56]. Looking along the [0001] direction of the
Cr,03 lattice, it is also in hexagonal symmetry which is suitable for TI growth. The spin structure
of Cr203 is also along the [0001] orientation which is parallel/anti-parallel to magnetic TI’s out-
of-plane magnetic anisotropy. The detailed crystal and spin structure of the Cr2Os3 lattice is shown
in Figure 2-14. Besides its AFM property, Cr20z is also a magnetoelectric material in which a
boundary magnetization can be induced and manipulated through a combination of external
electric and magnetic field[57]. This property, if properly utilized, may realize the electrical
manipulation of AFM’s adjacent exchange-coupled ferromagnetic material. The coupling of
electrically controlled boundary magnetization with the topological surface states as well as TI’s

magnetic order may also be interesting.

The Cr203 in our experiment was grown using MBE technique on sapphire(0001) substrate
with a thickness ranging from 40 to 1000 nm. To verify the crystal quality, HAADF-STEM was
performed at the boundary between sapphire and Cr.0s. The interface is atomically sharp with
clear epitaxy signature. To confirm its antiferromagnetism, temperature-dependent neutron

diffraction on the magnetic (10-12) reflection of the Cr.Oz film was performed using the SPINS
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instrument at the NIST Center for Neutron Research within a temperature of 125 K to 350 K. The
result is shown in Figure 2-14(c). By fitting the temperature-dependent curve (shown in Figure
2-14(d)), we are able to determine the thin film’s Tn to be 297.3 K £ 0.3 K which is in good

agreement with its bulk form.
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Figure 2-14 Magnetic and crystal property of Cr.Os grown on sapphire(0001) substrate. (a)
Crystal and magnetic structure of antiferromagnet Cr.0s. (b) HAADF-STEM of the
Cro0s/sapphire interface. (c) Neutron Diffraction measurement of the Cr.O3 (102) peak in the
temperature range from 125 K to 350 K. (d) fitted temperature-dependent peak height suggests a
TN around 300 K.
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The TI growth on the Cr2Os/sapphire substrate was performed in our Perkin-Elmer MBE
chamber. The substrate will first be cleaned ultrasonically with acetone followed by 500 °C
thermal annealing in the growth chamber for 30 minutes. The growth temperature of Tl on Cr203
is at 200 °C and the quality of the TI is monitored by RHEED and later characterized by HAADF-
STEM as shown in Figure 2-15. The HRSTEM-EDX image shown in Figure 2-15(c) also shows
clear boundary with no inter-diffusion between TI and Cr2Os. The sharp interface achieved is
essential for later studies on the exchange coupling effect between the AFM order in Cr203 and

FM order in magnetically-doped TI thin films.
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Figure 2-15 Structural characterization of Cr-doped T1 grown on Cr20s. (a) RHEED pattern
of Cr203 and magnetically-doped TI grown on Cr203. (0))HAADF-STEM image of MTI-Cr.03
bilayer structure. (c) HAADF-STEM-EDX image of MTI-Cr203 bilayer structure.

2.4.2. CrSe-TIl heterostructure

CrSe is an AFM material with hexagonal NiAs-phase as shown in Figure 2-16(a). Its
magnetic structure is rather complicated. Neutron scattering studies suggest that a non-collinear

antiferromagnetic order that features an umbrella-like AFM texture at two sub-lattices. At each
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basal plane, the magnetic order tilts out-of-plane with a component along the [001] or the opposite
crystal orientation and can cancel each other between adjacent layers[58]. Its lattice constant in the
(001) plane is 3.67 A [58] which is around 8% mismatched to GaAs(111)B lattice. To incorporate
such large lattice mismatch and to ensure good thin film quality, we adopted two strategies. The
first one is by limiting the thickness of the CrSe layer on GaAs and the second is by using a two-
step growth method. To grow CrSe on the GaAs(111)B substrate, we first use the same method
that has been discussed in the previous section to pre-anneal the GaAs substrate and lower the
temperature down to 200 °C. The first layer of CrSe is grown at this temperature and the growth
lasts for 600 seconds with a growth rate at 2 A/minute. After the first 2 nm of CrSe growth, the
substrate temperature will be raised to 400 °C and be maintained at this temperature for the
following growth. For most of our samples, the CrSe thickness is limited to below 10 nm. After
the two-step growth, the RHEED of CrSe shows bright streaky pattern and follows the hexagonal
structure of GaAs(111)B. The quality of the CrSe thin film is verified by STEM, neutron
diffraction and X-ray diffraction (XRD) as shown in Figure 2-16. The interface between substrate
and CrSe is atomically sharp with clear epitaxial relationship. The neutron diffraction of 201 and
200 magnetic peaks in CrSe indicate the material’s Néel temperature to be around 273 K which
agrees well with the bulk data[58]. The XRD confirms the NiAs crystal structure of our CrSe thin
film and estimates the lattice constant to be 3.6 A which is in close agreement with previous

work[58, 59].
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Figure 2-16 Magnetic and crystal property of CrSe grown on GaAs(111)B substrate. (a)
Crystal structure of NiAs phase CrSe. (b) Cross-sectional HAADF-STEM image of CrSe grown
on GaAs. (c) Temperature dependent neutron diffraction of the 201 and 200 magnetic peaks of
CrSe indicating a Néel temperature around 273 K. The inset shows the RHEED image of CrSe
after growth. (d) XRD data of the CrSe thin film grown on GaAs shows the NiAs phase of it.

TI growth on CrSe is similar to the growth on GaAs substrate. The growth temperature is
also at 200 °C. The lattice mismatch is larger but the unique van der Waals structure of Tl can
effectively relax the strain and promotes 2D epitaxial growth. However, to grow CrSe on Tl is
harder because it is no longer van der Waals epitaxy growth and the sublimation temperature of
TI (around 300 °C) is also too low to conduct two-step growth. The optimized substrate growth

temperature is around 250 °C and the thickness of the CrSe layer is limited to below 6 nm. In
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Figure 2-17, we show a trilayer structure where a TI layer is sandwiched in between two CrSe
layer (top layer 3 nm in thickness, bottom layer 5 nm in thickness). From the EDX mapping we
can see that the element inter-diffusion is well-controlled especially the Cr atoms that are confined
only in the AFM layer. The interface qualities between the two surfaces are comparable but later
study with isolated TI-CrSe surfaces revealed interesting AFM proximity effect that is related to

the stacking order of Tl and CrSe.

Figure 2-17 Cross-sectional HAADF-STEM-EDX image of the CrSe-(BiSb).Tes-CrSe

trilayer structure. The two CrSe-(BiSh).Tes are all atomically sharp. All elements are confined

within their own material systems with no obvious inter-diffusion.

2.5. Summary of Chapter 2

In this chapter, we introduced the fundamentals of MBE which is the key equipment for
our study. We demonstrate the thin film growth capability of our MBE system including TI on
GaAs substrate, TI on mica substrate and Tl-antiferromagnet heterostructures. The Tl on GaAs

growth has the best epilayer quality among all the substrates and later plays an important role in
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realizing the quantum anomalous Hall effect without additional gate tuning in our magnetically
doped TI thin films. The TI on mica substrate growth provides great insight in terms of how to
realize a double-gate TI device on a widely available substrate. Beyond that, the van der Waals
epitaxy process also provides great T1 quality. We also investigated the possibility of integrating
high quality TI thin films with AFM Cr203 and CrSe. On the Cr.O3 substrate, T1 with similar
quality as the growth on GaAs substrate can be achieved which facilitates the first observation of
quantum anomalous Hall effect on a magnetic substrate that will be covered in Chapter 4. For CrSe
which can be grown in our MBE chamber, we achieved heterostructures including both CrSe and
TI with different stacking orders. This achievement later helped us reveal the unique interface

dependent magnetic proximity effect which will also be covered in Chapter 4.
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Chapter 3

Quantum anomalous Hall effect

As introduced in chapter 1, quantum anomalous Hall effect is the zero-external-field
version of the quantum Hall effect. At quantization temperature, dissipationless chiral edge states
emerge at the sample boundary. Reflected in the transport signal, quantized Hall resistance and
near-zero longitudinal resistance show up when the sample is in the quantized state. The first
working material system to achieve the QAH effect was proposed in 2010 [24] and experimentally
realized in 2013[35]. Thus far, the magnetically doped 3D TI system remain as the only material
system that can demonstrate the QAH effect. This is no surprise to experimentalist because of the
strict combination of requirements that must be met to realize the QAH effect including a robust
out-of-plane ferromagnetic order, a non-zero first Chern number and a large bulk bandgap with
Fermi level sitting inside of it. Since the first observation of the QAH effect, multiple research
groups including our UCLA group are able to reproduce the similar transport signature in Cr-
doped TIs[46, 60, 61]. In our study, we demonstrate the first QAH insulator grown on GaAs
substrate without gate tuning of the Fermi level. The Fermi level of the as-grown magnetic T1 was
positioned inside both the bulk band gap and the surface gap through composition tuning as
introduced in Chapter 2. Beyond the previous report which only shows the QAH effect at the 2D
limit of the system, we demonstrate the QAH effect in the 3D regime and in macroscopic scale.
Through precise control of the sample thickness, we also discovered a metal-to-insulator transition

behavior towards the 2D limit of the magnetic T1. Lastly, we investigated the temperature limiting
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factors of the QAH effect in current magnetic Tl material systems using transport and optical

method.

3.1. Scale-invariant quantum anomalous Hall effect

In the first report of the observation of the QAH effect in magnetic T1 systems[35], the 5
QLs TI thin film was grown on SrTiOs substrate to facilitate the back-gating utilizing SrTiO3’s
giant dielectric constant at cryogenic temperature. It was then hand-scratched into a pm-sized Hall-
bar structure to conduct the transport measurement. Though back-gate adds more flexibility in
terms of initial Fermi level positioning for the as-grown materials, it also brings more complexity
and limits the substrate choice. An as-grown QAH insulator with Fermi-level positioned at charge-

neutral point (i.e., the bulk conduction is minimized) is highly preferred.

As introduced in Chapter 2, we prepared our magnetically-doped Tl on GaAs(111)B
substrate. Through careful composition tuning of the Cr:Bi:Sb ratio for our Cr-doped (BixSb:-
x)2 Tes growth, we were able to optimize it to charge neutral point where no additional gate-tuning
is required to achieve the QAH effect. The TI’s chemical composition determined using EDX is
Cro.24(Bio.3Sho.7)1.76 Tes. The thickness of the Tl thin film is 10 QLs confirmed by monitoring the
RHEED oscillation period as shown in Figure 3-1(a). At this thickness, the T1 is no longer in the
2D limit which is different from the first QAH effect observation. To minimize the possible
damage towards the T1I thin film, the device fabrication process was also minimized: a milli-meter
sized Hall-bar mask was first attached to the surface of the as-grown thin film followed by a single-
step CHFz dry etching with an etching rate around 1 nm/sec. The Hall-bar device is shown in Figure

3-1(b) with an active region at the size of 2 mm x 1mm.
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Figure 3-1 RHEED oscillation and real device image of the QAH sample. (2) RHEED oscillation
indicating the TI thin film thickness of 10 QLs. Inset: RHEED image of the TI thin film. (b) Image
of a2 mm x 1 mm Hall-bar device fabricated using single-step dry etching method. Adopted from

Ref. [46].

Six indium contacts were soldered onto the Hall-bar leads to allow the longitudinal and
Hall resistivity measurement. The sample’s transport property was first measured at 1.9 K in our
PPMS system as shown in Figure 3-2. The coercive field showed up at around 30 K which is
consistent with our group’s previous study in Cr-doped TI systems because of the similar Cr
doping levels[23]. The Hall resistance has already reached 7 kQ a 5 K which is around 27% of the
quantized value (i.e., 25.8 kQ) as shown in Figure 3-2(a). The longitudinal resistance showed

typical two peaks when magnetization reversed as shown in Figure 3-2(b).
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Figure 3-2 PPMS transport measurement of the magnetic Tl thin films. (a) Hall resistance
measurement from 5 K to 40 K. (b) Temperature dependent coercive field size of the thin film. (c)
External magnetic field dependent longitudinal resistance measured at 5 K. Adopted from Ref.
[46].

After verifying the sample quality, the magnetic T1 Hall-bar device was loaded into a
dilution fridge with the capability of cooling samples down to below 100 mK. Theoretically, the
chiral edge state in the QAH regime only flows at the edge of sample with its chirality determined
by the magnetization of the T1 sample as shown in Figure 3-3(d). Such kind of chiral transport
signature indeed showed up at 85 mK as shown in Figure 3-3. The first signature is that anomalous
Hall resistance successfully reached the quantized value at 25.8 kQ as shown in Figure 3-3(a). The
longitudinal resistance also dropped to below 3 kQ. Ideally, this value should drop to a near-zero

value depending on the activation energy gap of the QAH states as well as the temperature. This
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non-zero longitudinal resistance will be discussed more into details later. At a different thickness

of 6 QLs as shown in Figure 3-3(c), we also observed the QAH effect at 85 mK showing that the

QAMH effect can be achieved in the same material system both in 2D and 3D regime.
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Figure 3-3 Observation of the QAH effect in 10 QLs magnetic T1 at 85 mK. (a) Temperature
dependent hysteresis loop of anomalous Hall resistance. The anomalous Hall resistance reached
quantized value at 85 mK. (b) Temperature dependent longitudinal resistance. (¢) A 6 QLs

magnetic T1 sample reached quantization at 85 mK. (d) Schematics of the chiral edge conduction
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in the QAH regime. The current flows from contact 1 to contact 4, and the magnetization of the
Cr-doped T1I film is along the z-direction. Adopted from Ref. [46].

When the anomalous Hall resistance reached the quantized value as temperature was
lowered down to below 100 mK, we noticed the longitudinal resistance also showed a decreasing
trend as shown in Figure 3-4(a). Such residual resistance in the QAH regime was first reported in
the first observation of the QAH effect in 5 QLs magnetic Tl samples[35]. However, in that
experiment, when a large external magnetic field was applied (B >10 T), this residual longitudinal
resistance diminished to almost zero and the system was driven into a near-perfect dissipationless
state. In contrast, when a large external field (up to 15 T) was applied to our 10 QLs magnetic Tl
samples, the residual longitudinal resistance did not disappear. Instead, the resistance remained at
3 kQ over a large magnetic field range as shown in Figure 3-4(b). Obviously, the origin of the
dissipative conduction in our 10 QLs magnetic TI is different from the 5 QLs report because of
the very different magnetic field response. In the meantime, this dissipative term cannot be simply
attributed to the trivial bulk contribution because of the lack of parabolic response which is
commonly seen in metallic systems. One possible origin of this dissipative term in 3D TI regime
is the side surface conduction. In the QAH regime, the top and bottom surfaces of the Tl are fully
gapped because of the out-of-plane magnetization. However, such magnetization direction cannot
open gaps at the side surface in which case the side surface conduction is not chiral and can be
dissipative. In the later study, we conducted a systematic thickness dependent study of the QAH
effect and revealed that this dissipative term might have sample and measurement dependence.

And in thicker magnetic Tls, the dissipative term mostly comes from the bulk band involvement.
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Figure 3-4 Nonzero longitudinal resistance in the 10 QLs QAH system. (a) Temperature-
dependent longitudinal and Hall resistance of the thin film under constant out-of-plane field B = 3
T and 15 T. (b) Magnetic-field-dependent longitudinal resistance up to 15 T. The longitudinal
resistance shows little field dependence when B is larger than 3 T. Adopted from Ref. [46].

A more careful low temperature measurement was conducted on this 10 QLs magnetic Tl
sample by our collaborators[62]. At both positive and negative magnetization, the thin film was
zero-field-cooled down to base temperature as shown in Figure 3-5(a). The tracking of the
longitudinal conductivity oxx versus reciprocal temperature provides the thermal activation energy
of the system. This extrapolation is used as a fitting guide to better know the thin film temperature
rather than relying on the cryostat thermometer reading which might not reflect the true sample
temperature. To achieve the best quantization value, instead of a constant rate magnetic field
scanning at the base temperature, a demagnetization cooling cycle was applied. The detailed steps
are described as follows and illustrated in Figure 3-5(b): Starting from zero external field and
positive T1 magnetization, the field was then slowly increased followed by a long wait (> 2 hours).
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This step allows maximal thermal equilibration between the sample and the cryostat. Then a fast
field magnitude decrease was performed to produce an adiabatic demagnetization effect which
further cooled the sample down. The temperature showing in Figure 3-5(b) which is the inferred
temperature extrapolated using Figure 3-5(a) cooled to 25 mK using this process. The residual
longitudinal resistance was driven to as low as 2 Q. A long re-equilibration is also included after

reaching the lowest temperature and the thin film slowly warmed up to 40 mK.
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Figure 3-5 Temperature dependent longitudinal conductivity and adiabatic demagnetization

cooling. (a) Temperature dependent zero-field cooling at two magnetization status of the TI thin
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film. Inset: an Arrhenius plot of ox as a function of inverse temperature. (b) A demagnetization
cycle involving a slow field sweep to magnetize and a fast field sweep to zero to perform

demagnetization cooling. Adopted from Ref. [62].

3.2. Metal-to-insulator transition in quantum anomalous Hall insulator

In the quantum Hall system, the tuning of the chemical potential across different Landau
levels accompanies the quantum phase transition. Reflected in the transport signal including the
longitudinal conductivity oxx and the Hall conductivity oy, stable points appear at (oxx, oxy) = (0,
ne?/h) where n is the Landau level index. These stable quantized states are connected in a
continuous semicircular trajectory during transitions[63, 64]. When the perpendicular external
magnetic field is large enough to shift the ground Landau level beyond the Fermi level, the
Quantum Hall system will be driven into a quantum Hall insulator state where the
magnetoresistance diverges to an insulating regime when the temperature approaches absolute zero,

but the Hall resistance remains finite and quantized.

In the case of the QAH effect, Wang et al. applied a microscopic network model of
quantum percolation to investigate the universal scaling of the QAH effect plateau transition
around the coercive field[65]. In the QAH regime, the quantized resistance reflected in the Hall
channel and the near-zero resistance reflected in the longitudinal channel is a result of TI’s non-
trivial bandstructure and the exchange surface gap due to magnetic TI’s out-of-plane ferromagnetic
order. Combining these two together, a 3D magnetic Tl becomes a Chern insulator with a non-
zero first Chern number (Cy). Cy is equal to £1 in the QAH state. Additionally, by shrinking the T
thickness, the vertical quantum confinement will also change the band topology and drive the

system into the C1 = 0 insulating state. By precise tuning of the sample thickness, it is possible to
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balance the competition between the hybridization induced insulating behavior and the exchange
gap induced Chern insulator state such that the transition between normal insulator and the QAH

insulator can be observed.

In this study, we carefully tuned the chemical composition of the magnetic Tl grown on
GaAs(111)B substrate which also allows the observation of the QAH effect without any chemical
potential tuning. Specifically, the thin film thickness was fixed at 6 QLs which we found out that
this value generates a hybridization surface gap mo[66, 67]. Following the same Hall-bar
fabrication and measurement schemes (shown in Figure 3-6(a)), we observed the quantization of
the anomalous Hall resistance (Ryy = 25.8 kQ) in this sample up to 260 mK as shown in Figure
3-6(b). A temperature-dependent magneto-resistance Ryx is shown in Figure xx(c). The Ry value
in the saturation region (B > 0.2 T) and its peak value during the magnetization reversal showed
exact opposite trend when the temperature was cooled down from 13 K to 20 mK. The saturation
Rxx continuously dropped to near-zero value as a result of dissipationless edge transport in the
QAH regime. In the meantime, the Ry« peak value during magnetization reversal shows a diverging
trend as summarized in Figure 3-6(d). Such dramatic change during the magnetization reversal at
low temperature leads to a giant magneto-resistance ratio of up to 10%% which is much larger than

any value reported in different quantum Hall and quantum anomalous Hall systems[46, 60, 68, 69].
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Figure 3-6 Quantum anomalous Hall effect in the 6 QLs magnetic TI thin film. (a) Schematic
of the mm-sized Hall bar structure and four-point Hall measurements based on the MBE-grown
magnetic TI thin film. (b) Quantum anomalous Hall results at T = 260 mK. The Hall resistances
are quantized to be + h/e? where the signs are determined by the chirality of the edge conduction.
(c) Temperature-dependent magneto-resistance results. At the coercive fields, the peak of Ryx
quickly diverges at lower temperatures. (d) Temperature-dependent Ryx peak and Ryy extracted
from Figs. 5-13(b) and (c). The anomalous Hall resistance Ryy becomes quantized up to 0.3 K, and
the giant Rxx_peak resolved at 0.02 K is around 380 kQ. Adopted from Ref. [70].

Such diverging behavior during magnetization reversal is a result of phase transition. To
better present the transition, we performed standard resistivity to conductivity tensor conversion

following the relationship below
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Pxx Pyx

= Px =D (3-1)
Prx? + Py Y pax® Py

Gx X

The converted result is shown in Figure 3-7(a) and (b). Two distinctive features show up in
both oyxy and oxx results at base temperature. In the oxy channel, instead of a direct transition between
the two quantized states (oxy = + 1 €%/h), its value will go through an intermediate plateau state
with ayy = 0. In the ox channel, instead of a single peak during magnetization reversal, its value
will drop to a small number right at the transition field which shares the same field position with
the oxy plateau. Overall, we can summarize that during the transition between two QAH states, the
QAMH insulator will go through an insulating state with near-zero oxy and oxx values. Such transport
behavior agrees very well with the theoretical prediction when a trivial hybridization gap is
introduced into the QAH system[65]. The physics behind the QAH insulator to normal insulator
transition can be explained using the multi-domain network model as shown in Figure 3-7(c).
Considering the two surface-gap-generating mechanisms including the non-trivial exchange gap
Awm due to the uniform out-of-plane ferromagnetic order and the trivial hybridization gap mo due
to the vertical quantum confinement, in the 6 QLs magnetic TI, the mo is a constant. In the QAH
regime, the 4w value is at maximum when the ferromagnetic orders are all aligned in the out-of-
plane direction. In the saturation regime of our 6 QLS system, |4w| is larger than |mo|, so that the
first Chern number of the system is £1 which results the single chiral edge state at the sample
boundary. However, during the magnetization reversal, where many upward and downward
domains coexist in a random manner, the Am value will decrease dramatically under the mean field
approximation. When the |4m|<|mo| condition is satisfied, the first Chern number of the system will
be zero meaning a trivial insulator state or we can call it the zero-Hall plateau state specifically for

the QAH system.
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The zero-Hall plateau behavior is not a unique feature in thin QAH insulators, in fact, this
behavior was also observed in the graphene quantum Hall system[68]. It is proposed that the zeroth
Landau level state in the graphene system arises from the lifting of the spin and sublattice
degeneracy[71]. Even though the transport measurement also shows a diverging behavior in
magneto-resistance channel at the zero-Hall plateau and a stable (oxx, oxy) = (0, 0) state, the physics
picture is completely different from the QAH zero-Hall plateaus. In the graphene system, high
magnetic field is required to split a gap of the 4-fold degeneracy, while the trivial gap in the QAH
system is fixed and is related only to the sample thickness which allows the observation of the
zero-Hall plateau at small field. Moreover, the multi-domain network model is completely
different from the graphene quantum Hall system which allows possible future work to engineer

the zero-Hall plateau through magnetic interactions.

Beyond the zero-Hall plateau signature, as suggested by Wang et al.[65], we also studied
the scaling behavior of the QAH plateau transition by tracing the temperature dependent oxy slope

S = (00yy/0H)mqx Which is shown in Figure 3-7(d). The predicted relationship S o T can only

fit the data up to 100 mK with x = 0.22 which is almost one half of the x = 0.42 measured in the
quantum Hall system[72]. The limited temperature fitting range may be due to the involvement of
trivial bulk carriers into the transport signal. The difference between the QAH effect and quantum
Hall effect in terms of the scaling behavior is not clear at this moment. However, it is no surprise
that the two systems behave so differently in details. One key difference between the two is the
“cleanliness”: the magnetic T1 host of the QAH effect is a rather “dirty” system with intentional
doping defects and an average carrier mobility below 1000 cm?/V-s[35, 70]. For the quantum Hall

system, the 2D electron gas’s mobility can easily go above 10000 cm?/V/-s[73, 74].
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Figure 3-7 Quantum phase transition of quantum anomalous Hall effect. (a) Magnetic field-

dependent oyy at different temperatures. Zero Hall plateaus at +Hc are developed between the two
QAHE states up to 0.33 K. (b) Magnetic field-dependent ox at different temperatures. Even when
the film already deviates from the perfect QAHE state at T = 0.33 K, both the zero ayy plateaus and

double-peaked oxx still persist. (c) Schematic representation of the multi-domain network formed

during the magnetization reversal process. The upward yellow arrows and downward green arrows

denote the up and down magnetic domains, respectively. (d) Temperature-dependent transition

slope S = (00 /0H)mq, extracted from (a). Adopted from Ref. [70].
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3.3. Probing the low temperature limit of quantum anomalous Hall effect in

Cr-doped (BiSb).Tes

The quantum Hall effect, which was first observed in two-dimensional electron gas systems,
demonstrates the first example of a quantum state that is topologically distinct from other
condensed matters . Under a strong external magnetic field, the quantum Hall edge states emerging
at the sample boundary exhibit the chiral dissipationless transport nature with a vanishing
longitudinal resistance and a quantized Hall conductance of ve?/h (where v is the Landau level
index). Such a transport signature, if the requirement of high magnetic field can be removed, would
unveil tremendous opportunities in low-power electronic applications[75]. This inspires an
upsurge in searching for a zero-field version of quantum Hall effect for over three decades. One
such version is known as the QAHE[7, 10, 11, 24, 31]. A topologically non-trivial electronic
structure with time-reversal-symmetry broken by magnetic moment instead of an external
magnetic field, is one of the most promising system to host the QAHE. Recently, the QAHE was
demonstrated experimentally in magnetically doped topological insulators (MTIs), e.g.,
Cr/V:(Bi,Sh)>Tes, where the utilization of both the intrinsic strong spin-orbit coupling and the
incorporated long-range out-of-plane ferromagnetic (FM) order give rise to the chiral edge state
with a non-zero Chern number [22, 35]. However, to date, the observation of the QAHE state is
yet limited to extremely low temperatures (below 1 K), even though some host MTIs possess a
Curie temperature above 170 K [76, 77]. As a result, the underlying physics of this temperature

limit has remained to be an open question so far [46, 60-62, 76, 78, 79].

To address this issue, earlier attempts have been focusing on understanding the FM origins

and exploring the possible band structure modifications caused by the magnetic dopants. From the
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ferromagnetic ordering aspect, the presence of superparamagnetic domains and their dynamics are
believed to hinder the formation of a strong FM order in the MTlIs [61, 80, 81]; while from the
band structure point of view, the presence of both the magnetic impurity bands and the bulk
valence band near the Fermi level could also introduce additional dissipative conduction channels,
and hence deteriorate the transport signature of the QAHE [82, 83]. These findings all suggest
sophisticated coupling mechanisms among the SOC, FM ordering, dopant profile, and film
structure in realizing the QAHE [84]. Consequently, a QAHE platform in which all these key
parameters can be manipulated individually is of great demand prior to pushing the limit of the
QAHE towards room temperature. In this work, a set of MT] thin films are prepared with a wide
tuning range of thickness and doping profile, with which the limiting factors to the onset of the
QAHE can be systematically investigated. An intricate interplay between the FM order and the
band structure is demonstrated by investigating the quantum transport signature, activation
behavior, magneto-optic response, and the QAHE phase transition diagram. The activation
behavior of the QAHE is found to be closely related to the gap between the Fermi level and its
nearest bulk/impurity band edge. The tracing of such gap in samples with various thicknesses and
the external magnetic field points to different origins of temperature limiting factors. More
importantly, this QAHE activation gap can serve as a benchmark of the QAHE and provide a guide
for searching high temperature QAHE material and heterostructures towards robust and functional

QAHE states.

3.3.1. Global phase diagram of QAHE in various thicknesses

Using an optimized MT] thin film growth procedure established from our previous work

[46, 70], a set of high-quality (Cro.12Bio.26Sho.62)2Tes samples with film thickness ranging from 6
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QLs to 10 QLs were epitaxially grown with the Fermi level positioned inside the surface magnetic
exchange gap without additional gate tuning. We first tested all the samples at 1.9 K in the PPMS
system to make sure a large percent of anomalous Hall resistance quantization which is a very
effective screening method to gauge the sample quality and the Fermi level position. Both

longitudinal and Hall resistance data are shown in Figure 3-8.

59



Ry

Ry(©)

Figure 3-8 Hall measurement at 1.9 K. Hysteresis loop of Ry and Ryx of 6 QLs MTI (uniform
doping/high uniform doping/modulation doping), 8 QLs MTI and 10 QLs MTI measured at 1.9 K
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temperature is set at 20 mK, all three samples exhibit a fully-quantized hall resistance (pyx = +h/e?)

at zero magnetic field, highlighting the realization of QAHE.

Strikingly, the detailed quantum conductance and topological phase transition obtained
exhibit distinct features among the three samples. Specifically, at the extreme two-dimensional
limit, i.e., the 6 QLs MTI sample, the top and bottom surfaces will strongly hybridize, resulting in
the topological quantum phase transition between the +h/e? states (i.e., with Chern number C=+1
respectively) [65]. As discussed in our previous work [65, 70], the surface hybridization gap due
to the quantum confinement of the 6 QLs MTI sample would compete with the magnetic exchange
gap, whose magnitude is determined by the FM order. Accordingly, when the FM moment strength
is minimized during the magnetization reversal, the dominant hybridization gap would give rise to
a topologically trivial insulating state with C = 0. Experimentally, this emergent topological
quantum transition is shown in Figure 3-10(d) and 1(g), where ox of the 6 QLs sample goes
through two peaks separating the C = £1 and 0 states (all of which have zero oxx value), and oyy
develops zero-conductance Hall-plateaus at C = 0 between the +h/e? states during each sweep (the
orange/blue colored traces represent the different field sweep directions). Here, it is noted that the
C = 0 insulating states exhibit resistance values over 10 MQ as shown in Figure 3-9 which is by

far the most insulating state reported in the QAHE systems [24, 25].
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Figure 3-9 Longitudinal resistance versus external field in 6 QLs MT]I. During transition, the

peak resistance reaches above 10 MQ.

Furthermore, the insulating state (oxy, ox) = (0, 0) is found to be present across a wide
magnetic field range (i.e., ~0.2 T) which not only manifests the unique metal-to-insulator
switching of the QAHE state in the two-dimensional limit [70], but also offers the opportunity for
searching exotic critical quantum phases, for instance, the chiral Majorana edge modes in the
QAH/superconductor hybrid system between C = £1 and C = 0 states [85, 86]. On the contrary, in
thicker MTIs where the hybridization gap becomes negligible, the system is always topologically
non-trivial with Chern number C = £1. Such a scenario is demonstrated in both the 8 QLs and the
10 QLs samples, where a sharp transition between the +h/e? and the —h/e? edge states takes over
in the QAHE hysteresis loop without the presence of any intermediate insulating states, as shown

in Figure 3-10(e-f) and (h-i).

62



By achieving the QAH states across a wide thickness range, we can complete a thickness-
dependent QAH phase diagram. As highlighted in Figure 3-10(Kk), the (oxy, oxx) plot of the 6 QLS
MTI sample follows a double semicircular transition which continuously connects the (xe%/h, 0)
and (0, 0) states, while the 8 QLs and 10 QLs samples only exhibit two stable states at (+e?/h, 0).
More importantly, under the fixed magnetic sweeping speed (0.1 T/min), the 8 QLs film shows a
single-domain behavior where the transition between the two quantized »=%1 states is fast with
only a few discrete (oxy, oxx) points located along the meta-stable transition route; on the contrary,
the (oxy, oxx) plot of 10 QLs sample displays a more continuous feature and the transition loop is
found to be slightly deviated from the perfect semicircle contour, which may suggest the presence
of additional dissipative conduction path (given that the 10 QLs film may possibly have the largest
bulk contribution). Interestingly, we notice that when the quantum confinement dominates in the
ultra-thin MTI film (i.e., 5 QLs), the hybridization gap will simply drive the host QAHE system
into a topologically trivial insulating state regardless of the external magnetic field [28-30]. Under
such circumstances, the 5 QLs phase diagram reduces to a single point where axy and oxx both are
equal to zero corresponding to the fact that the Fermi level rests inside the trivial surface and bulk
gap. In short, the thickness-dependent QAHE results, along with the corresponding QAH phase
diagram shown in Figure 3-10(k), signify the importance of film thickness (or equivalently, the
magnetic exchange gap and hybridization gap), thus implying the possibility to enhance the QAH
temperature and manipulate QAH states via structural engineering, for which we will discuss in

Section 3.3.4.
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Figure 3-10 QAHE realized in different thicknesses of MTIs. Curves in red indicate the
magnetic field sweeping from the positive to the negative direction and blue curves indicate the
reverse trace. (a-c) Hall resistivity versus external magnetic field for samples with thicknesses of
6 QLs, 8 QLs and 10 QLs, respectively. All samples show Hall resistivity quantized at +h/e? at
zero magnetic field. (d-f) Longitudinal conductivity for the same set of MTIs. At zero magnetic
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field, 8 QLs and 10 QLs of MTI show vanishing longitudinal conductivity, yet the 6 QLs MTI
shows a split double-peak behavior around the coercive field and non-zero longitudinal
conductivity. (g-i) Hall conductivity for the same set of MTIs. At zero magnetic field, 8 QLs and
10 QLs MTI show quantized oy at €*/h. The 6 QLs MTI (g) shows zero-Hall-plateaus at coercive
field and deviation from perfect quantized +e?/h when the external field is approaching zero. (j)
Schematic drawing of the MTI samples. (k) Global phase diagram of the QAHE for MTIs’
thicknesses range from 5 QLs to 10 QLs. For 5 QLs MTI, the hybridization gap dominates the
system and drives it into a trivial insulator. For 6 QLs MT], the competition between hybridization
gap and exchange gap during transition forms a unique double-semicircle transition curve. For 8

QLs and 10 QLs sample, the phase transition only happens between the C = +1 states.
3.3.2. QAH activation gap

In both integer and fractional QHE, the activation energy scale, which is usually extracted
from the temperature-dependent oxx plot, has been widely used to determine the robustness of such
quantum state against thermal fluctuation [69, 87, 88]. Sharing the same topological nature [89],
the QAH activation gap (4) also carries similar information as its quantum Hall effect counterpart,
hence it can be investigated by using the same approach. Application-wise, this activation gap size,
which serves as a benchmark parameter, dictates the viable temperature range to utilize the
dissipationless nature of QAH states. Inspired by the unique thickness-dependent QAH transport
behaviors obtained in Figure 3-10, we further traced the QAH activation gap in these MTI thin
films with different magnetic-field responses to better understand the underlying mechanisms, as

well as to probe the possible temperature limiting factors. In particular, we attempted to use a

single-activation-gap Arrhenius equation o,, = g, - exp (—ﬁ) to fit the data, yet only
B

succeeded in the high field regime in the 6 QLs MTI sample, as shown in Figure 3-11(a).

Alternatively, when the external field was smaller than 0.15 T, an additional dissipative
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conductivity term o1 that does not follow the Arrhenius equation had to be included to fit the data

such that,

A.
Gue= ) or-exp(— 1) =0 3-2)
i=01 B

In contrast, the quantum Hall effect activation behaviors can always be described by one or few
activation energies which follow Arrhenius equation in either graphene, oxide material or two-
dimensional electron gas systems [88, 90-92]. Meanwhile, both 4o and o1 have a strong field
dependence where the increase of the applied magnetic field results in a larger activation gap and
a smaller dissipative component, as depicted in Figure 3-11(d) and (). Therefore, we may conclude
that to drive the system into a near-perfect QAH state with minimized o1, an additional external
field (> 0.15 T) is required to suppress the dissipative channel caused by the weak ferromagnetism

and existence of superparamagnetism in the 6 QLs sample, as we will elaborate in Section I11.

On the other hand, when the thin film thickness is beyond 6 QLs, the activation feature
dramatically changes. As compared with the 6 QLs sample, the activated conduction behaviors of
both the 8 QLs and 10 QLs samples always include both the dissipative conductivity o1 across the
entire magnetic field range (0 T to 5 T), as shown in Figure 3-11(d). More interestingly, unlike the
6 QLs case, the magnitude of o1 in thicker MTI samples are found to gradually increase under
larger magnetic field, hence implying a different origin of the dissipative channel rather than the
unstable ferromagnetism, as illustrated in Figure 3-11(d). In fact, such phenomenon is commonly
observed in metallic systems where the positive magneto-resistance background is related to the
Fermi level crossing the trivial band edges. Besides, it is noted that our results agree well with the
recent ARPES study [82] focusing on the band structure near the Dirac-point of the MTI, which

showed the overlapping of the nontrivial surface band with the trivial bulk valence band.
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In the meanwhile, as summarized in Figure 3-11(e), the QAH activation gaps 4o in the cases
of 8 QLs and 10 QLs MTIs are both negatively related to the external magnetic field, which are
opposite to the 6 QLs scenario. Such field-dependent feature highlights the pronounced splitting
of the bulk valence band under high magnetic field in the thicker MTI samples [93]. In general,
magnetic dopants can induce an energy splitting between up and down spins, which has been well
studied in diluted magnetic semiconductors[93, 94]. This splitting comes from the combined effect
of the on-sight exchange energy and the Zeeman energy given by the applied field. The MTI
system, without considering its topological property, also falls in the category as a diluted magnetic
semiconductor system[95]. Such band splitting can impact MTI’s transport properties if they are
included in the thermal window. As shown in Figure 3-11(f), in the case of 6 QLs, the bulk-band
splitting does not strongly impact the transport since they are pushed away from the surface bands
due to the vertical quantum confinement. However, beyond 6 QLsS, the band edges are closer to
the Fermi level, and the activation gap 4o may be strongly modulated. An increase in the applied
field can enlarge the spin splitting, and therefore Ao decreases. Furthermore, we need to point out
that the 8 QLs sample shows almost five times larger activation gap and one order of magnitude
smaller dissipative term than the 10 QLs sample. This dramatic difference again manifests the
critical thickness limiting factor in the (Bi,Sb).Tes based QAH system where the inevitable

increased bulk contribution finally prevents QAHE in even thicker MTI samples.
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Figure 3-11 Field dependent longitudinal conductivity and activation behavior in different
thicknesses of MTI. (a-C) oxx as a function of inverse temperature for 6 QLs, 8 QLs and 10 QLs
MTIs with modified Arrhenius fit (details in text) under different external magnetic field. (d-e)
Magnetic field dependence of parallel dissipative conductivity (c1) and QAH activation energy
(40) of the 6 QLs, 8 QLs and 10 QLs MTIs extracted from (a-c) using modified Arrhenius fit. (f)
Schematic drawing of band structure around Dirac point for thickness equal (Left) and larger to 6
QLs (Right). The shifted bulk band edge and its relative position with Fermi level explains the

different magnetic field effect on activation energy for MTIs with different thicknesses.
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3.3.3. Magneto-optic Kerr effect

The above transport experiments of the 6 QLs MTI sample revealed the importance of
MTT’s ferromagnetism in reaching full quantization. Unlike the 8 QLs and 10 QLs MTI samples,
it is noted that the conductance oxx and oxy of the 6 QLs MTI deviate from the quantized value
before the external field approaches zero, as shown in Figure 3-10(d) and (g). Therefore, the need
of an additional small external field to realize full quantization may imply the existence of soft
magnetic order in the 6 QLs MTI sample. To directly address this point, we further performed
MOKE measurements on one of our 6 QLs MTI samples. The magneto-optical setup is constructed
with a loop-less fiber-optic Sagnac interferometer for better sensitivity, which can accurately
measure time-reversal-symmetry breaking event down to 10 nano-radians [96]. Figure 3-13(a) and
(b) summarize both the temperature-dependent Kerr rotation angle and the anomalous Hall
resistance Ryx results which are taken simultaneously. It is observed that the magnetic hysteresis
behavior revealed by both results are highly consistent across a wide temperature range (70 mK-
28 K) in terms of the coercive field size. Yet we need to emphasize the major difference between
the two sets of data: when the system temperature decreases, the up-ramping of magnetic field
quickly drives the Kerr signal to a saturation value around 107 rad that almost remains the same
for up to 4.3 K as shown in Figure 3-13(a)(i.e., indicating the magnetization of the MTI sample is
fully saturated); in contrast, the Ryx value will not reach the quantized h/e? value until T < 700 mK
as shown in Figure 3-13(b). This finding may suggest that the robust macroscopic ferromagnetic

order alone does not necessarily guarantee the dissipationless quantum transport in our MTI system.

As mentioned in Section Il, we have identified the presence of a dissipative conductivity

ol when the applied magnetic field is smaller than 0.15 T and related this term to the weak
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ferromagnetism in the 6 QLs MTI. More importantly, in Figure 3-13(a) and (b), it is also noticed
that the coercivity nearly vanishes above 12 K even though there is still a noticeable magnetic
moment. Along with the quantization deviation shown in Figure 3-10(d) and (g), the above
observations provide evidence of superparamagnetism’s existence in the sample, which is often
observed in a low dimensional magnetic system[97, 98]. To further justify our argument, we
conducted a series of measurements tracing both temperature-dependent Kerr signal and Ryx
signals by using different field cooling/warming schemes as shown in Figure 3-13(c-f). In the
linear-scale plot, Figure 3-13(c) and (d), the temperature-dependent Kerr rotation signal during the
field cooling (uoH = 400 mT and 12 mT) process does not follow classic Curie-Weiss type of

spontaneous magnetization behavior as a typical ferromagnet as shown in Figure 3-12[99].
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Figure 3-12 Comparison between MTI’s ferromagnetism with typical ferromagnet. Reproduced
Figure 3-13(a)(left) added with a qualitative curve (black dashed line) showing a typical
ferromagnet’s zero-field-warming curve and the Kerr rotation of SrRuOz during zero-field

warming(right).

The evident discrepancy between the two field-cooling curves (red and green in Figure

3-13(c) and (d)) acquired under different magnetic fields suggests that the magnetism of 6 QLs
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MTI is not strong enough to yield a robust order without the assistance of external field. More
remarkably, during the succeeding zero-field warming process (step Il curve in Figure 3-13(c) and
(d), respectively), such anomaly in ferromagnetism in the 6 QLs MTI becomes more pronounced
according to the following two observations. First, the deviation from the saturation magnetization
starts as early as 400 mK (blue trace in Figure 3-13(e) and (f), T=400 mK is highlighted with
dashed line) which is almost two orders of magnitude lower than MTI’s perceived Curie
temperature (~20 K). In addition, the zero-field warming curves for Kerr and Ryx signal go to near-
zero when the base temperature reaches above 14 K. It may be attributed to the spin relaxation due
to the competition between the magnetic anisotropy energy KV (K is the magnetocrystalline
anisotropy constant, V is the nanomagnet volume) versus the thermal fluctuation energy kgT, as
the origin of superparamagnetism [100]. Secondly, we observed a rather abnormal sign change of
both the Kerr rotation signal and the Hall voltage during the zero-field warming process within the
[4 K, 10 K] regime. The reason of such magnetization flipping at elevated temperature is not clear
yet, but it has also been observed in some magnetic systems with complicated spin configurations
[101, 102]. The effect arising from the antiferromagnetically coupled Cr/Sb and Te moment
identified using X-ray magnetic circular dichroism technique [103, 104] might participate in this

phenomenon, which requires further investigation.

To conclude this part, for the 6 QLs uniform-doped MT]I, this magnetic anisotropy energy
when converted to temperature (Tkv), should be much lower than the Curie temperature Tc given
that the onset of QAHE happens only at T < 700 mK. As a result, superparamagnetic domains may
form inside the film [81] over a relatively wide temperature range, and the misalignment of such

domains may account for the small QAHE activation gap 4o as well as the parallel dissipative
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conductivity oz in the hybridized 2D MT]I system. Therefore, to solve this problem, major effort

should focus on improving MT]Is with not only more robust but more uniform ferromagnetic order.

Optical Data

Transport Data

(b)

|
|
|
|
T I T T T
1.0} |
|
. 05fF |
he]
e [
= oo 4
5 |
5 1
05 |
.‘.‘.l-"t!! el l
1.0c10” EEMESIRRGONIS ] I
04 0.2 0.0 0.2 0.4 |
uoH(T) '
|
1 (d)
(c) 1.2x10° T T T T | d 3.0x10 T T T T T
10 —— 1.0.4T Field Cool | 25 ~— 1. 0.4T Field Cool <
= |I. Zero Field Warm = |I. Zero Field Warm
osl ~— 1Il. 0.012T Field cool _| | 20k —— 11l 0.012T Field Cool |
. 3 N
Temperature in 8 osl § : o 1sf .
Linear Scale = =
E 04 - | o 10F .
02 -1 | 05 —
0.0 | 0.0
0.2 1 W| 1 ! | 05
0 5 10 15 20 25 30 I 0 5 10 15 20 25 30
Temperature(K) | Temperature (K)
|
(e) 1.2x10° T | (f) 3.0x10° T T T
== H
1.0 - I 251 : g
_ o8| 4 : 20f 4
. o —
Temperature in 8 osf i | g st i
= — 1. 0.4T Field Cool J<
Log Scale E 041 __|i. Zero Field Warm | D:h 10F — :I OZ.A.T Flflfd%c’l 7
— [l — ero rel arm
02l I11. 0.012T Field cool I 05F — 1 o012 Field ool i
|
0.0 0.0
02l PR BT | P .....\4 N I 0.5Laass 1 a4l P ..,w
4 6801 2 4 651 2 4 5810 2 I 4 6801 2 4 EB1 2 4 5910 2
Temperature(K) | Temperature (K)
|
|

Figure 3-13 Concurrent magneto-optic Kerr effect and transport measurements of 6 QLS

MTI. The magneto-optic setup is enhanced by Sagnac interferometer. (a, b) Hysteresis loops

of Kerr rotation angle and Hall resistance at different temperatures. The ferromagnetic behavior of

6 QLs MTI disappears at 27 K. (c, d) Kerr rotation angle and Hall resistance under different field

cooling and warming schemes. Under zero field warming, both Kerr rotation angle and Hall
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resistance undergo a sign flipping during the process indicate an unstable ferromagnetism inside
this 6 QLs MTI. (e, f) Re-plot of (c) and (d) by using log-scale for temperature. The expansion of
low temperature data reveals the saturation of the Kerr rotation angle and the Hall resistance occurs
at a much lower temperature regime (<400 mK) than the Curie temperature which indicate another
temperature scale that is related to 6 QLs MTI’s ferromagnetism and superparamagnetism

observed.

3.3.4. Towards high temperature and functional QAHE

So far, we have identified two methods which may help to increase the QAH gap, namely
the uniform single-domain ferromagnetic texture and the minimized dissipative bulk conduction
channel. For the case of thicker MTI films, the realization of the QAHE is limited by the intrinsic
band structure (i.e., the small thermal window between the Fermi level and the bulk valence band
as shown in Figure 3-11(f)). Therefore, in order to enlarge the thermal window, additional
elemental doping (e.g., Sn or S [105, 106]) are required to modify the bulk valence band. However,
the involvement of such high vapor pressure elements would inevitably make it more difficult to
precisely control the chemical composition of the MTI sample during sample growth [70].
Alternatively, as we demonstrated in Section Il, the 2D MTI system turns out to be a better
platform for the pursuit of high-temperature QAHE, since the parallel bulk conduction is
minimized and the dissipative conductivity o1 (due to the multi-domain and superparamagnetic
texture) can be suppressed with the assistance of the external magnetic field. Accordingly, to
further stabilize the magnetic domain and to increase the QAHE exchange gap 4o at zero magnetic
field, we introduce structural engineering on the 2D MT]I system by modifying the dopant profile

in the 6 QLs MT]I candidates.
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To experimentally validate the above proposal, we prepared two additional 2D MTI
samples with different structures: one is a uniformly-doped 6 QLS (Cro.16Bio.25Shos9)2Tes with
higher Cr doping of 16%; the other one is a trilayer structure sample where both the top and bottom
surfaces (i.e., with the thickness of 1 QL) are heavily-doped by Cr (~24%) while the bulk 4 QLs
remains as the (Cro.12Bio.26Sho.62)2Tez composition, as illustrated in Figure 3-15(a). It is found that
the higher uniform Cr-doping MTI showed similar transport behavior as the one with original
recipe as shown in Figure 3-15(d). In contrast, for the trilayer modulation-doped MT], the activated
conduction plot shown in Figure 3-15(b) is governed by the single-gap picture without the presence
of the dissipative o1 contribution even at zero magnetic field. More significantly, the measured
QAMH activation gap 4o= 80 peV is more than 4 times larger than the uniform MTI counterpart at
zero field, and is almost insensitive to external magnetic field, as highlighted in Figure 3-15(c).
Concurrently, the longitudinal and hall conductance in this trilayer 6 QLs MTI sample perfectly
quantized at (ox, oxy) = (0, £h/e?) at zero field as shown in Figure 3-14, hence manifesting the

formation of a robust intrinsic ferromagnetic order.
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Figure 3-14 Hysteresis loop of Hall and longitudinal conductance of trilayer doped 6 QLS
MTI measured at 20 mK.

Here, we need to point out that the onset of the QAHE in the trilayer sample is still around
T =1 K due to the relatively small magnetic exchange gap, (Indeed, several studies suggested the
inhomogeneity of magnetic dopants could effectively smear out the exchange gap [107, 108]).
Nevertheless, the use of the trilayer configuration by structural engineering unveils an effective

way to drive the occurrence of the QAH state towards higher temperature.

In addition, it is also noted that while a more robust remnant quantized state in the
modulation-doped 6 QLs MTI films was achieved, the flat zero-Hall plateaus have narrowed down
to 0.04T, as shown in Figure 3-15(d). As discussed above, the exchange gap by modulation doping
effectively modulates the relative strength between Av (exchange gap size) and mo (hybridization
gap size) especially during the magnetization reversal process where the filling factor C is related

to parameters as [65]:

75



Ap
C=1lAnl’
0, for |Ap| < [mg|

The size of the zero-Hall plateaus is a key factor to successfully observing the chiral
Majorana edge mode. By using different doping profile, we are able to control the width effectively.
Consequently, such doping strategy can serve as an additional degree of freedom to control the

chiral Majorana edge mode based on the MTI/superconductor heterostructure [86].
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Figure 3-15 Structural engineering and tunable zero-hall plateaus in 6 QLs MTI samples. (a)

Schematic drawing of the trilayer 6 QLs MT] structure with heavy Cr-doping at top and bottom

surfaces. (b) oxx as a function of inverse temperature for the trilayer 6 QLs MTI sample at different

external magnetic fields. The Arrhenius fitting does not need the use of extra dissipative term. (c)

Comparison of the QAH activation energy versus external field between trilayer MTI and

uniformly doped MTI. The trilayer QAH activation energy shows much less field dependency,
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manifesting a more robust ferromagnetism. (d) Hysteresis loop of oxx for the 6 QLs MTIs samples
using three different doping profiles. The widths of zero-Hall-plateaus in these samples vary

greatly due to the doping engineering.

3.4. Summary of Chapter 3

In this chapter, we investigate the scale-invariant property of the QAH effect in thick
magnetic Tl samples and in milli-meter sized devices. The dissipationless chiral edge states and
quantized Hall resistance showing at zero magnetic field demonstrate the unique advantage of this

physical phenomenon towards low-dissipation electronics and spintronics.

In addition, by introducing vertical quantum confinement into the thin film system utilizing
the advantage of MBE growth, we observed the intricate interplay between magnetic field and
band topology. The accurate thickness control of the magnetic T thin film facilitates the successful
observation of metal-to-insulator transition in the QAH systems. And we find out that though the
QAMH effect shares the same topological nature with the quantum Hall effect, the detailed physical
origins are very different. Specifically, in the zero-Hall plateau phenomenon observed both in the
graphene quantum Hall system and the magnetic TI QAH system, the transport signature indeed

looks similar, the microscopic details are different.

We have also studied the temperature limiting factors of the QAH states by quantitatively
investigating the quantum transport behavior across a wide range of thickness and doping of MTI
as well as their magneto-optic response. We showed that in the hybridized 2D limit (6 QLS), the
QAH temperature is mostly limited by the formation of superparamagnetic states. By introducing

proper modulation doping of Cr element, we successfully enlarged the exchange gap and stabilize
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the ferromagnetism near zero field. However, the QAH gap size is still limited to around 1K. We
believe that the small gap-size problem cannot be fully resolved by increasing the doping level
alone. Because firstly magnetic doping is capped by solubility limit; and secondly the associated
decrease in SOC when Cr substitutes the heavy element (e.g., Bi or Sb) in MTI will restrict the
upper bound of magnetic doping. Beyond the doping level limit, the statistical random fluctuation
of magnetic dopant is also inevitable in MBE as well as any other low temperature epitaxy
technique. This effect greatly limits the global non-trivial exchange gap size which explains the
experimental discrepancy between the local 30 meV mass gap measured by scanning tunneling
microscopy [109, 110] and a much smaller average activation gap size measured using transport
method. On the other hand, for thicker MTI samples (8 QLs and 10 QLs) with more robust
ferromagnetism, the QAH state is governed by the bulk effect and the activation gap size is
vulnerable to the vicinity of the Fermi level to the bulk valence band. As a result, the onset

temperature of the QAHE did not exhibit clear advantage over the 2D MTI samples.

Based on the results presented in this work, to further increase the QAH gap as well as its
occurring temperature, here we propose two approaches. Internally, we could dope extra element
that fulfills any of the following criterion: 1. element that introduces large SOC; 2. element that
promotes long range coupling of the existing magnetic dopants; 3. elements that can suppress the
side valence band near the Dirac point. Externally, we could interface highly ordered
ferromagnetic or antiferromagnetic insulator to counter the inhomogeneity issue and raise MTI’s

ordering temperature through effective exchange interactions[27, 111].

Beyond the QAHE observed in current material system, we demonstrated the importance
of structural engineering to functionalize the QAH states, especially for the study of the chiral

Majorana edge mode and axion insulators[112, 113]. By optimizing the thickness and doping
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profile of MTI, we could control the width of the quantized hall plateaus that adds an additional
dimension to manipulate the chiral Majorana edge states which can be potentially utilized in fault-

tolerant topological quantum computations.
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Chapter 4
Topological insulator antiferromagnet

heterostructures

4.1. Quantum anomalous Hall insulator/Cr.03 heterostructure

The recent realization of the quantum anomalous Hall effect in magnetically-doped 3D Tls
opens new possibilities for realizing dissipationless edge states without the application of an
external magnetic field[24, 35]. With the introduction of magnetic dopants, the time-reversal
symmetry of the topological surface states is broken, and the resulting magnetic exchange gap has
led to a series of exotic physical phenomena[114-116]. Meanwhile, the engineering of Tl-based
magnetic heterostructures has greatly broadened the research areas and capability as the interfacial
discontinuities in the topological or magnetic order yield a complex energy landscape which
enables deterministic manipulation of the constituent materials[28, 117]. For example, the
integration of a QAH insulator with a superconductor leads to the chiral Majorana edge modes|[85,
86], and the growth of multi-layer QAH insulator layers spaced by the normal insulator CdSe
results in an artificial high Chern number QAH insulator[118]. Currently, while most functional
heterostructures have mainly focused on the control of the topological nature of the QAH insulator,
the use of magnetic couplings in such hybrid systems to manipulate the QAH state has still

remained unexplored. In the quest towards realizing a magnetic or antiferromagnetic
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heterostructure based on a QAH insulator, there are two major challenges: Firstly, the material
must be highly insulating to avoid current shunting effects. Secondly, the critical growth
requirements for achieving the QAHE mandate that the selected magnetic material must be
compatible with the QAH insulator, especially when it serves as the substrate. In addition, it is
highly desirable that the adjacent magnetic layer would enable the effective manipulation of the
magnetic or topological order in the QAH insulator, either through direct interface exchange (e.g.

exchange bias) coupling or via magnetoelectric effect.

To address the above points, one potential candidate is Cr.Os, an antiferromagnetic
insulator with Néel temperature (Tn) around 300 K[53]. As introduced in Chapter 2.4.1, we are
able to prepare high quality TI/CrOs/Sapphire(0001) heterostructures using MBE growth
technique. Given our previous experience of the Cr:(Bi,Sh).Tes growth on the Al.03(0001)
substrate[111], the realization of the QAH insulator on Cr20s is also possible. Furthermore, Cr.03
is also known as a magnetoelectric material in which a net magnetic moment can be induced by
applying an electric field. Such phenomenon, if properly utilized, can electrically manipulate the
magnetic states of an adjacent exchange-coupled ferromagnetic material, thereafter enabling the

electric-field controlled exchange bias[57, 119].

In this study, the MTI1/Cr203 heterostructure exhibits the QAHE at low-temperature where
dissipationless chiral edge conduction is achieved. In addition, by using the field cooling and
depth-sensitive polarized neutron reflectometry techniques, we reveal the presence of exchange
bias in the system as a result of strong interfacial exchange coupling. This work provides a new
platform to study the interaction between quantum anomalous Hall insulator and antiferromagnet
and unveils enormous opportunities for functionalizing and manipulating the quantum anomalous

states through coupling with antiferromagnetic order.
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4.1.1. Observation of QAH effect in MTI1/Cr203 heterostructure

Most QAH insulators are currently grown on traditional semiconductor substrate (e.g., InP
and GaAs[46, 120]) to achieve the best thin film quality, or on complex oxides (e.g., SrTiO3[76])
to gain control of the thin film’s chemical potential through back-gating. After careful tuning of
the growth recipe, we successfully achieved high quality MTI on top of the (0001) Cr203/Al;03

substrate.

After the sample growth, standard milli-meter sized Hall-bar device was fabricated. The
device was then loaded into the dilution fridge with indium contacts attached to the device to allow
transport measurement. As illustrated in Figure 4-1(a-b), when the sample is cooled down to 20

mK, the Hall resistivity reaches the quantized state at p,,, = 1 h/e? and the longitudinal resistivity
dropped to below 0.1 h/e?. Using conductance tensor conversion to convert resistivity to
conductivity, we can obtain the quantum phase transition as shown in Figure 4-1(c) where the semi-
circular relationship of the conductance plot (crxy, axx) continuously connect the two quantized
points at (axy, axx) = (+e?/h,0), again manifesting the quantum transport feature of the QAHE

[70].
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Figure 4-1 Realization of QAHE in MTI1/Cr203 heterostructure. (a) Magnetic field dependent
quantized anomalous Hall resistance. (b) Magnetic field dependent longitudinal resistance. (c)

Phase transition when sweeping the external field.

(a-b) Hall and longitudinal resistivity of an MTI/Cr.Os Hall-bar measured at 20 mK, Hall
resistance reached 1 h/e?. (c) Evolution of longitudinal conductivity o, Vversus Oxy When

magnetic field was sweeping between two saturation states (+2 T and -2 T). The semicircular flow

between (e?/h, 0) points on the graph shows the quantum Hall states transition.

4.1.2. Exchange bias effect in MTI1/Cr203 heterostructure

In order to understand the magnetic interaction between the two material systems, we
performed exchange bias measurement. In a QAH insulator/Cr20s structure, we performed a series
of magneto-transport measurements under different field cooling conditions. In particular, the
sample was first warmed up to 320 K (i.e., above the Tn of Cr.03 of 297 K), at which point a
perpendicular magnetic field ranging from +3 T to -3 T was applied followed by cooling to 1.45
K. Once the base temperature was reached, anomalous Hall measurements were performed to
capture the hysteresis loop shift due to exchange bias. As shown in Figure 4-2, the hysteresis loop
of the QAH insulator under different field cool condition surprisingly exhibits no obvious

exchange bias.
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Figure 4-2 Hysteresis loops of QAH insulator/Cr20s3 heterostructures after different
magnetic field cooling. (a) Full loop scan. (b) Expanded version of (a) to highlight near-zero

exchange bias in this structure.

For comparison, we grew several MTIs on Cr203 with the same thickness but away from
the optimized element ratio so that the Fermi level does not reside in the exchange gap of the Dirac
cone, and as a result these films do not achieve quantization, as exemplified by a such smaller Hall
resistance at 1.9 K in Figure 4-3(a). The exchange bias field for both the QAHI/Cr,03 and the non-
quantized MTI/Cr203 are extracted by subtracting the zero-field cooled hysteresis loop center

position from the field cooled ones and presented in Figure 4-3(c).
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Figure 4-3 Exchange bias effect in non-quantized MTI1/Cr20s3 heterostructure. (a) Hysteresis
loops of the non-quantized MTI/Cr.03 heterostructure after different magnetic field cooling.
Positive field direction is defined the same as the thin film growth direction. (b) Expanded version
of (a) to highlight the exchange bias effect. (c) Summarized exchange bias magnitude in Figure
4-2(a) and Figure 4-3(a): No obvious exchange bias is observed in the QAH insulator/Cr.Oz while

a clear positive exchange bias is observed in the non-quantized MTI/Cr203 structure.

Here, we need to point out that although similar field-cooling measurements were
performed, we observed large variations in terms of the exchange bias effect among these non-
quantized MTI/Cr.O3 samples. Specifically, while two samples do exhibit exchange biased
hysteresis loops as shown in Figure 4-3 and Figure 4-4(c), the magnetic hysteresis loops remain

almost symmetric under different field-cooling conditions in two other samples, as highlighted in
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Figure 4-4(a) and (b). More strikingly, it is noted that the established exchange bias fields of both
samples presented in Figure 4-3 and Figure 4-4(c) shows the same sign with the applied magnetic
field as illustrated in Figure 4-4(d). That is called positive exchange bias namely when a positive
field is applied, the hysteresis loop shifts to the positive field direction, and vice versa. Such
positive exchange bias is usually a result of anti-parallel alignment between the AFM and MTI’s

surface spins as shown schematically in Figure 4-4(e)[121].
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Figure 4-4 Large exchange bias variation across different MTI/Cr203 samples. (a-c)
Hysteresis loops of three different MT1/Cr.03 samples under different field cooling conditions. (d)
Schematic drawing of a positive exchange bias. (e) Schematic drawing of spin alignment in the
MTI/Cr.03 heterostructure, the positive exchange bias sign is because of the anti-parallel

alignment of spins at the interface.

In fact, beyond the sign of exchange bias, the understanding of exchange bias magnitude

remained an ongoing challenge for both theorists and experimentalists. Regarding the exchange
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bias magnitude, one of the most simple models is Hy = M’”"T [122] where H; is the exchange

Mruteu
bias magnitude, J,yr is the interface coupling constant, Mg, is the ferromagnetic saturation
magnetization and ty,, is the thickness of the FM layer. However, these models tend to
overestimate the Hy by orders of magnitude[122-124]. More complicated models which attempt
to account for more detailed parameters including AFM or FM’s domain effect[125], grain size
distribution[126], random anisotropy in the AFM layer[127], surface roughness[128],
uncompensated surface spins[129], etc., often only apply for a specific system. In general, there’s

no reliable tool to predict a new interface’s exchange bias magnitude.

In our MT1/Cr.03 heterostructure, we propose that there are two major factors responsible
for the large exchange bias variations. Firstly, it is already confirmed by STEM that there is a very
low surface roughness at the MTI/Cr,03z interface, namely the as-grown Cr,0z has a surface
roughness around 2 A and the MBE-grown MTI is essentially a van der Waals material which
further reduces the local interface roughness. Consequently, the positive relationship between the
surface roughness and the exchange bias magnitude which is widely reported in the literature[128,
130-133], may explain the small (Hes < 10% coercive field) or even close to zero exchange bias
observed in our MTI1/Cr203 system. Secondly, much of the variation can be explained by different
densities of pinned or uncompensated spins at different MTI/Cr.03 interfaces. Previous study has
shown that the Cr.O3 surface has a unique surface boundary magnetization state that is related to
the exchange bias magnitude[57, 134, 135]. Under such circumstances, when coupled to the MTI,
the number of uncompensated spins pinned at the interface is expected to vary among different

batches of MTI1/Cr.O3 samples and lead to the exchange bias variations.
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4.1.3. Polarized neutron reflectometry measurement of the heterostructure

To directly examine the magnetic coupling at the interface, we used polarized neutron
reflectometry (PNR) to determine the depth-resolved picture of the magnetization which allows us
to understand the strength and range of the interfacial coupling across the MTI1/Cr203 interface.
PNR measurements were performed using the PBR instrument at the NIST Center for Neutron
Research as described in the methods section, and samples were again field cooled from above the
Cr203 Tn. The neutron measurement later was conducted at 6 K with an in-plane magnetic field

applied ranging from 700 mT to 3 T.

Figure 4-5(a) shows the spin-dependent neutron reflectivities alongside the best fit for a
measurement performed at the lower field of 700 mT. The fits shown, which are an extremely
good match for the data, are generated using the theoretical model shown in Figure 4-5(b) and
illustrated schematically in Figure 4-5(e). All models reveal extremely high-quality interfaces
between the Cr.Os3 and MTI, in agreement with the HRSTEM shown in Figure 2-15(b).
Interestingly, the best fit shown in Figure 4-5(b) exhibits a non-uniform magnetization profile with
a suppression of the magnetic scattering length-density (SLD, which is directly proportional to the
magnetization) near the MTI/Cr20s interface. Since modeling of reflectivity data often produces
multiple degenerate models which describe the data equally well, we evaluated a variety of
candidate profiles. Specifically, we considered models with uniform and linearly varying
magnetization profiles, as well as models exhibiting an exponential decay towards a bulk-like
value or models with an interfacial dead layer. These alternative models are described and
summarized in detail in the supplemental information. In all cases considered, we found that only

a non-uniform magnetic SLD profile with suppressed magnetization at the MTI /Cr.Os interface
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can properly capture the spin asymmetry shown in Figure 4-5(c-d), where the spin asymmetry is

defined as the difference between the spin-up and spin-down reflectivity normalized by their sum.

This finding is consistent in both the low field (700 mT) condition shown above and in the
3T case, so that a non-uniform magnetization is required to properly describe the splitting between
the reflectivity of the two spin states. Only the linear or exponential models, which yield
qualitatively similar profiles due to the smearing associated with long-range interface roughness,
can appropriately describe the data at both fields, with a slight preference for the linear model.

Therefore, we conclude that applying an in-plane field results in a continuous magnetization

gradient within the films.
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Figure 4-5 PNR measurement of the MTI/Cr203 structure. (a) Spin dependent polarized
neutron reflectometry from an MTI/1 um Cr2Os/Sapphire film in an applied in-plane field of 700
mT alongside the best fit generated by (b) the nuclear and magnetic depth profile model. (c) Spin
asymmetry and (d) zoomed in view under these same conditions, again alongside the best fit model.

(e) Schematic drawing of magnetic depth profile shown in (b) where an in-plane field was applied.

Given the relatively small magnitude of the exchange bias (Hes < 100 Oe) reported in these

films, it is surprising that the interface effects persist up to 3 T. We therefore propose that the non-
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uniform gradient may be caused by the interactions between the MTI and the bulk AFM structure
rather than solely coupling to uncompensated pinned spins. During the PNR measurement, due to
the selection rules for magnetic neutron scattering which mandates that any magnetization
component along the out-of-plane axis is invisible to neutrons i.e., will not contribute to the
observed magnetic scattering length density. Hence, an in-plane field was applied to pull the MTI’s
magnetization into the in-plane direction to allow observation of the magnetic moment. The
reduced magnetic SLD close to the MTI/Cr.O3 boundary according to the PNR fits indicates a
decreasing in-plane magnetic moment component in the MTI towards the interface. Here we
speculate that the exchange coupling between the MTI and Cr,03 at the interface locks the MTI
magnetization more strongly along the out-of-plane axis, resulting in an exchange-spring like
structure under the influence of the in-plane field as the MTI magnetization rotates from in-plane
direction (large SLD) towards out-of-plane direction (small SLD) when approaching the
MTI/Cr,03 interface. The reduction of the magnetization slope at higher field, shown in the
supplemental information, also supports this interpretation. In the case of exponential or dead-
layer models, applying a larger in-plane field results in a shorter exponential decay length or a
smaller dead layer respectively, both corresponding to a more uniform magnetization profile which
does not provide the most accurate fitting towards the PNR data. Alternative explanations, such as
nonuniform Cr-dopant density, can be ruled out by energy dispersive X-ray spectroscopy which
showed uniform Cr atom distribution in the structure as shown in Figure 4-6 and the fact that past
PNR measurements of MTI films grown in the same chamber have never required such
magnetization gradients to fit the data. Thus, the PNR data agrees with the fact that there exists

extremely strong exchange coupling between the antiferromagnet and the MTI layers, and such
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strong coupling can potentially lead to the manipulation of the quantum anomalous Hall states and

other topological properties.

Figure 4-6 Superimposed HADDF and EDX elemental mapping of Cr in MTI/Cr203
structure. The Cr atom distribution in MTI is uniform.

4.1.4. Summary of Chapter 4.1

In conclusion, we have successfully realized quantum anomalous Hall effect in an
MTI/Cr203 heterostructure. We further confirmed the exchange coupling between MTI and Cr.03
by both the field-cooling magnetometry and the PNR measurements. The exchange bias effects
observed in different field-cooling schemes revealed a strong anti-parallel coupling of magnetic
moments across the interface. The PNR result further supported the coupling scenario by showing
the detailed magnetization profile. Such magnetically coupled quantum transport system provides
us an additional degree of freedom in terms of manipulating the quantum states which can be
potentially used in spintronics and low-dissipation electronics.
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4.2. Topological insulator/CrSe heterostructure

Introducing ferromagnetism into a Tl via the magnetic proximity effect (MPE) of an
adjacent magnetically ordered material has been identified as an important route towards breaking
TI’s time-reversal symmetry without impurity dopants. We have exchange-coupled the TI
(BiSb)2Tes (BST) with the antiferromagnetic CrSe, yielding MPE-induced ferromagnetism with
Curie temperature of approximately 120 K when CrSe is grown on top of (Bi,Sh),Tes, but not in
the inverse bilayer structure with CrSe on the bottom. Magnetic X-ray spectroscopy suggests the
MPE is dependent on a Cr-terminated CrSe surface, which results in Cr3* surface states which
experiences double-exchange interactions with the Cr?* in bulk CrSe. This double-exchange
stabilizes strong ferromagnetic order localized at the interface and magnetically polarizes Sb band
in vicinity of the Fermi-level with ferromagnetic coupling to interfacial Cr spins. In contrast, Se-
termination in the inverse bilayer results in no detectable MPE, reflecting the asymmetric

(Bi,Sb).Tes top and bottom interface upon being sandwiched by two CrSe layers.

4.2.1. Magnetic proximity and exchange bias effects in TI-CrSe heterostructure

As demonstrated in Chapter 2.4.2, high quality T1-CrSe heterostructure can be grown using
MBE technique on GaAs(111)B substrate. The growth order of the structure can be switched freely
with high interface quality guaranteed after optimizing the growth recipe. To understand the
interaction between the two material systems, we first calibrated the two independently using
transport method. The 10 nm CrSe thin film is almost two orders of magnitude more resistive than

6 nm (BiSb),Tes thin films as shown in Figure 4-7. This kind of resistance mismatch allows us to
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use transport method to study the heterostructure and its magnetic proximity effect because almost

all the current will flow through the TI layer at low temperature.
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Figure 4-7 Temperature dependent longitudinal resistance of pure CrSe and BST thin films.

Here we present three heterostructures including the sandwiched trilayer CrSe (3 nm)/TI (6
nm)/CrSe (6 nm)/GaAs structure and the bilayer CrSe (3 nm)/TI (6 nm)/GaAs, TI (5 nm)/CrSe (6

nm)/GaAs structures.

In the trilayer structure, we first verified the existence of magnetic proximity effect using
transport measurement. A standard milli-meter sized Hall bar was fabricated using the same
technique described in the previous chapters. We monitored the thin film’s anomalous Hall
resistance at different temperatures. Strikingly, even though the (BiSb).Tes was not doped with
any magnetic elements, a pronounced anomalous Hall resistance showed up when the temperature
was cooled down to 80 K as shown in Figure 4-8(a). More interestingly, the hysteresis loop of the
anomalous Hall resistance shifted in the horizontal direction when different field cooling field was

applied as shown in Figure 4-8(b). The magnitude of the loop shifting is above 1000 Oe which is
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one order of magnitude more than the case in MTI1/Cr,0s structure. The sign of the exchange bias
is negative meaning positive field cooling results hysteresis loop shifting to negative field direction
which is opposite to the case in MTI/Cr203 structure. This result suggests the parallel magnetic

moment alignment at the interface.

The above observation confirmed the existence of magnetic proximity effect between TI
and CrSe because the transport signal at low temperature can be viewed as solely originated from
the T1 layer. In the meantime, the proximity induced ferromagnetism is coupled to the AFM order

of the CrSe layer which results the pronounced exchange bias effect.
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Figure 4-8 Anomalous Hall and exchange bias effect in the CrSe-BST-CrSe trilayer structure.
(a) Temperature dependent anomalous Hall resistance in the trilayer structure. (b) Negative
exchange bias effect in the trilayer structure by using +1 T out-of-plane field cooling from room
temperature to 2 K.

Although the proximity induced ferromagnetism arising from the trilayer structure is
expected to be a result from two equal contributions of the two CrSe-BST interfaces due to the
symmetric structure, surprising results emerge when a pair of CrSe/BST bilayers with opposite

stacking order are characterized. Temperature dependent anomalous Hall resistance result is
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presented in Figure 4-9 for the two structures. In Figure 4-9(a), the CrSe sits on top of the BST
layer and the order is reversed in (b). We will refer (a) structure as the “top” bilayer and (b) as the
“bottom” bilayer structure based on the position of the CrSe layer in the heterostructure stack. The
two bilayer structures demonstrate very different magnetic field responses at low temperature. In
the “top” bilayer, an obvious hysteresis loop shows up at a similar temperature (~ 80 K) as the
trilayer structure indicating similar physical origins of the magnetic proximity effect. However,
the Hall resistance is linear in the “bottom” bilayer structure across a wide temperature range

indicating the non-existence of long-range ferromagnetism in this structure.

95



300 : , , , : 600
— 200K
— 150K
v 500 -
200 —— 50K
40K
30K 400 -1
20K
100 | — 10K
— 5K _
- 300
— —~
@ C
=z o} - = 200 -
> >
oY [h'd
100 -
100 -
0 —
200 - -
-100 ]
-300 -200
-3 2 1 0 1 2 3 - 3
uoH(T) HoH(T)

Figure 4-9 Different magnetic responses by switching the growth order of BST and CrSe. (a)
Top: schematic drawing of the CrSe/BST/GaAs “top” bilayer structure. Bottom: temperature
dependent anomalous Hall resistance in the “top” bilayer structure showing magnetic proximity
effect. (b) Top: schematic drawing of the BST/CrSe/GaAs “bottom” bilayer structure. Bottom:
temperature dependent anomalous Hall resistance in the “bottom” bilayer structure showing

negligible magnetic proximity effect.

Cr inter-diffusion is one possibility that may lead to the observation of the induced
magnetism but is unlikely the case in our structure due to the following reasons: 1. The magnetic
ordering temperature of the trilayer and “top” bilayer structure is much higher than the Cr-doped

TI system which is only around 30 K. 2. Inter-diffusion should happen at both CrSe-T1 interfaces;
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however, the magnetic proximity effect can only be observed in the “top” bilayer structure. Such
kind of dramatic magnetic response difference is indicative of a system where the details of the

interface are critical to the resulting magnetic states.

4.2.2. CrSe thickness dependent study

One way to better understand the heterostructure is by growing different thicknesses of
AFM on top of the TI layer and study the magnetic field response. The strengthening of the AFM
order by having thicker AFM may reveal the origin of the magnetic proximity effect. Here we
prepare a set of “top” bilayer structures with four different CrSe thicknesses (1 nm, 3 nm, 7 nm
and 12 nm) and a fixed TI thickness (8 QLs). We used +1 T out-of-plane magnetic fields in our
field-cooling and exchange bias effect measurement as shown in Figure 4-10 for all 4 samples.
The first thing we notice is that in the 1 nm CrSe structure, magnetic proximity effect disappears
with a linear Hall resistance as shown in Figure 4-10(a). This shows that to have the magnetic
proximity effect, a well-established AFM order is required. This also excludes the doping or
interfacial layer effect from the origin of magnetic responses because 1 nm of CrSe should be able
to dope the TI or form an interfacial layer. When further increasing the CrSe thickness to 3 nm or
above, robust anomalous Hall hysteresis loops show up as shown in Figure 4-10(b-d). Also, by
using different field cooling schemes, we are able to see a large negative exchange bias effect. The
coercive fields of the three thicknesses almost remain the same at 1.9 K (6000 Oe for 3 nm, 5900
Oe for 7 nm, 5400 Oe for 12 nm). However, the exchange bias field shows positive relationship
with the AFM thickness (750 Oe for 3 nm, 3100 Oe for 7 nm, 4200 Oe for 12 nm). Both results
are not surprising since the magnetic proximity effect is an interfacial effect which should not rely

on the thickness of the AFM layer once it is established. However, the exchange bias effect is
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closely related to the AFM order and thickness during field cool that is a more established AFM
order or thicker AFM layer will generate more pronounced exchange bias effect which matches

our observation results.
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Figure 4-10 Exchange bias effect in different thicknesses of CrSe/Tl structures. (a) No
obvious proximity effect in 1 nm CrSe/8 QLs BST. (b-d) Both magnetic proximity and exchange
bias effect can be seen from CrSe thickness = 3 nm to 12 nm. The exchange bias magnitude

becomes more pronounced in thicker CrSe structures.

4.2.3. X-ray absorption spectroscopy of the CrSe-T1 heterostructure

To better understand the physical origin of this phenomenon and provide better insight

towards high temperature magnetic T with robust ferromagnetic order, we applied two techniques
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including soft X-ray absorption spectroscopy (XAS) and PNR that are very powerful in terms of
resolving the ferromagnetism down to atomic level and magnetic moment distributions in a
heterostructure. Combining these two techniques, we can reconstruct an element and layer-

resolved picture of the heterostructures.

Here we first show the XAS result in Figure 4-11, which describes the XAS and X-ray
magnetic circular dichroism (XMCD) at the Cr L 3-edge. The XAS and XMCD data were acquired
using total electron yield mode at 10 K in an applied out-of-plane field of 4 T. Incident X-rays
were switched from a circular polarization of £ 0.9 and traveled along the applied field direction.

The XMCD was constructed from consecutive energy scans with opposite polarization.
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Figure 4-11 Electronic and magnetic structures of the two bilayer heterostructures probed
by X-ray magnetic spectroscopy. (a-b) XAS and XMCD asymmetry at Cr L 3-edge in bottom
and top bilayer taken at 10 K, respectively. (c) XAS at Cr L, 3-edge for bottom and top bilayer
alongside reference spectra of BST control sample, Cr?*, and Cr** in Cr-doped Bi>Ses[136]. Herein,
we referred the Cr?* and Cr®* reference spectra from the calculation results of A. I. Figueroa et
al.’s work[136]. XAS of BST is to exhibit Te Mass-edge in order to define the Te electronic states
deviating from Cr L s-edge, which is 20 times smaller than Cr signal. Cr®* contribution on XAS

is as guided by the dash line.
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As shown in Figure 4-11(a) and (b), although both the “top” and “bottom” bilayers yielded
detectable XMCD on the Cr-edges, the dichroism of the “top” bilayer is significantly (at least 4x)
larger. In both cases, we attribute the implied net Cr magnetization to a combination of pinned
defects in the CrSe bulk and uncompensated spin at the interface [137], both of which will be
probed via the surface-sensitive (approximately 5 nm probing depth) total electron yield mode.
The large enhancement of the Cr magnetization in the top bilayer is particularly revealing that the
top and bottom interfaces are indeed magnetically asymmetric. We conclude that the increased
magnetization in the “top” bilayer indicates additional spin-polarization of the Cr at the CrSe/BST
interface, yielding stronger ferromagnetic exchange interactions and supporting an MPE in the Tl
layer. On the other hand, a lack of spin-polarized Cr at the BST/CrSe interface weakens the

interlayer exchange to the point where the anomalous Hall effect cannot be observed.

To better understand this issue, we examine the fine structure via XAS line shape shown
in Figure 4-11(c), which compares the Cr L»3.edge XAS for the bottom and top bilayers alongside
reference spectra of BST, Cr?*, and Cr®* [136, 138]. Here the Cr?* and Cr®* spectra are from A. I.
Figueroa et al.’s study in Cr-doped BST [136]. Although the “top” and “bottom” bilayers exhibit
relatively similar XAS features, one critical difference emerges. Specifically, a shoulder,
highlighted by the dashed line in (c), appears in the XAS of the “top” bilayer which is not present
in the “bottom” bilayer. Comparison with the reference spectra reveals that the primary Cr valence
in both geometries is from Cr?*, while the shoulder state in the “top” bilayer is associated with
Cr3* so that a BST/CrSe is associated with a small amount of mixed-valence Cr. The absence of
any Cr3* contribution in the “bottom” bilayer represents a critical difference between the two
interfaces, and we believe that ferromagnetic order at the BST/CrSe in the “top” bilayer may be a

result of Cr?*-Cr®* double-exchange [139-141].
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4.2.4. PNR measurement of the CrSe-TI heterostructure

To examine the magnetization distribution as a function of depth, we performed PNR at 5
K in an applied in-plane field of 700 mT on a bare CrSe film as well as a “top” bilayer structure.
Incident and scattered neutrons were polarized spin-up or spin-down with respect to the applied
magnetic field, and any net magnetization within the sample will result in a difference in the
potential experienced by spin up vs. spin down neutrons so that the two reflectivity curves become
split. Thus, the reflected intensity of the non-spin-flip cross sections, shown in Figure 4-12(a-c),
is sensitive to both the structural depth profile and the depth profile of the magnetization parallel
to the applied field. The nuclear and magnetic scattering length density (SLD) depth profiles were
extracted by modeling the PNR using the REFL1D software package for y* optimization[142].
Fitting the PNR reveals that the bare CrSe film is best described with no net magnetization in the
bulk and a small magnetization of at most (95% confidence interval) 32 emu/cc at the film surface,
as expected given the almost complete absence of any splitting between the spin-up and spin-down
reflectivities. We therefore conclude that the majority of the Cr XMCD in Figure 4-11(a) is

associated with moments at the interface between CrSe and the BST.

This interpretation is supported by fitting the PNR of a CrSe/BST bilayer with the top
geometry, shown in Figure 4-12(d-f). In this case, a clear splitting is observed with a significant
nonzero spin asymmetry, defined as the difference between the two spin-dependent reflectivities
normalized by their sum. This data may be well described by a magnetization which is localized
tightly to the interface, with both proximity-induced magnetism and a small region of
ferromagnetically ordered Cr in the CrSe near the interface. It must be noted that although the

interfacial model plotted in Figure 4-12(f) yields an excellent fit to the data, the large interfacial
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roughness associated with the layered step structure in BST films tends to smear out the
magnetization profile in PNR so that it is difficult to determine the precise extent of the magnetic
layer. That is, both a magnetic interface and models with a uniformly magnetized CrSe layer (see
Figure 4-12(f)) yield extremely similar depth profiles and therefore effectively indistinguishable
reflectivity curves. Thus, while PNR demonstrates the emergence of a significant net
magnetization consistent with interfacial double-exchange and an MPE in the top geometry bilayer,
it cannot uniquely determine the relative moment distribution between the interfacial BST,

interfacial CrSe, and bulk CrSe.
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Figure 4-12 Magnetic profile at the interface characterized by polarized neutron reflectivity.
(a) Fitted PNR and (b) spin asymmetry for a bare CrSe film. (c) Structural and magnetic depth
profile used the generate the fit shown for the CrSe film. (d) Fitted polarized neutron reflectivity
and (e) spin asymmetry for a CrSe/(BiSb).Tes heterostructure along with (f) the structural and
magnetic depth profile used the generate the fit shown. Measurements were performed in an

applied magnetic field of 700 mT after field cooling to 5 K.
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4.2.5. XAS/XMCD of the Sb Ms-edge

Having demonstrated the clear emergence of a net magnetization in the “top” bilayer
through X-ray and neutron scattering experiments, we can now re-examine the presence and origin
of the MPE in this structure. The appearance of Cr3* is attributable to a population of Cr at or
adjacent to the van der Waal’s gap on BST’s surface, specifically the gap at the BST/CrSe
interface[136]. The Cr3* may therefore indicate that the CrSe adjacent to BST is terminated by Cr
in the top bilayer, leading to a Cr3* state as in the case of Cr-doped Tls. On the other hand, the
absence of Cr®* in bottom bilayer reveals that the CrSe is instead terminated by Se in this geometry.
Direct contact between BST and Cr combined with the Cr?*-Cr®* double-exchange-mediated
ferromagnetic order at the interface then gives rise to an MPE and the observed anomalous Hall
effect in the “top” bilayer while the Se-terminated nature of the bottom bilayer inhibits both
ferromagnetic double exchange among Cr and direct magnetic exchange between the BST and
CrSe, so no indications of MPE are observed. The definitive test of this theory is the direct
observation of MPE-induced ferromagnetism through XAS/XMCD on edges associated with the
TI, such as Bi, Sb, or Te elements. Although such direct evidence has historically eluded detection
in proximity-effect heterostructures, we examined XAS and XMCD at the Sb Ms-edge, as shown
in Figure 4-13, and observed a clear difference signal in the case of the top bilayer. Critically, no
such XMCD is observed in the bottom bilayer geometry, and the extracted XMCD from Sb in both
bilayers are presented together for comparison. The significant XMCD on the Sb Ms-edge suggests
the presence of spin-polarized 5p-electrons on Sb[143-145] so that the MPE is confirmed directly.
The spin-polarized Sb orbit enables a local moment in the vicinity of the Fermi-level, which

electrically dominates the transport property of BST, explaining the sharp difference between top
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and bottom interface in the original trilayer structure. It must be noted that the XMCD at Sb Ms
and Cr L3 feature the opposite asymmetries, pointing up and down, respectively. The result
suggests the MPE-induced moment on Sb is ferromagnetically coupled to the neighboring Cr based

on their inverse transition symmetries of Lz and Ms, which are p—d and d—p, respectively[143-

145].
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Figure 4-13 MPE-induced ferromagnetism of BST studied by magnetic X-ray spectroscopy.
(@) XAS of Sb Ms edge probed under applying +4 T and -4 T, denoted as H(+) and H(-), in bottom
and top bilayer. (b) XMCD asymmetry at Sb Ms edge gained from the two XAS in (a).

4.2.6. Summary of Chapter 4.2

In conclusion, we have directly demonstrated an MPE induced in BST through interfacial
coupling to the AFM CrSe, with direct evidence through magnetic spectroscopy at the Sb Ms-edge.
We show that the MPE is strongly dependent on the symmetry of the interface, with BST/CrSe
interfaces exhibiting no evidence of an MPE while BST/CrSe interfaces are magnetized and

support an MPE. X-ray magnetic spectroscopy and neutron scattering support a picture in which
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Cr* is stabilized through Cr-termination of the BST/CrSe interface leading to Cr?*-Cr®" double-
exchange-mediated interface ferromagnetism in CrSe which couples to the BST. On the other hand,
BST/CrSe interfaces appear to be Se-terminated, inhibiting the interlayer exchange coupling. This
work identifies key requirements necessary to activate an MPE at the interface of a BST-based
exchange-coupled bilayer and provides an ideal model system in which to explore the fundamental

mechanisms behind designing these systems for room-temperature functionality.

4.3. Summary of Chapter 4

In this chapter, we studied two antiferromagnet systems combined with topological
insulator. The antiferromagnet Cr.Os thin film grown on sapphire substrate can serve as a high-
quality substrate for TI and magnetic TI growth, the superior quality of the epilayer grow on this
substrate facilitates the first observation of quantum anomalous Hall effect on a magnetic substrate.
While investigating the magnetic interaction between Cr.Oz and MTI systems, we discovered that
the exchange bias effect might not be the best indicator to identify and quantify the interaction
strength between the two. We in fact observed a large exchange bias magnitude variation in this
heterostructure. The possible reasons for this kind of variation may be the atomically flat
MTI/Cr20s interface and the unique boundary magnetization in Cr.Oz. In the meantime, for those
samples that showed exchange bias effect, we observed a positive exchange bias which confirmed
the detailed magnetic moment alignment at the material boundary. Since exchange bias effect
cannot provide accurate magnetic interaction information in this system, we used PNR technique
to directly probe the magnetic moment’s depth profile in the heterostructure. In this measurement,

we noticed a magnetic moment shift towards the interface which is likely a result of out-of-plane
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magnetization pinning in the MTI layer. Such kind of pinning confirms the magnetic coupling

between MTI and Cr,0s.

The second antiferromagnet we studied is CrSe which is a noncolinear AFM that can be
grown in our MBE chamber. In this system, we studied the unique AFM proximity effect when
combined with undoped TI system. Magnetic proximity effect is particularly interesting in today’s
Tl research field because it might be able to solve the critical dopant fluctuation problem when the
magnetic elements was doped into the Tl system during MBE growth. In CrSe/TI1 system, we
successfully observed the AFM induced proximity effect which successfully raised the Curie
temperature of the system by 3 times. In the meantime, we observed a large exchange bias effect
in this heterostructure that may potentially be useful in T1 based spintronics devices. In addition,
we used advanced X-ray and neutron techniques to investigate the origin of the magnetic proximity
effect and discovered a unique interface-dependent proximity phenomenon. This work greatly
helps our understanding of the physical origin of magnetism in Bi,Tez based T1 family and can be

a useful material platform to study AFM based TRS-breaking physics.
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Chapter 5

Conclusion and Perspective

In this dissertation, we first demonstrate our material growth capability using the MBE
technique. By using this method, we are able to achieve high quality single crystal topological
insulators with flexible doping and thickness control. Beyond the conventional semiconductor
substrate (GaAs in our case), we explore the possibility of growing topological insulator on
different kinds of substrates including mica and Cr.Oz, which all resulted high quality growth. In
the meantime, we can prepare TI-AFM heterostructures including T1/Cr203 and TI/CrSe. All of
the materials are structurally characterized using TEM for better understanding the interface

quality.

Utilizing the high-quality TI thin films, we are able to realize the quantum anomalous Hall
effect in the Cr-doped (BiSb),Tes materials grown in our MBE chamber. Beyond the first
experimental observation of the QAHE below the 2D limit reported by Chang et al.,[35] we
realized the QAHE in a 10 QLs magnetic TI thin film beyond the 2D limit and in a milli-meter
sized device which demonstrates the scale-invariant nature of the QAH states. Additionally,
utilizing the accurate control of magnetic TI thickness, we demonstrate the introduction trivial
insulating gap into the QAH system through thinning down the TI below its 2D limit (6 QLS) that
generates the vertical quantum confinement. The additional insulating state, as a result,

demonstrates a unique metal-to-insulator transition behavior in the thin T1 device.
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Though the dissipationless QAH states emerge at zero external field show a major
advantage over the quantum Hall effect which requires a large external magnetic field, the
occurring temperature of the QAHE is still low (< 1 K) in the current material system. We dive
into this subject trying to understand the temperature limiting factors of the QAHE in the Cr-doped
(BiSb)2Tes materials in Chapter 3.3. By growing different thicknesses of magnetic T1 and using
different doping strategies, we are able to identify that the temperature limiting factors have
thickness dependence. We show that in the hybridized 2D limit (6 QLSs), the QAH temperature is
limited by the formation of superparamagnetic states. By introducing modulation doping of Cr
element at the top and bottom surfaces, we can increase the QAH occurring temperature and
stabilize the ferromagnetism near zero field. In thicker Tl materials, the QAH state is limited by
the bulk effect and the activation gap size is vulnerable to the vicinity of the Fermi level to the
bulk valence band. During this study, we also noticed an interesting relationship between the Cr-
doping strategy and the metal-to-insulator transition behavior. The interplay between the two may
give us an additional dimension of freedom to manipulate other quantum phases, e.g., chiral

Majorana edge mode in this material system.

In Chapter 4, we investigate integrating the QAH insulator or Tl with two antiferromagnet
systems. The QAH states are closely related to the TI host’s magnetic state. By forming
heterostructures with an AFM material, we gain an additional degree of freedom to control TI’s
magnetic state other than sweeping the external magnetic field. We demonstrate the first
observation of the QAHE on a magnetically-ordered substrate Cr.Oz. And with the help of
exchange bias and PNR technique, we successfully identified the existence of magnetic coupling
and its detailed configurations. In the TI-CrSe system, since we can grow both materials in our

MBE chamber, we can form different kinds of heterostructures and stacking orders freely. In this
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heterostructure, we discovered a unique interface-dependent AFM magnetic proximity effect that
raises the TI’s magnetic ordering temperature by three times. In the meantime, we observed a giant
exchange bias effect showing a robust coupling between TI’s surface magnetic order and the CrSe
layer’s AFM order. Both findings can potentially be used to manipulate the dissipationless QAH

states.

In summary, all the results presented in this dissertation show promising prospects towards
realizing the QAHE at higher temperature and effective means to control and manipulate the QAH
states. The understanding of the material growth, temperature limiting factors in the current
material system and the TI-AFM coupling mechanism are critical to help searching for a better
QAH host. The QAH states, which have great advantages over the quantum Hall states in terms of
zero magnetic field requirement and the superconductivity in terms of more clear physics known
to the human beings, have a bright future in delivering dissipationless electron transport at room

temperature and being packed into a common electronic device.
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